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A B S T R A C T   

Carbon dots (CDs) have been widely researched in recent years, mainly to investigate their potential in various 
applications such as drug delivery, photocatalysis, and sensing. However, understanding of their fundamental 
properties, including physical and electronic structure, has lagged behind their development in applied sciences. 
To address this, it is necessary to use novel methods which go beyond the current level of characterization in the 
literature. In this work, we utilize time of flight-secondary ion mass spectrometry (ToF-SIMS) to generate specific 
knowledge of the structural components of three CDs generated in our lab. This work revealed that black CDs (B- 
CDs) possess a highly carbonic structure with nitrogen and oxygen functionalization throughout the particle 
structure. Carbon nitride dots (CNDs) possess some of these same carbonic structures, but also show the presence 
of more organic structures which would be expected through a bottom-up approach. In terms of carbonization, 
CNDs lie between B-CDs and the third sample, yellow-CDs (Y-CDs). Y-CDs are believed to be almost completely 
polymeric/organic in structure and the groups detected through this mass analysis supports this idea. The 
structural information from ToF-SIMS is compared with other structural techniques. Additionally, the optical 
properties of CDs before and after oxidation and reduction are used to craft a proposed photoluminescence (PL) 
mechanism for each system. The analysis contained herein enables further understanding of the structure of these 
three samples, and the attained understanding of the surface structure is particularly important for future 
biomedical applications.   

1. Introduction 

Carbon dots (CDs) have been well investigated in recent years for a 
variety of promising applications [1]. These applications include drug 
delivery [2,3], bioimaging [4,5], photocatalysis [6,7], and the sensing of 
ions and biomolecules [8,9]. This extensive research has shown the large 
potential of CDs in various areas, but CDs are often limited in the opti
mization of their ability due to the fact that they are poorly defined 
structurally and electronically. This lack of clarity often hinders the 
ability to precisely modify and improve CDs in a specific way. Further
more, to develop CDs in nanomedicine with the potential to apply them 
in treatment of humans, it is necessary to have a clear understanding of 
the structure of CDs [10,11]. This is especially true for the surface 
structure of CDs since this will largely determine the interactions of CDs 
in a biological system. 

The structure of CDs has been unclear in many systems for many 
years, but in recent years the necessary investigation has begun [12]. 
Otyepka and coworkers used computational methods to develop and 
assess the feasibility of a structure for CDs involving the stacking of sp2 

lattices [13]. This has been proposed for other systems as well, especially 
those labeled as graphene quantum dots [14]. For CDs prepared through 
top-down approaches and bottom-up approaches with sufficient energy 
to induce graphitization, it is clear that sp2 lattices are the main factor in 
the formation of CDs’ core [15]. Recently we developed a 3D model for 
two CDs systems in our lab which possess a largely sp2 hybridized core 
structure [16]. Due to the wide variations in the preparation methods of 
CDs, there is, however, other structures which may be important for 
different systems. A hybrid sp2/sp3 system has been observed for 
different CDs, including one system from our lab [16,17]. Recently 
Russo et al. extracted carbon particulate from a flame reactor which was 
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then rigorously separated through an SEC column. The authors found 
that CDs with smaller molecular weights possessed blue emission which 
was most likely the result of small molecules. Larger CDs showed longer 
wavelength emission and the structure in these cases was believed to be 
mostly related to oligomeric aromatic hydrocarbons [18]. The multitude 
of precursors and preparation methods for CDs compels deep structural 
investigation of each type of system in order to obtain a clear under
standing of their structure. 

The recent advances in the structures of CDs have provided infor
mation concerning the core and surface of CDs, but their structure is still 
most often described in generalities. Techniques such as Fourier- 
transform infrared (FTIR) and X-ray photoelectron (XPS) spectros
copies can provide the types of functionalities present in CDs but may 
not provide specific structural information and will definitely not allow 
for the determination of exact structures. Time of flight-secondary ion 
mass spectrometry (ToF-SIMS) can provide the information to create a 
more detailed structure for CDs. This technique utilizes a beam of ions 
(primary ions) focused on a sample to break off layers of the surface as 
small as 1 nm (secondary ions) which can then be detected through a 
time of flight mass analyzer [19]. The depth of penetration depends on 
the nature and energy of the applied primary ion beam and on the nature 
of the sample [20]. This provides precise masses which can be correlated 
to structural moieties present in the sample. This has begun to be applied 
to CDs in recent years, but only in a very cursory manner and this is the 
first work to present and analyze in-depth results from this technique for 
CDs [21,22]. 

