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Multi-colored carbon dots (CDs) have attracted significant research interest due to their wide range of
applications. However, the mechanisms underlying their luminescence and regulation still require further
exploration. Herein, blue, green, and orange CDs with different quantum yields were successfully
prepared, by changing the thermal degradation behavior of the waste wheat bran/o-phenylenediamine
via adjusting the pH of the acidic hydrothermal conditions. The structure—photoluminescence property
relationship of the prepared multi-colored CDs was thoroughly analyzed and discussed, aiming to
provide new insights into the luminescence red-shift mechanisms of CDs. It was found that the larger
sp2 domains, higher graphitization of carbon cores, increased graphitic nitrogen, and elevated levels of
C=0 functional groups contribute to the CDs' lower band gap, resulting in a red-shift of the emission
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their contribution in the red-shift of CDs. Additionally, the prepared CDs were explored for their

DOI: 10.1038/d4ra09117e application in monitoring Fe3* content in aquatic environments. A detection limit of 378.76 nM was

Open Access Article. Published on 17 April 2025. Downloaded on 11/8/2025 2:07:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances obtained for the prepared CDs.

1. Introduction

In the realm of materials science, carbon element stands out for
its diverse orbital hybridization properties, encompassing sp,
sp®, and sp>.*? Through the coexistence of one or multiple
hybridization modalities, carbon forges an extensive array of
compounds in nature, unparalleled in its variety.” Photo-
luminescence (PL) carbon dots (CDs), as zero-dimensional
nanomaterials with a carbon core skeleton and quasi-
spherical morphology, typically exhibit sizes below 10 nm.?
Since their inception in 2004,* CDs have garnered considerable
attention and have emerged as a promising material. Extant
research reveals that CDs possess numerous advantages,
including a broad range of precursor sources,® diverse synthesis
techniques,® tunable fluorescence properties,” high thermal and
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photostability, resistance to photobleaching, exceptional
biocompatibility, and low toxicity.® These attributes position
CDs as potential candidates for numerous applications such as
spanning cell imaging,® anti-counterfeiting,”'® sensing,”® elec-
trodes' and corrosion protection.

Color tuning holds significant importance in numerous
applications, especially for the bioimaging, information coding
and LEDs."*™ For example, by modulating the luminescent
color of CDs, information encoding and storage can be ach-
ieved, offering high-speed, low-power optical storage solutions
with exceptional durability." The multicolor fluorescence
properties of CDs also facilitate the design of unique lumines-
cent colors and patterns, enabling the development of anti-
counterfeiting®'®*® labels with distinct identification charac-
teristics. Therefore, Multi-color CDs prepared from different
precursors such as spinach,'® o-phenylenediamine,'”"*° graphite
rods,* 1-tyrosine/o-phenylenediamine mixture®* and 4,4-bipyr-
idine/p-phenylenediamine* have been reported, through
concentration or pH regulation.

To tuning the fluorescent properties of CDs, understanding
the luminescence mechanism of them is critical. The fluores-
cence of CDs is a complex process that typically involves
multiple luminescent mechanisms."” For example, it has been
acknowledged that the luminescence of CDs cannot be fully
explained by quantum size effects, especially for the CDs with
un-ordered crystalline cores.”® As studied by Zhou et al., they
separated the CDs into three different sizes using size exclusion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chromatography to prove that the luminescence behavior of
CDs is independent of the size effect.> With a deeper under-
standing of CDs, it is generally believed that the carbon core of
CDs includes a hybridized structure of sp* and sp®, and the size
of the sp* domain in the carbon core significantly affects its
luminescent properties. Specifically, an increase in the sp”
domain decreased the bandgap, leading to a redshift in the
fluorescence emission wavelength of CDs.>*?>¢

The surface properties of CDs also significantly influence
photoluminescence properties.”® Li et al,. used m-phenyl-
enediamine as a precursor and tin(wv) chloride pentahydrate to
prepare CDs with numerous reactive -NH, groups on their
surface. By reacting the -NH, groups with chemicals such as N-
bromosuccinimide, the function groups of CDs were modified
and the color was successfully tuned from green to yellow,
orange, and red.” This work indicates that the luminescent
mechanism of multicolor CDs primarily originates from their
excited surface defect band states (also known as surface gap
states). Additionally, various theories have been proposed to
explain the luminescent properties of CDs, such as molecular
states®® and crosslink-enhanced emission effects.” Therefore,
through tailoring the bulk and surface properties, CDs with
different photoluminescence properties, from blue to red
emission have been prepared. Different surface functional
stratagem has been adopted. Generally, covalent modifications
for CDs include amide coupling, silylation, esterification,
sulfonation, and copolymerization, while non-covalent
approaches rely on m-interactions, complexation/chelation,
and electrostatic interactions. The introduction of functional
groups (e.g., amino, carboxyl, hydroxyl) significantly enhances
the fluorescence quantum yield, emission tunability, photo-
stability, and analyte complexation efficiency of carbon dots,
demonstrating their potential for applications in targeted ana-
lyte extraction and controlled drug release.* For example, the p-
phenylenediamine-derived CDs was modified by 4-morpholi-
noaniline, followed by silica gel column chromatography puri-
fication, resulting in an increase in quantum yield from 28.3%
to 41.8%;*" similarly, Maturi et al. synthesized red fluorescent
CDs via a solvothermal method and further modified them
through long-chain
functionalized dots (L-RCDs), improving their compatibility
and functionality in light-curing printing systems;** surface
modifications such as N-doping, P-doping, and post-synthesis
modifications play a crucial role in tailoring the properties of
carbon dots.*® However, the nature of defects or functional
groups and their exact contributions to red-shifted emission are
still needed to be explored, to advance the development, and the
regulation of luminescence of CDs.