Another highly debated property of CDs is their photoluminescence 
(PL) mechanism. The excitation-wavelength dependent (tunable) emis
sion and high quantum yields for CDs makes them exciting candidates 
for the applications described above, but there is much that is still not 
known about this phenomenon. A few popular interpretations of the PL 
mechanism of CDs are quantum confinement (size dependent emission), 
surface states (arising from energy traps), and molecular states (from 
attached small molecules) [23,24]. Since CDs are a broadly defined 
material, there is some evidence to support each of these hypotheses, but 
it is clear that some are more relevant than others. Most CDs do not have 
data to support a quantum confinement effect, which is unsurprising 
given that the structures of CDs are significantly different from 
metal-based quantum dots [24,25]. Conversely there has been some 
very detailed work showing the presence of small molecule fluorophores 
in CDs for some methods, especially those based on citric acid [26]. The 
most commonly applied mechanism for CDs’ PL properties is related to 
“surface states”, which is a concept which is very well defined for solid 
state semiconductors [27,28]. There is significant evidence for this type 
of process, but we would argue it is better to extrapolate CDs’ properties 
from concepts found in the electronic states of carbon materials as 
opposed to inorganic semiconductors. For this reason, we analyze our 
CDs in this paper through the paradigm of localized states which have 
been well defined for various carbon materials previously [29,30]. More 
recently, scientists have begun to apply this concept to CDs [31,32]. 
Shan and coworkers developed ultrabright yellow emissive CDs which 
the authors attributed to localized electronic states. Nitrogen doping 
enhanced this emission further by allowing for typically forbidden 
transitions to occur. The many examples of CDs’ emission being attrib
uted to surface states in the literature may benefit from a reexamination 
with a more accurate model of localized states based on carbon 
materials. 

This work is an effort to build on our previous paper and provide a 
more detailed structural model for the previously investigated three 
systems [16]. Black CDs (B-CDs) are prepared through a top-down 
approach and have shown promise in preventing peptide fibrillation 
and in drug delivery [3,33]. Carbon nitride dots (CNDs) represent a 
bottom-up approach which undergoes a significant amount of graphi
tization. These have also shown promise in different areas of drug de
livery as well as bioimaging [5,34]. The third system is related to yellow 
CDs (Y-CDs) which are prepared through a bottom-up approach with 

little graphitization and have been utilized by our lab in 3D printing and 
different biological applications [35,36]. These systems represent a 
large portion of CDs literature in terms of precursors and degree of 
carbonization. Our previous work to develop an initial structural model 
was compelled by the strong promise of these CDs in nanomedicine. In 
this work we utilize ToF-SIMS to provide a more detailed picture of the 
structure of each system. This novel technique is compared with more 
standard techniques of XPS and elemental analysis in order to enable 
their optimization and their potential realization in nanomedicine for 
treatment of disease in humans. Furthermore, the structural information 
obtained is compared with the optical properties of CDs before and after 
modification in order to generate a proposed PL mechanism. 

2. Materials and methods 

2.1. Preparation of CDs 

The preparation of these three systems has been previously described 
in detail and the most important details will be mentioned here for 
clarity [16]. As mentioned previously, B-CDs are prepared through a 
top-down approach involving the treatment of carbon nanopowder with 
sulfuric and nitric acids and refluxing for 15 h at 110 ◦C. The reaction 
mixture is then neutralized with NaOH and vacuum filtered to remove 
unreacted carbon and sodium salts. The mixture is then washed with 
chloroform three times, followed by dialysis in a membrane possessing a 
molecular weight cutoff (MWCO) of 3500 Da. CNDs are prepared from a 
microwave-mediated approach. Citric acid and urea are combined in a 
1:1 mass ratio, stirred overnight at room temperature, and heated in a 
domestic microwave oven at 700 W for 7 min. Purification for CNDs 
involves two rounds of centrifugation to remove large particles, syringe 
filtration (0.2 μm) to remove finer particles, and dialysis (MWCO 
100–500 Da) to remove any unreacted small molecules. Y-CDs are pre
pared from citric acid and o-PDA (1:25 M ratio) treated with ultra
sonication (42 kHz) for 1 h. The solution was then cooled in an ice bath 
to remove unreacted o-PDA. The mass of unreacted o-PDA was 0.127 g 
which indicates that 0.433 g participated in the reaction. This created an 
effective molar ratio between citric acid and o-PDA of 1:19. The CDs 
were then purified with size exclusion chromatography (SEC) using 
Sephacryl S-300 as the stationary phase and DI water as the mobile 
phase. 