In our previous study, it is discovered that waste biomass
undergoes varying thermal decomposition behaviors during
hydrothermal treatment, resulting in either the generation of
small molecules or the preservation of large macromolecular
structures. These differences significantly influence the struc-
ture and photoluminescence (PL) properties of the CDs.**
Building on this finding, we hypothesized that controlling the
thermal decomposition of biomass precursors under different
pH conditions could produce multi-colored CDs with tunable

esterification to obtain surface-
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fluorescence properties. Therefore, a common waste biomass
wheat bran, together with theo-phenylenediamine with
a conjugated structure, were used to prepare multi-color CDs
with tunable fluorescence properties herein. CDs with different
colors - orange (0-CDs), green (g-CDs), and blue (b-CDs) were
successfully prepared. pH-controlling to tune the PL of CDs has
been reported in previous studies.***” Although multi-color
carbon dots were obtained through pH regulation, their struc-
tures were inconsistent, leading to varying explanations for the
mechanism behind their color change. Therefore, a detailed
structural analysis is still necessary to clarify the structure-
performance relationship of the multi-color carbon dots. In this
study, the structure of the CDs was characterized in-depth to
understand the relationship between structure and fluores-
cence properties. Our study aims to not only provide a simple
strategy for tuning the fluorescent emission of CDs, but also to
advance the understanding of the structural factors influencing
their fluorescent properties.

2. Materials and methods
2.1 Materials

o-Phenylenediamine (0-PD) (AR grade) was purchased from
Aladdin Reagent Co., Ltd., Shanghai. Wheat bran (FG) was
purchased from the local farmer industry “Hejiapuzi”, Yunnan,
China. Concentrated hydrochloric acid (HCl, AR grade) was
purchased from Chuandong Chemical Group, China. All
chemicals were used as received. The deionized water (DI water)
is produced in our lab by using the Millipore milliq Plus ultra-
pure water system (TKA-Gen Pure).

2.2 Synthesis of carbon dots

To synthesis the (CDs), a blend of o-
phenylenediamine/wheat bran in a weight ratio of 1:2 was
added into excess distilled water. Wheat bran is used here
mainly for its abundance as a low-cost milling by-product and
its high protein content, which could facilitate N-doping and
enhances the quantum yield of carbon dots. The solution
mixture was thoroughly stirred and transferred into a PTFE-
lined high-pressure reactor for carbon dots preparation. The
reactor was heated in a 120 °C oven for 6 hours. To obtain the
CDs with different photoluminescence properties, the pH of the
solution was adjusted to 5 and 3 using concentrated hydro-
chloric acid (HCI). The choice of hydrochloric acid (HCI) for pH
adjustment was based on the need to minimize exogenous
heteroatom interference while maintaining effective hydrolysis.
As demonstrated by Qiu et al,*® inorganic acids (e.g., HNOj3,
H,S0,) enhance cellulose degradation but introduce nitrogen
or sulfur residues into the carbon matrix, which may artificially
elevate quantum yields or obscure the intrinsic properties of the
wheat bran precursor. Organic acids (e.g., formic acid) similarly
risk altering surface functional group profiles. In contrast, HCI
provides H' ions for proton-assisted hydrolysis without intro-
ducing non-volatile anions, thereby preserving the biomass-
derived carbon core's elemental fidelity. This aligns with our

carbon dots
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study's focus on elucidating the intrinsic mechanisms of agri-
cultural waste conversion to multicolor CDs.

After the reaction was completed and the reactor had cooled,
the solution was centrifuged at 10 000 rpm for 30 minutes to
remove any large insoluble particles. The supernatant was
collected and filtered through a 0.22 um membrane filter. The
filtered solution was further dialyzed using a 500 Da MWCO
ultrafiltration membrane for 24 hours to remove any unreacted
impurities. Finally, the dialyzed solution was dried (via freeze-
drying) to obtain the carbon dots powder. The schematic of
the CDs preparation was showed in Fig. S1.f The prepared
carbon quantum dots were stored in a refrigerator at 4 °C for
subsequent testing. Finally, orange (named as o-CDs), green (g-
CDs) and blue (b-CDs) CDs were successfully prepared at pH =
7,5, and 3.

2.3 Testing and characterization

The UV-vis properties of the prepared CDs were assessed
through UV-Vis absorption spectroscopy (Shimadzu UV-2250,
Japan), with measurements taken over the range of 200 to
700 nm and analyzed using the “M. Wave Professional” soft-
ware. Fluorescence emission spectra (PL) were recorded using
a Shimadzu RF-6000 PC spectrophotometer (Japan), with read-
ings collected at 1 nm intervals between 200 and 700 nm. The
fluorescence lifetime of the CDs/H,O solution was evaluated
using an Edinburgh FLS1000 instrument (UK), employing
a 1 cm quartz fluorescence cuvette and excitation at 375 nm
from a picosecond pulsed LED. Throughout these tests, DI
water was served as the solvent.