2.2. Oxidation/reduction of CDs 

To perform oxidation of CDs, 25 mg of CDs was dissolved in 5 mL 
water and 0.37 mL of 10% NaOCl solution was added. The mixture was 
then stirred for 1 h at room temperature. Following this reaction, the 
solution was then dialyzed for 2 days (MWCO 100–500 Da) to remove 
unreacted salts and hypochlorite. The solution was then lyophilized to 
obtain oxidized CDs (O-CDs). To perform reduction of CDs, 25 mg of CDs 
was dissolved in 5 mL water and 18.92 mg of NaBH4 was added. The 
mixture was then stirred for 1 h at room temperature. After the reaction, 
the solution was then dialyzed for 2 days (MWCO 100–500 Da) to 
remove unreacted salts and borohydride. The solution was then lyoph
ilized to obtain reduced CDs (R-CDs). 

2.3. Instrumentation 

Chemical characterisation of samples were carried out by using a 
TOF-SIMS instrument (IONTOF GmbH, Münster, Germany). Before 
measuring the samples, a precleaning of the measured surfaces was done 
by an Ar gas cluster ion beam (Ar-GCIB) used as sputtering source. The 
Ar-GCIB ion source was operated at 5 keV with a direct current of 600 
pA. The Ar-GCIB cluster distribution was centered on Ar5000

+ . For the pre- 
cleaning of the surface, the focused Ar-GCIB beam of primary ions was 
rastered over an area of 600 x 600 μm2. The total pre-cleaning dose was 
7x1012 Ar5000

+ .cm− 2. Then, a pulsed Bi5+ liquid metal ion source was used 

K.J. Mintz et al.                                                                                                                                                                                                                                 



Carbon 222 (2024) 118906

3

to produce a primary beam using an acceleration voltage of 30 kV. An 
alternating target current of 0.04 pA with a bunched pulse width lower 
than 1 ns was used. Both positive and negative secondary ion species 
were analysed. For spectra, a raster of 128 x 128 data points over an area 
of 200 × 200 μm [2] was used. The total primary ion beam dose for each 
analysed area was always kept below 4x1010 ions.cm− 2, ensuring static 
conditions. For the Bi+ measurements, the a.c. target current was 1 pA, 
and the total primary ion beam dose was 1x1012 ions.cm− 2. Lateral 
resolution of ~3 μm and mass resolution m/Δm > 4500 at 29 m/z were 
maintained for positive and negative spectra acquisition. Fig. S1 prac
tically illustrates the resolution which can be obtained with this tech
nique. Charge compensation was done by an interlaced electron flood 
gun (Ek = 20 eV). All data analyses were carried out using the software 
supplied by the instrument manufacturer, SurfaceLab (version 6.8). 
Sample powders were pressed onto adhesive part of Post-it® papers. 
Fig. S2 shows that the powder covered over the whole analysis area and 

that sampling of the adhesive was not going to occur. 
UV–vis spectra were measured with an Agilent Cary 100 UV–vis 

spectrophotometer on aqueous dispersions of CDs (0.1 mg/mL). PL 
characterization was performed on a Fluorolog HORIBA Jobin Yvon 
fluorometer with a slit width of 5 nm for both excitation and emission 
and a concentration of 0.01 mg/mL of CDs in DI water. All optical 
characterization spectra were obtained with quartz cells possessing a 
pathlength of 1 cm. The attenuated total reflection Fourier-transform 
infrared (ATR-FTIR) spectra were obtained for solid CDs powders with 
a FTIR spectrometer (FT-Nicolet 5700, Thermoscientific) equipped with 
a Smartorbit (Thermoscientific) operating in attenuated total reflectance 
(ATR) in a range between 600 and 4000 cm− 1. Elemental analysis was 
conducted by Intertek Pharmaceutical Services on CDs powders. 