The quantum yield (QY) of the CDs was determined via the
relative method, using quinine sulfate dissolved in a 0.05 M
sulfuric acid solution as a reference, which has a QY of 55% at
an excitation wavelength of 350 nm. The calculation of the QY
was carried out as eqn (1).*°

Fo A n,

S (1)
In the equation, @5 and @, represent the QY of the standard and
the CDs, respectively, while F, A, and 7 refer to fluorescence
intensity, absorbance, and the refractive index of the solvent at
the excitation wavelength. F is derived from the area S of the
fluorescence emission peak, which falls between 480 and
620 nm.

The surface chemical composition of the CDs was examined
using X-ray photoelectron spectroscopy (XPS) with a Thermo
Kalpna (Thermo Scientific, USA) system, utilizing a mono-
chromatic Al Ko X-ray source with a photon energy of 1486.6 eV,
operating at 6 mA x 12 kV.

The Fourier Transform Infrared Spectroscopy (FTIR) of the
synthesized CDs were carried out in transmission mode, with
a wavelength range of 400 to 4000 cm ™' and a resolution of
4 cm ™ (FTIR, Nicolet 5700). The CDs were each mixed with KBr
powder and pressed into disks for the test.

The Transmission Electron Microscopy (TEM) images of the
CDs was visualized through high-resolution TEM (HRTEM)
using a JEM-2100F microscope (JEOL, Japan). To calculate the
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particle size distribution, at least 50 particles were statistic
analyzed with the help of Nano Measurer 1.2 software.

The internal structure of the CDs was characterized by
Raman spectroscopy and X-ray diffraction (XRD). Raman
spectra were recorded using a Lab Ram HR Evolution spec-
trometer (HORIBA Scientific, France). The scanning was from
50 to 3000 cm ', the excitation source was a 532 nm laser. For
XRD analysis, dried CD powder samples were analyzed with an
Anton Paar XRDynamic500 instrument, using a Cu Ko source at
30 kv and 10 mA, scanning from 5° to 90° with a 0.1° step size
and a 2-second integration time.

3. Results and discussions
3.1 Optical properties of 0-CDs, g-CDs, b-CDs

Using wheat bran and o-phenylenediamine as carbon sources,
the hydrothermal synthesis of 0-CDs, g-CDs, and b-CDs was
carried out under different pH. To delve into the microscopic
morphological attributes of 0-CDs, g-CDs, and b-CDs, a trans-
mission electron microscopy (TEM) analysis was conducted. As
shown in Fig. 1a, the 0-CDs, g-CDs, and b-CDs in aqueous
exhibited quasi-spherical morphologies with a uniform distri-
bution. To quantify these observations, a statistical analysis of
the TEM images was performed, yielding the particle size
distributions as depicted in Fig. 1b. The mean particle size and
standard deviation (SD) were 0-CD: 5.55 &+ 0.78 nm; g-CD: 2.89 +
0.35 nm; and b-CD: 1.87 £ 0.21 nm, respectively. Notably, all
three CDs exhibit particle sizes smaller than 10 nm that meets
the definition of CDs, indicating the successful synthesis of
CDs. However, it is discernible that the particle size of the CDs
gradually decreased with increasing pH values, i.e., the size of o-
CDs > g-CDs > b-CDs, by using the same molecular weight cut-
off membranes. It means that the size of CDs is depended on
the pH. Dai and his co-workers also used pH to turn the size of
the CDs, but their study found that the lower pH, the larger size
of the CDs.* The difference is suggested to be resulted from the
different reaction of the precursors under different pH condi-
tion. Under acidic conditions, the hydrolysis of lignocellulosic
biomass (e.g., wheat bran) will be significantly facilitated and
smaller molecular fragments will be produced as precursors for
carbonation,*****" which confirms our observation in the TEM
(Fig. 1) of a decrease in CD size with increasing acidity. And as
the acidity of the reaction increases, the oxidized group (C=0 at
1600 cm ™) and (C=C at 1520 cm ") peaks in the FTIR spectra
of CDs ( Fig. 3a) diminish, which suggests that the polymerized
chain is broken down into more fragmented monomers.
Furthermore, as confirmed by XPS C1s analysis (Fig. 4), these
fragments were carbonized to form CDs with compact sp?
structural domains. We propose that acidic conditions may
promote hydrolysis of the precursor, potentially fragmenting
carbohydrate and protein chains into smaller segments. These
fragments are further carbonized, resulting in CDs with
reduced dimensions, as supported by TEM analysis.

Further optical characterization via UV-visible spectroscopy
revealed variations in the absorption peaks of the three types of
CDs. Under 365 nm UV illumination, the solutions exhibited
distinct orange, green, and blue fluorescence, respectively, as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) High-resolution TEM of 0-CDs, g-CDs, and b-CDs (inset shows fluorescence photos illuminated by a 365-nm UV lamp); (b) particle

size distributions of 0-CDs, g-CDs and b-CDs; (c—e) UV-visible absorption spectra of 0-CDs (c), g-CDs(d), and b-CDs (e); and (f—h) fluorescence

spectra of 0-CDs (f), g-CDs (g), and b-CDs (h).

showed in Fig. 1a. As depicted in Fig. 1c, the absorption peaks
corresponding to m-m* transitions of C=C/C=N in the
aromatic carbon clusters were observed at 237 nm (0-CDs),
235 nm (g-CDs), and 233 nm (b-CDs). While the absorption
attributed to n-m* transitions of C=0/C=N bonds were noted
at 260 nm for 0-CDs, 262 nm for g-CDs, and 269 nm for b-CDs.**
Notably, all three CDs exhibited additional absorption peaks at
longer wavelengths, located at 434 nm (0-CDs), 442 nm (g-CDs),
and 447 nm (b-CDs), attributed to the surface conjugated
groups attached to the edges of inner cores.*® While the m—mt*
transition absorption peaks exhibited a minor blue shift, there
were a distinct red shift in the absorption peaks related to n—-mc*
transitions of the surface conjugated groups from o-CDs to b-
CDs. This suggests that the energy level of the m—-m* transition
increases, while the energy level of the n-m* transition
decreases. Typically, as the size of the sp*> domain in the carbon
core decreases, a blue shift in the absorption peaks is observed
due to the increased energy gap in the inner core,'® consistent
with our m-7* transitions. However, for the n—-m* transitions
involving surface groups, it is suggested that a decrease in pH
would promote dehydration and carbonization of the precur-
sors, thereby increasing the number of functional groups and
enhancing the degree of oxidation. Additionally, higher pH

© 2025 The Author(s). Published by the Royal Society of Chemistry

would facilitate the formation of CDs with larger conjugated
domains and narrower energy gaps,* making n-m* transitions
more favorable.

The fluorescence emission spectra of the three CDs were
showed in Fig. 1d-f. The photoluminescence (PL) emission
peaks are located at 565 nm for 0-CDs, 521 nm for g-CDs, and
450 nm for b-CDs, which are corresponding to their emission
colors in Fig. 1a. But it is interesting to find that the emission of
0-CDs is independent of excitation wavelength, while the other
two CDs, i.e., g-CDs and b-CDs is wavelength dependent. The
fluorescence emission of the g-CDs and b-CDs exhibited typical
red-shift with increasing excitation wavelength from 360 to
440 nm. The o-CDs exhibit excitation-independent emission
due to more uniform or homogeneously distributed emission
centers. It has relatively consistent electronic environments and
do not show significant changes in PL spectra with varying
excitation wavelengths. This can be attributed to its relatively
larger sp®> domain size, less surface defects and functional
groups when hydrothermal treated at pH = 7. It is known that
smaller CDs can have size-dependent energy levels that vary
with the excitation wavelength, leading to different emission
spectra due to quantum confinement effects.”*

RSC Adv, 2025, 15, 12028-12041 | 12031
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To better illustrate the relationship between the structures
such as the sp”> domain structure and surface groups, and the
PL properties of the CDs, more detailed analysis of the
morphology and structures of the three different CDs are
carried out.

3.2 Morphological and structural characterization of 0-CDs,
g-CDs, b-CDs

3.2.1 Crystal structure and graphitization degree. High-
resolution TEM (HTEM) imaging in Fig. 2a revealed that the
lattice spacing of the three CDs was approximately 0.21 nm,
which is corresponding to the [100] crystal plane of graphite
carbon lattice.** The sixfold symmetric fast Fourier transform
(FFT) patterns of the lattice is also given in Fig. 2a, along with
the identical well-resolved lattice fringes. It seems that b-CDs
present a more homogeneous crystal structure while the
crystal structure of o-CDs is more oriented. Specifically, an
augmentation in sp> domains enlarges the rigid areas within
the CDs' structure, subsequently leading to an expansion in
particle size from b-CDs to 0-CDs. Concurrently, the enhance-
ment of sp®> domains results in a narrowing of the CDs'
bandgap, thereby inducing longer fluorescence emission
wavelength of 0-CDs (ref-shift), which is identical to the optical
properties discussion.

The Raman spectra in Fig. 2b was used to explore the
graphitization degree of the CDs. The G band, which is corre-
sponding to the E,, symmetry phonon at the Brillouin zone
center due to the in-plane vibration of sp®bonded carbon
atoms,* shifts to lower wavenumbers with increasing pH (from
0-CDs to b-CDs). The D band, which is associated with the
breathing mode of sp> rings and is indicative of disorder in the
material,*® does not exhibit a similar shift. This suggests that
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while the electronic structure or bonding environment of the
sp®> carbon changes with varying pH, the defect density or
overall structure remains largely unaffected. Several factors,
including strain, doping, graphitization, the size of sp?
domains, or quantum confinement effects, could contribute to
this observed shift.

Given that the strain applied and the doping in the three CDs
are identical, the shift of the G band can be primarily attributed
to differences in graphitization and the size of sp> domains. The
HRTEM images reveal that the sp> domains of 0-CDs are larger
than those of b-CDs. As the size of CDs increases, quantum
confinement effects become less significant, and the vibrational
energy levels become less discrete.*” Meanwhile, larger CDs
behave more like bulk graphitic carbon, where the phonon
modes are more constrained. This results in stiffer vibrations of
the sp®> carbon atoms, leading to a blue shift (higher wave-
numbers) in the G band.