Fig. 1. Secondary ion mass spectra for B-CDs (A,B), CNDs (C,D), and Y-CDs (E,F) in positive (left) and negative (right) polarity after ionization with a Bi5+ ion beam. 
Normalization is performed by dividing peak intensity by the total area of the entire spectrum. Structures in blue indicate the ion is among the top twenty most 
abundant peaks in all three samples, yellow indicates it is shared by just B-CDs and CNDs, purple shows the common features between B-CDs and Y-CDs, and green 
marks the ions common to CNDs and Y-CDs. More detailed labeling of peaks can be found in Tables S1 and S2. 
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3. Results and discussion 

3.1. Time of flight secondary ion mass spectrometry (ToF-SIMS) analysis 

The multitude of peaks seen in Fig. 1 immediately communicates the 
diversity of surface groups on CDs’ structural components. More than 
100 peaks can be seen above the background for the three samples, with 
varying intensities between the different samples. Figs. S3 and S4 show 
the measured counts normalized by the total counts of the mass spec
trum. The noise level is very low below m/z 20 and increases up to 
100–1000 counts beyond m/z 100, but the signal to noise is still low 
(~103). It is interesting to note the similarities and differences between 
samples. The most intense peaks are summarized in Tables 1 and 2 and 
similar tables are given in Tables S1 and S2 with color coding to easily 
indicate commonality between the samples. Some observed masses 
correspond to species associated with CDs purification (e.g., Na+, K+, 
etc.). Of the top twenty masses for B-CDs, the most common structures 
are hydrogenated carbon in positive polarity (CxHy) and pure carbon in 
negative polarity (Cx). Due to the higher degree of graphitization in 
CNDs compared to Y-CDs, CNDs shares much more similarity with B- 
CDs. Upon first examination, the general trend we would expect based 
on the precursors/preparation methods can be seen, but there is also 
some surprising information which can be obtained through a closer 
investigation of the individual data sets. 

As mentioned above, many of the most important masses for B-CDs 
involve pure carbon/hydrogenated carbon, but some involve nitrogen 
and oxygen as well (Fig. 1A and B, Tables 1 and 2). It is somewhat 
surprising that oxygen is not more prevalent considering the elemental 
ratios which have been measured from XPS (Table 3), although caution 
must be exercised when interpreting intensities from SIMS data [16,33]. 
Conversely, nitrogen is present to a greater extent than expected, which 
must originate through the use of nitric acid in the preparation process. 
The large presence of carbon structures is not surprising considering the 
carbon nanopowder precursor, and these results indicate the function
alization of B-CDs is enough to produce the high water dispersibility of 
these particles, but still the fringes of the carbon lattices dominate the 
structure of B-CDs. As will be discussed below, there are specific peaks 
which show higher relative intensity for CNDs and Y-CDs, but B-CDs 
shows a more even distribution across the detected masses (Tables 1 and 
2). This is exactly what is expected for these particles since they are 
prepared from a larger carbon particle and the peaks measured are 
simply the distribution of how B-CDs breaks apart due to the primary ion 
beam. 

CNDs share many similarities with B-CDs as seen from the compar
ison in Tables S1 and S2 (blue and yellow colors). This balance between 
the two more extreme structures (carbonized for B-CDs versus organic 
for Y-CDs) is what would be expected for the relatively harsh bottom-up 
approach for CNDs. Urea and citric acid are not directly observed due to 
the carbonization process in CNDs preparation. A majority of the most 
intense ion peaks correspond to structures containing nitrogen, sup
porting the importance of nitrogen-doping for this system. Ions such as 
C3HN2

− and C3NO− are formed due to urea self-reaction and with citric 
acid. NH4

+ presence in CNDs is also due to urea. The presence of larger 
masses shows that the polymer, which is prepared through overnight 
stirring of the precursors, does not completely carbonize upon micro
wave treatment and remains as a surface organic structure. The func
tionality with six carbon or more may play an important role in the PL 
properties of CNDs, as several studies have shown evidence for organic 
fluorophores being responsible for some of the PL properties of citric 
acid-based CDs. Significant amounts of phenylenediamine related peaks 
(C6H8N2

+ and C6H9N2
+) confirms the aromatization of the precursors in 

the preparation process. Of the three particles, CNDs are expected to be 
the most heterogenous composition of structures based on our previous 
work with TLC separation [37]. Thus, the diverse structures from sample 
could from different types of particles or there is a significant difference 
in surface polarity among the CNDs. 

Table 1 
Formula and masses of the most intense ion peaks detected for B- 
CDs, CNDs, and Y-CDs with a positive polarity using a Bi5+ ion beam. 
Cells highlighted in red indicates that the ion peak is among the 
twenty most abundant for that particular sample. 
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Y-CDs predictably show the most seemingly organic structural fea
tures (Fig. 1E and F, Tables 1 and 2). Interestingly, it seems that o-PDA is 
directly responsible for the two most intense peaks (C6H8N2

+ and 
C6H9N2

+) for Y-CDs measured in a positive polarity, which supports the 
structure proposed for this system previously [16]. There are also two 
peaks with a mass to charge ratio between 190 and 195 which are most 
likely due to citric acid moieties present in the final structure of Y-CDs. 
Overall, larger masses dominate the spectra for Y-CDs compared to the 
other two particles. This is most likely due to the highly polymeric na
ture of this system, as the larger masses from B-CDs are exclusively 
related to carbon structures. The lack of carbonization can also be 
clearly seen for Y-CDs as the intensities of peaks related to CxHy

+ and Cx
−

structures are relatively low compared to B-CDs and CNDs. Y-CDs also 
shows the highest amount of oxygen (from O− and H3O+) which is 
contradictory to results seen from XPS and elemental analysis (Table 3). 
This is most likely due to the more hygroscopic nature of Y-CDs. 

To further probe the results obtained from this method, different 
primary ion conditions were utilized. The results discussed above were 
obtained using a Bi5+ ion beam, and in addition to this, a Bi + beam was 
used which was a gentler ionization which resulted typically results in 
less damage to the sample. A third method involved a gentle sputtering 
of argon to remove any potential surface contaminants before measuring 
SIMS data with Bi5+ ion beam. The comparison of these datasets is found 
in (Tables S1–S4, Fig. S5). When Y-CDs were measured after precleaning 
(Tables S5-S6), the oxygen content is reduced indicating that loosely 
bound water had been removed from the sample by the argon sputter
ing. For most masses, these datasets show the same patterns, indicating 
no contaminants or loosely bound surface groups. There are some 
changes in intensity, for example, large differences are seen for the 
larger masses detected for Y-CDs. These are most likely related to 
organic oligomers which may be removed to a greater extent by the 
argon sputter precleaning compared to the more carbonized structures 
of B-CDs and CNDs. 

3.2. Comparison of ToF-SIMS with XPS and elemental analysis 

More standard characterization can be used to further shed light on 
the structure of CDs and also help to interpret surface/core structures. 
XPS is known for being surface sensitive, although CDs are small enough 
that XPS most likely can penetrate throughout the particle. However, it 
is believed that the quantitative response is biased to the surface, hence 
the values in Table 3 do not necessarily reflect the whole particle 
composition of CDs [38]. More similar composition is seen between 
B-CDs and CNDs compared to Y-CDs. B-CDs, possesses the most simi
larity between the two techniques indicating that its composition is 
relatively uniform throughout the particle, which also correlates with 
the SIMS data. This is unsurprising given the top-down approach used to 
prepare B-CDs. The main difference for B-CDs is the enhancement of 
oxygen from elemental analysis relative to carbon. This indicates that 
the interior lattices of B-CDs are highly oxidized, supporting our hy
pothesized structure [16]. The empirical formula for B-CDs was calcu
lated as C1.3H1.7O, discounting nitrogen due to its low percent 
composition. This formula shows a highly oxidized and hydrogenated 
structure from the treatment of carbon nanopowder with strong acids. 

CNDs show a similar amount of carbon from both XPS and elemental 

Table 2 
Formula and masses of the most intense ion peaks 
detected for B-CDs, CNDs, and Y-CDs with a negative 
polarity using a Bi5+ ion beam. Cells highlighted in red 
indicates that the ion peak is among the twenty most 
abundant for that particular sample. 

Table 3 
Elemental composition of CDs as measured from XPS16 and elemental analysis. 
The values for elemental analysis have been scaled to one hundred percent.  