In addition to size reduction, the graphitization or increased
ordering within the sp> domains significantly affects the Raman
G band, which corresponds to the in-plane stretching vibrations
of sp® carbon atoms. The degree of graphitization was deter-
mined using the I(D)/I(G) ratio, as presented in Table 1. A
gradual decrease in the I(D)/I(G) ratio from b-CDs to o-CDs
indicates a higher degree of graphitization (a more ordered
carbon structures) within the CDs' internal structure. The
increased graphitization of 0-CDs explains the blue shift of the
G band (toward higher wavenumbers), as vibrational modes in
graphitic carbon are less disrupted by disorder.** Consequently,
as the structure becomes more ordered (graphitized), the G
band reflects more rigid vibrational modes, resulting in the
observed blue shift.

The XRD spectrum, shown in Fig. 2c, reveals the crystalline
core structure of the CDs. All three CDs exhibited peaks at 21°,

0-CDs

g-CDs

Intensity (a.n.)

b-CDs

" " "

2500 20 40 60

260)

Fig. 2 The crystal structure and graphitization of the CDs: (a) HRTEM of the CDs; (b) the Raman spectra of the CDs; (c) the XRD of the CDs.
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43°, and 50°, though the shape and intensity of these peaks
varied significantly. The d-spacings were calculated from the
XRD spectrum using Bragg's Law, corresponding to 0.44, 0.21,
and 0.18 nm, respectively. The prominent peak at 43° is
attributed to the carbon core with a d-spacing of 0.21 nm, which
aligns with the HRTEM observations. The weak peaks at 21°
indicate the presence of non-ideally arranged graphite-like
structures, such as the [002] plane in graphite.*” The higher
intensity and sharpness of the peaks, particularly at 43°, indi-
cate that the o-CDs exhibit a significantly higher degree of
crystallinity compared to the g-CDs and b-CDs. This observation
is consistent with the degree of graphitization calculated from
the Raman spectra, where 0-CDs exhibit the highest degree of
graphitization.

Based on the HRTEM, Raman, and XRD analyses, it was
found that the addition of acid during the reaction process
more thoroughly disrupts the cellular structure of wheat bran,
leading to a more disordered conjugated structure in the
prepared CDs. As a result, the sp> domains and graphitization
of the carbon cores are reduced, along with the particle size. The
weakening of sp> domains and graphitization broadens the
CDs' bandgap, causing a blue-shift in the fluorescence emission
spectra. This explains why, as the pH increases, the carbon dots
gradually shift from emitting orange to blue light.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The Fourier transform infrared spectra of 0-CDs, g-CDs, and b-CDs and (b) full XPS spectra of o-CDs (b), g-CDs (c), and b-CDs (d).

3.2.2 Composition and surface chemistry. The surface
groups present in CDs are characterized by FTIR and XPS as
showed in Fig. 3. The FTIR peak at 1507 cm " corresponds to
the C=C absorption, which is characteristic of conjugated sp*
domains. A meticulous examination of the IR spectra reveals
a progressive decrement in the C=C peak intensity from 0-CDs
to b-CDs. This decrement signifies a decrease in the abundance
of conjugated structures within the CDs, resulting in a dimin-
ished sp” domain size, as discussed previously.

Furthermore, the FTIR results show that the surface func-
tional group of the three types of CDs are significant differ-
ences. Notably, during the progression from 0-CDs to b-CDs,
a conspicuous enhancement in the intensity of the yy) at
1403 cm™ ' (C-N/C=N) and the v at 3157 ecm™ ' (corre-
sponding to -NH,/-NH vibration) was observed, accompanied
by a gradual attenuation in the C=N absorption peak at
1350 cm'. Meanwhile, the ynm) at 3157 cm™ ' shifts to lower
wavenumbers along with the transition from 0-CDs to b-CDs. All
those evolutions indicate that the N-containing groups on the
surface of the CDs have been changed during the transition
from 0-CDs to b-CDs, which will be further discussed by XPS.
We also find that the peaks at 1235 cm™ ' corresponding to the
aryl -O stretching and 3370 corresponding to the -OH stretch-
ing gradually disappeared with the transition from 0-CDs to b-
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Fig.4 The Cls profiles of 0-CDs (a), g-CDs (b) and b-CDs (c), the O1s profiles of 0o-CDs(d), g-CDs (e) and b-CDs (f), and the N1s profiles of 0-CDs

(9), g-CDs (h) and b-CDs (i)

CDs, indicating the oxygen-containing functional groups such
as C-0 or C=0 are also changed. To further clarify the changes
in these functional groups, XPS spectra is carried out.