Technique Sample %C %O %N %H 

XPS B-CDs 54.6 43.8 – – 
CNDs 43.3 48.6 8.1 – 
Y-CDs 93.4 5.2 1.4 – 

Elemental Analysis B-CDs 46.7 46.4 1.9 5.0 
CNDs 45.3 33.0 17.4 4.3 
Y-CDs 53.6 26.0 14.2 6.2  

K.J. Mintz et al.                                                                                                                                                                                                                                 



Carbon 222 (2024) 118906

6

analysis, however the amount of oxygen is decreased, and nitrogen is 
increased in elemental analysis. Since CNDs are formed through a 
bottom-up approach, oxidation of interior lattices is not favored since it 
hinders the formation of CNDs’ 3D structure, but nitrogen is enhanced 
on the interior of CNDs due to the presence of s-triazine moieties and 
other nitrogen containing carbon lattices. The empirical formula of 
CNDs is calculated as C3⋅2H3⋅6NO1.8. The groups observed from ToF- 
SIMS analysis line up well with these observed results. Groups such as 
NH4+, C2H4N+, and C3NO− have greater relative intensity for CNDs 
from SIMS data showing agreement between the three techniques. 

The largest difference in Table 3 is related to Y-CDs. The discrepancy 
seen in these two datasets is most likely related to the process of for
mation for these CDs. Our previous work discussed how the oligomeri
zation of citric acid and o-PDA, as well as o-PDA oligomerizing with 
itself, leads to a nanoscale structure with 3D arrangement. Due to the 
low molar ratio of citric acid (1:25 compared to o-PDA), the oxygen 
containing groups are more likely embedded in the core as the structure 
grows, and for this reason less oxygen presents on the surface. Both 
techniques show more carbon and less heteroatoms for Y-CDs compared 
to the other two particles, which is due to the gentler technique used for 
Y-CDs which limits oxidation. As previously mentioned, Y-CDs are more 
hygroscopic compared to other CDs and this may result in an inflated O/ 
N ratio for these measurements. 

3.3. Effect of oxidation/reduction on CDs’ optical properties 

To examine the role of surface groups on CDs’ PL properties, they 
were treated with sodium hypochlorite and sodium borohydride to 
oxidize and reduce the surface of CDs, respectively. Fig. 2 shows the 
results of this modification on the absorption properties of CDs. B-CDs 
displays the least change which is unsurprising given the top-down 
approach they are prepared from, and the simplicity of the groups 
seen through ToF-SIMS. For CNDs, after oxidation there is a reduction or 

elimination of the longest wavelength peak (400 nm). Y-CDs is similar in 
that the peak at 420 nm is no longer distinct, however there is an 
increased tailing seen for the oxidized product indicating that the degree 
of disorder was increased, which is also supported by the broader peak 
seen at 280 nm compared to the normal and reduced forms [16]. 

The PL of each sample was also acquired and is presented in Figs. S6 
and S7. In order to visualize differences between the different forms 
clearly, the data is presented in two ways in Fig. 3. First, emission 
wavelength is plotted versus excitation wavelength to clearly view any 
shifting that may occur after oxidation/reduction. Secondly, normalized 
emission intensity is plotted versus excitation wavelength to examine if 
the chemical modifications change the maximum excitation wavelength 
or relative intensities between different excitations. For B-CDs, the 
normal form exhibits broad emission peaks (Fig. S6), and these are 
present in the modified forms (oxidized and reduced), but there are also 
two distinct peaks around 450 and 510 nm. This separation of the peaks 
after modification indicates that there are two distinct electronic sys
tems present as opposed to a single electronic structure with a broad 
range of vibrational transitions. Surprisingly, CNDs do not show much 
change after modification. There is a blue shifting for the emission peaks 
at short excitation wavelengths for R-CNDs, but this appears to be due to 
a change in relative intensity for emission after excitation at 325 nm and 
not to the origination of a new peak. A more important change can be 
seen in Fig. 3D which reveals that O-CNDs shows a higher relative in
tensity at excitations which are not the maximum (375 nm). This sug
gests that the maximum emission is sensitive to oxidation and is reduced 
relative to other emission peaks in CNDs after oxidation. Y-CDs shows 
the most change of all samples upon treatment with oxidant/reductant. 
O–Y-CDs displays completely different PL properties compared to N–Y- 
CDs as the excitation-independent emission peak at 565 nm has been 
completely eliminated and replaced with the more typical excitation- 
dependent spectra for CDs with maximum emission around 440 nm. 
R-Y-CDs does not show as dramatic a change, but there are still obvious 

Fig. 2. UV–vis spectra for B-CDs (A), CNDs (B), and Y-CDs (C) in normal, oxidized, and reduced form. Optical pathlength was 1 cm.  
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Fig. 3. Plot of emission maximum versus excitation wavelength for B-CDs (A), CNDs (C), and Y-CDs (E) and their oxidized and reduced forms. Plot of normalized 
emission intensity versus excitation wavelength for B-CDs (B), CNDs (D), and Y-CDs (F) and their oxidized and reduced forms. 
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changes. Emission peaks in the UV region for R-Y-CDs are enhanced over 
N–Y-CDs, which possesses very minor peaks in the UV/blue region. 
Additionally, although the independent emission around 565 nm is 
retained in R-Y-CDs, a new emissive center around 510 nm has devel
oped. The obvious and dramatic changes seen for Y-CDs supports the 
more organic/polymer-like structure proposed previously, but more 
information is needed for all samples to begin to ascribe structural 
meaning to the changes observed. 

The FTIR spectra for each CDs sample in their normal and modified 
forms was recorded to monitor the change in structure during these 
reactions. Similar to the absorption and PL spectra, minimal changes 
were observed following oxidation or reduction of B-CDs (Fig. 4A). This 
illustrates the simplicity and stability of their structure. For CNDs and Y- 
CDs, there are some changes to be observed which are similar between 
the two particles. The peaks centered around 3200 cm− 1 have become 
less sharp after oxidation/reduction indicating disappearance of the 
amine group and promotion of the alcohol group, respectively. For the 
oxidized samples, the peaks between 1550 and 1600 cm− 1 have been 
shifted to slightly higher energies. This indicates hypochlorite attacked 
aromatic systems to break their rings and leave behind, in part, simple 
alkenes. The oxidized sample also shows promotion of the N–O bond 
between 1350 and 1400 cm− 1 which is generated through the oxidation 

of primary amines. Both CNDs and Y-CDs show disappearance of peaks 
between 1000 and 1250 cm− 1 upon oxidation and reduction. Peaks in 
this area may be attributed to many different groups, but a reasonable 
possibility for this disappearance is related to modification of C–O bonds 
which commonly absorb at different areas in this region depending on 
the form of the larger group. Oxidation of CNDs and Y-CDs gives rise to a 
peak just below 1000 cm− 1 which can be attributed to the C––C bend 
which would be greatly enhanced after destruction of aromatic rings. 
Both of these samples also see an enhancement below 1000 cm− 1 upon 
reduction which can be assigned to C–H bends, which are promoted 
after hydrogenation by borohydride. 

There are multiple changes seen upon oxidation and reduction of 
these CDs systems, so some effort is needed to connect the modifications 
of optical and structural properties. B-CDs possesses little to no change 
in UV–Vis, PL, and FTIR spectra and so not much is learned except that 
the optical properties of B-CDs are not influenced by surface groups. 
CNDs displays more changes than is seen for B-CDs. Emission positions 
remain mostly unchanged, but there is an enhancement of relative in
tensity for the excitation wavelengths which are not the maximum 
(Fig. 3D). This indicates that the structure responsible for this emission is 
available on the surface of CNDs and is susceptible to oxidation. This 
suggests the importance of surface fluorophores for this reaction. This 

Fig. 4. FTIR spectra for B-CDs (A), CNDs (B), and Y-CDs (C) in normal, oxidized, and reduced form.  
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possibility has been suggested for different systems involving citric acid 
and urea previously [39]. FTIR supports the possibility of loss of emis
sion through breakdown of aromatic systems, as CNDs shows a shifting 
of the aromatic carbon peak to higher energies suggesting conversion of 
these groups to simple alkenes. The emission of CNDs is not completely 
depleted through either oxidation or reduction, so a dual mechanism is 
suggested, but it is clear that a factor in the PL of CDs is related to surface 
fluorophores. Y-CDs displays the most changes of any of the systems 
tested. The elimination of the peak around 565 nm through oxidation 
could be assumed to be through a similar process as discussed for CNDs, 
but what is interesting is the production of emission around 450 nm. 
This could possibly arise due to the oxidized product of the structural 
moiety responsible for 565 nm emission possessing emission in the blue 
region. This data clearly shows a different process for Y-CDs compared 

to B-CDs and CNDs. 