Fig. 4b-d present the full XPS spectra of 0-CDs, g-CDs, and b-
CDs, respectively. As evident from the spectra, all three CDs
exhibit characteristic peaks for C1s (285 eV), N1s (400 eV), and
O1s (531 eV), with minor variations in their respective concen-
trations. As detailed in Table 2, a significant increase in the C/N
ratio is observed as the CDs transition from 0-CDs to b-CDs,
while the C/O ratio gradually reduced, which is consistent to
the FTIR analysis. The content of N is relatively high in 0-CDs
compared to that of g-CDs and b-CDs. O exists both in the
carbon core skeleton and on the surface of the carbon core,
primarily in the form of surface oxygen-containing functional
groups, where the content of -COOH of 0-CDs is higher than
that in g-CDs and b-CDs as analyzed by the high-resolution X-
ray photoelectron spectroscopy (XPS) in Fig. 4. The graphitic
nitrogen content gradually decreases from 0-CDs (26.76 at%) to
b-CDs (5.02 at%) while the oxygen content increases (Table 2),
which is associated with the emission redshift. This is in
agreement with previous findings that higher graphitic nitrogen
(N-doped sp” domain) and carbonyl (C=0) decrease the band

gap.SO

12034 | RSC Adv, 2025, 15, 12028-12041

The high-resolution XPS spectra for carbon revealed three
distinct peaks common to all three types of CDs: the peak near
284.2 eV corresponds to sp>/sp” hybrid carbon (C-C/C=C), the
peak around 285.9 eV indicates the presence of carbon-oxygen
bonds (C-O), and the peak at 288.4 eV represents carbonyl
carbon (C=0). For oxygen (O1s), two peaks were identified: one
near 533.3 eV, corresponding to C=O0, and another around
531.4 eV, corresponding to C-O. These peaks reflect the pres-
ence of carbon-oxygen double and single bonds, respectively, on
the surface of the CDs.

Table 2 and Fig. 5 show that as the CDs transition from o-
CDs to b-CDs, the content of C=O decreases while the
content of C-O increases. This indicates a transformation of
surface oxygen-containing functional groups from C=0 to C-O,
which in turn affects the optical properties of the CDs. The
C=0 groups enhance the conjugation of w-electrons, leading to
a red shift in the fluorescence emission. Therefore, the
conversion from C=0 to C-O is associated with a blue shift in
the fluorescence.”

The nitrogen forms in the CDs—graphitic nitrogen, pyrrolic
nitrogen, and pyridinic nitrogen—were also characterized, with
their relative abundances varying among the different CDs, as
shown in Fig. 5b. During the transition from o0-CDs to g-CDs,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The results obtained from Raman spectra
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0-CDs g-CDs b-CDs
Area of peak I(D) I(G) I(D) I(G) I(D) I(G)
1744123.61 1403680.85 1760002.69 1401869.87 2370597.95 1761163.52
I(D)/I(G) 1.24 1.26 1.35
Table 2 The results were analyzed by XPS data
Area (%)
Cls O1s Nis
CDs C=C/C-C 0-C-O0 0-C=0 Cc-0 C=0 Pyridine N Pyrrole N Graphite N C/O C/N
0-CDs 81.31 11.36 7.33 55.91 44.09 49.37 23.88 26.76 4.11 27.03
g-CDs 66.04 25.03 8.93 69.57 30.43 34.45 47.80 17.75 3.95 28.87
b-CDs 75.90 16.21 7.88 73.46 26.54 46.21 48.77 5.02 3.84 43.53
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Fig. 5 (a) Comparison of C-O and C=0O contents of 0-CDS, g-CDs and b-CDs, (b) Comparison of contents of pyridine N, pyrrole N and

graphite N in 0-CDS, g-CDs and b-CDs.

and further to b-CDs, the content of graphitic nitrogen
decreases, pyrrolic nitrogen increases, and pyridinic nitrogen
first decreases then increases. These observations suggest that
graphitic nitrogen is mainly converted to pyrrolic nitrogen
during the transformation from 0-CDs to g-CDs. As the transi-
tion continues to b-CDs, pyrrolic nitrogen further transforms
into pyridinic nitrogen, resulting in a reduction of graphitic
nitrogen in the carbon structure. While XPS reveals the overall
elemental composition, advanced techniques such as EELS
could further resolve core-shell elemental gradients. Never-
theless, our FTIR and XPS results collectively support the
proposed luminescence mechanism dominated by nitrogen
doping and oxidation state modulation.

Graphitic nitrogen plays a key role in determining the fluo-
rescence properties of CDs, particularly in causing a redshift in
emission due to its electron-doping effect, which narrows the
electronic band gap.*® Therefore, the o-CDs with highest
graphitic N contents exhibits longest wavelength PL, which is
identical to the previous studies.*® In the case of b-CDs with
highest QY, the proportion of graphitic N was the lowest with
edge nitrogen species such as pyridine N and pyrrole N

© 2025 The Author(s). Published by the Royal Society of Chemistry

becoming dominant. It means that the existence of edge
nitrogen probably moderately augments the fluorescence
quantum yield of CDs, yet it does not narrow the band gap.

The fluorescence lifetime of the three CDs was calculated by
fitting the fluorescence intensity curves shown in Fig. 6. The
curves were successfully fitted using a mono-exponential decay
function,® with a high correlation coefficient (R* > 0.99). This
mono-exponential fitting suggests that the CDs possess a single
fluorescence (FL) origin, likely due to their uniform size distri-
bution and emission traps.**** The fluorescence lifetimes of the
0-CDs, g-CDs, and b-CDs were determined to be 1.88 ns, 1.10 ns,
and 1.73 ns, respectively.

Typically, the lifetimes of CDs are associated with their core
and surface states.>® In semiconductor nanocrystals, it is
generally observed that larger crystal sizes correspond to shorter
excitonic photoluminescence (PL) lifetimes.”® However, the o-
CDs, despite having the largest crystal size, exhibit the longest
lifetime, indicating that surface states significantly influence
the lifetime of the CDs but not the crystal size. In a study by
Hola et al., it was found that low-energy radiative recombination
(red-shifted emission) led to longer lifetimes in CDs, which can

RSC Adv, 2025, 15, 12028-12041 | 12035
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Fig. 6 Fluorescence lifetimes of 0-CDs, g-CDs, and b-CDs were
tested and calculated at an excitation wavelength of 375 nm.

be attributed to the prolonged charge carrier relaxation to
lower-lying energy levels.>* Consequently, the 0-CDs, which have
the longest emission wavelengths, also exhibit the longest
lifetime.

The shortest fluorescence lifetime of the g-CDs is suggested
to result from the high crystal defects and the highest oxygen-
containing groups on their surface, as revealed by the XRD
and XPS results. The XPS analysis shows that the C=C/C-C
content in the g-CDs is the lowest among the three, while the
O-C-O content is the highest. The XRD results further indicate
that the g-CDs have more crystal defects, evidenced by a broader
peak at 43°, which is associated with either carbonyl groups or
epoxide bonding between the lattices.

To isolate the role of o-phenylenediamine (0-PD) in fluores-
cence modulation, we synthesized CDs using raw wheat bran
without 0-PD under identical hydrothermal conditions (pH =
7). As shown in Fig. 7a, the o-PD-free CDs exhibit a unimodal
size distribution centered at 3.93 £+ 1.50 nm (TEM image in
Fig. 7c). However, their photoluminescence (PL) spectra differ
significantly. Upon 320 nm excitation (Fig. 7b), the o-PD-free
CDs emit a weak blue fluorescence with a broad peak at
440 nm, while o0-PD-containing CDs (0-CDs) under the same pH

~~
D
N

(b)

View Article Online
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show enhanced orange emission at 560 nm. This contrast
highlights that 0-PD promotes nitrogen doping (as evidenced by
XPS in Fig. 4). Furthermore, the absence of multicolor emission
in raw wheat bran CDs underscores o-PD's critical role in
creating tunable bandgaps via heteroatom incorporation.

3.3 Mechanism discussion behind the optical properties

All CDs synthesized using bran and o-
phenylenediamine in a high-pressure hydrothermal reactor
under identical reaction conditions, with pH being the only
variable: unadjusted (7.5-8.2), weakly acidic (5.5-6.0), and
strongly acidic (2.5-3.0). The wheat bran comprises approxi-
mately 12% water, 18% protein, 3.5% fat and 56% carbohy-
drates,”® which experience different structure evolution in
different pH condition. Degradation products, mainly the
glucose, oligomers, sugar monomers, and amino acids,
noticeably begin to increase at more severe hydrothermal
treatment conditions,”*® such as the strongly acidic environ-
ment. This means that more small molecules participate in the
formation of CDs when decreasing the pH, resulting in less
conjugated sp> domains, lower graphitization of carbon cores,
and higher surface oxidation, which is identical to our previous
studies on the hydrothermal of different biomass.** Meanwhile,
the graphitic N contents are also reduced with the structures of
o-PD and wheat bran being destroyed under acidic treatment.
The increased graphitization of CDs from blue to orange
could be related to the stepwise evolution of the core structure
of carbon dots under acidic hydrothermal conditions. Initially,
precursor depolymerization occurs, where proton-catalyzed
degradation breaks down cellulose and proteins in wheat
bran into small molecular fragments. This is followed by carbon
core nucleation, where these small molecules undergo dehy-
dration and condensation to form initial sp> domains. Subse-
quently, graphitization and expansion take place, driven by
high temperatures (180 °C), leading to the formation of more
ordered graphite-like microcrystals through aryl ring planar
stacking and m-m interactions. A more severe acidic environ-
ment (lower pH) may destroy the order of the carbon core in this
process, reducing its degree of graphitization. Finally, surface
passivation occurs, where residual oxygen- and nitrogen-
containing functional groups (e.g., C=0, -NH,) are anchored
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Particle size distribution of free-o-PD-CDs (a) fluorescence emission spectra (b) and TEM (c).
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Fig. 8 Schematic of the multi-color carbon dots developed under different pH conditions and their structure evolution.

at the edges of the nucleus, regulating the surface state energy
distribution.

Our studies confirm that the b-CDs obtained under low pH
conditions possess smaller sp> domains and a lower degree of
graphitization. Beyond these factors, detailed characterization
reveals that as the fluorescence shifts from blue (b-CDs) to
orange (0-CDs), there is an increase in sp> conjugation within
the carbon cores, and N-doping transitions to more stable
graphitic nitrogen forms. Furthermore, variations in oxygen
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content and its bonding types on the CDs' surfaces also
contribute to the fluorescence shift. Although the overall oxygen
content decreases from b-CDs to o-CDs, the percentage of
oxygen involved in carbon-oxygen double bonds (C=O0)
increases, enhancing m-electron conjugation and causing
a redshift, as showed in Fig. 8. Moreover, we conducted
hydrothermal processing of CDs at different temperatures
(120 °C, 150 °C, and 180 °C). The resulting CDs displayed a blue-
shift with increasing temperature (Fig. S2t), likely due to the

FolF

F,/F=0.0181C+1.0846
R?=0.9969

100 150 200
C(um)

250

Fig.9 (a) Fluorescence emission spectra of b-CDs in Fe* solutions with varying concentrations from 0.01 to 200 uM. (b) Fitting curve of Fo/F as

a function of Fe** ion concentration for b-CDs.
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water (b).

more extensive degradation of wheat bran at higher tempera-
tures. This finding further supports our earlier hypothesis that
smaller molecules are increasingly involved in CD formation
under more intense thermal degradation conditions.