3.4. Proposed PL mechanism for three CDs 

To understand the potential pathway for CDs’ emission properties it 
is necessary to first discuss the electronic structure of typical carbon 
materials (Fig. 5). In these materials, there are two main bands related to 
σ bonding and π bonding [29]. The states arising from σ bonding are 
very far apart in energy and not often relevant to electronic transitions. 
Conversely, the π bands are much closer in energy and transitions are 
commonly observed between them (blue and green states, Fig. 5) [30]. 
The states involved with this tailing are referred to as localized states 
since they are dependent on local disorder/structure defects. The pres
ence of heteroatoms (e.g., oxygen and nitrogen) can also lead to an 
increased in the localized states [40]. This is especially important for 
CDs, because their maximum emission rarely comes from exciting at the 
wavelength of maximum absorption, but from the tailing region seen in 
the UV–vis spectrum as is the case for B-CDs and CNDs. With this in 
mind, we can now move to separately discuss the three CDs studied. 

B-CDs’ proposed emission mechanism can be considered relatively 
simple compared to CNDs and Y-CDs. For the precursor of B-CDs, carbon 
nanopowder, it is reasonable to suppose that the localized states do not 
play a significant role in the electronic structure. This is an amorphous 
powder but is pure carbon and fluorescence measurement confirmed 
that there is little signal when the nanopowder is dispersed in hexane. 
During the reaction to prepare B-CDs we are breaking off small particles 
and functionalizing them with oxygen [41]. This functionalization in
troduces localized states to the electronic structure and generates the PL 
properties observed. The excitation dependent emission is related to the 
variation of the states in different particles. Fig. 6 also may help to 
explain the difficulty in obtaining red emissive CDs, as the lowest energy 
transitions (between the tails of the localized states) are between low 
density states [42,43]. This concept of “localized states” is perhaps 
similar to the ill-defined (for CDs) “surface states”, but the presence of 
these states should not be confined to the surface of the particle, espe
cially for bottom-up approaches. 

For CNDs, as discussed previously, surface fluorophores are likely 
contributing to the optical properties. However, even after oxidation of 

Fig. 5. Diagram of typical energy states for carbon materials and possible en
ergy states for CDs. 

Fig. 6. Diagram attributing the two different emissive pathways to the three different CDs.  
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these fluorophores, much of the emission of CNDs remains. Therefore, 
we propose a dual mechanism for this system (Fig. 6). Fluorophores are 
generated in the preparation process which are then embedded in the 
structure for CNDs. These may help to dramatically increase the quan
tum yield of CNDs over B-CDs [5]. These fluorophores should generate 
fluorescence similar to if a dye was conjugated to CNDs post-reaction. 
However, there is also a process occurring which is similar to the one 
described above for B-CDs. With the formation of doped sp2 carbon 
lattices during the preparation, the π bands form in the electronic 
structure and the presence of nitrogen and oxygen again help to create 
the localized states. This dual mechanism explains not only the 
excitation-dependence of CNDs, but also the bright emission seen at 
some excitation wavelengths. 

For Y-CDs, the emission mechanism should be significantly different 
because mostly excitation-independent emission is observed. This 
emission shows sensitivity to reduction and is eliminated through 
oxidation. Excitation-independence suggests a molecular mechanism 
(Fig. 6), which would fit with the blue-shifted emission observed by 
reduction (through hydrogenation of a double bond) and the elimination 
of 565 nm emission through oxidation (through opening of aromatic 
rings). Additionally, tailing is observed for Y-CDs to a much smaller 
degree than the previous two CDs indicating that the localized states are 
much less important for this system. The identity of the species 
responsible for the emission of Y-CDs is unknown but may be related to 
an oligomer of o-PDA. 

4. Conclusion 

Understanding the surface structure of CDs is vital for optimization 
of several applications as well as understanding the interactions be
tween these particles and biological systems. This work builds upon our 
previous work to provide a more detailed understanding of the structure 
of three important systems in our lab [15]. B-CDs have been shown to 
unsurprisingly contain mostly carbon structures with some structures 
functionalized with oxygen and nitrogen. CNDs possessed a combination 
of these carbon structures and small organic molecules which is 
consistent with the use of a bottom-up approach which uses enough 
energy to induce graphitization. Y-CDs possesses remnants of its pre
cursors and larger, likely oligomeric structures which are most likely 
related to polymerization of the precursors. The comparison of 
ToF-SIMS data with XPS and elemental analysis results enables the 
inference of some groups’ locations in CDs’ structure. Finally, CDs 
structure were modified through oxidation/reduction in order to pre
liminary connect structural features with emissive properties and 
develop a proposed pathway of emission for the three studied systems. 
This work lays the foundation for a truly comprehensive model of CDs 
which can be used to understand the safety and potential for CDs’ use in 
humans. 
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