3.4 Ion detection application of b-CDs

To assess the sensitivity of CDs for the optical detection of Fe**,
a series of Fe*" solutions with concentrations ranging from 0.01
to 200 uM are prepared, using b-CDs, which possess the highest
quantum yield (7.04%), as a model (Fig. 9). Via defining the
fluorescence intensity of the b-CDs solution as F,, and the
fluorescence intensity of the b-CDs solution in the presence of
Fe’" ions as F, the ratio Fo/F is plotted against the concentration
of Fe** ions (C_Fe®"). As shown in Fig. 8, the Fo/F increases with
increasing Fe®" concentration, indicating a reduction in the
fluorescence intensity of the b-CDs solution. The quenching
effect of Fe** on b-CDs exhibites a good linear correlation (the
correlation coefficient (R*) was 0.9969) within the concentration
range of 0.01 to 200 puM. It is predicted that the detection limit
of the CDs for Fe*' ions is 378.76 nM from the linear
relationship.

To evaluate the practical potential of b-CDs for the detection
of Fe**, the interference effects of common co-existing ions were
systematically tested. Based on the typical ionic composition in
natural waters (Na*, Ca®*, CO;>7, SO,>7, PO,*", etc.), a 200-fold
concentration (20 mM) of interfering ions was added to the b-
CDs solution containing 100 uM Fe** (FeCl; solution), respec-
tively, and the fluorescence spectra were measured (Fig. 10a).
The results showed that cations (Na*, Ca>") had a weak effect on
the detected signals (fluorescence intensity fluctuation <10%).
However, the presence of some anions (CO;>~, PO,*") triggered
a fluorescence enhancement, with the PL intensity being iden-
tical to that of DI water without any ions. It indicated that the
anions (CO;>~, PO4*") severely interfere with Fe*" detection,
leading to the failure detection of Fe*" in solutions. This inter-
ference is likely due to the neutralization of anions and carboxyl
or carbonyl groups on the surface of the b-CDs. SO,>" is
a typical highly charged but structurally symmetric anion, and
its tetrahedral configuration makes its coordination ability with

12038 | RSC Adv, 2025, 15, 12028-12041

carbon dot surface functional groups (e.g., -COOH, -OH)
significantly weaker than that of polydentate ligands (PO,*"),
which makes it difficult to form complexes on the surface.*
Therefore, it is not possible to trigger fluorescence enhance-
ment or attenuation by neutralizing the charge or changing the
surface state.

To assess the CD's performance in real-world conditions, we
tested it with lake water samples from LaoYu Lake in Kunming,
Yunnan, China. After filtering through a 0.22 pym membrane
and centrifuging at 12 000 rpm for 20 minutes, the samples
were spiked with Fe*" at varying concentrations. As shown in
Fig. 10b, the linearity of b-CDs for Fe*" in natural water samples
with diverse minerals and organic matter backgrounds was
maintained (Fig. 10b, R> = 0.99). This result indicates that by
calibrating the baseline signal, the developed sensor can reli-
ably perform quantitative analysis of Fe®" in real water
environments.

4. Conclusions

In this study, multi-colored carbon dots (CDs) were successfully
synthesized by controlling the acidic hydrothermal degradation
of wheat bran and o-phenylenediamine under varying pH
conditions. By adjusting the pH, CDs with distinct fluorescence
properties—orange, green, and blue—were obtained, demon-
strating that pH significantly influences the size, surface func-
tional groups, and photoluminescence properties of CDs. The
study reveals that the luminescence red-shift is primarily
attributed to larger sp> domains, higher graphitization, and an
increase in C=0 functional groups, which collectively reduce
the bandgap of the CDs. Furthermore, the potential application
of these CDs in monitoring Fe*" content in aquatic environ-
ments underscores their practical utility, the linear relationship
predicted a detection limit of 378.76 nM for the prepared CDs
with QY of 7.04%. This work not only advances the under-
standing of the luminescence mechanisms in carbon dots but
also offers a simple yet effective strategy for tuning their pho-
toluminescence properties through precursor degradation.
This study elucidates the synergistic mechanism of multi-
color photoluminescence in wheat bran-derived carbon dots

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and demonstrates their environmental sensing utility. In addi-
tion to the traditional focus on nitrogen doping in our study, we
identify carbonyl (C=0) groups as contributors to the redshift
of the emission. Combined with the sp® structural domain
expansion (Ip/Ig reduced from 1.35 to 1.24), this dual tuning
strategy was realized from 425 — 565 nm, providing a new
design principle for wavelength-engineered CDs. On the other
hand, by efficiently treating bran waste, our acid-conditioned
hydrothermal method bypassed toxic reagents and success-
fully served as a Fe** sensor. Although resistant to cations (Na®,
Ca®"), there were anion-induced false signals (e.g., PO,*~
interference leading to PL enhancement), which need to be
optimally modified by surface ligand engineering at a later
stage.
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