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Abstract: Carbon quantum dots (CQDs) with their strong photoluminescence (PL) activity, high
biocompatibility, robust stability, low cytotoxicity, and flexible surface structures have been employed
in many fields including chemical sensing, biosensing, photocatalyst, energy storage, and biomedical
applications. Of note, CQDs present an intrinsic pH-sensitive PL nature indicating their intense
potential for pH-mediated sensing and imaging. Despite the numerous studies performed in the last
two decades, the pH-sensitive PL mechanism of CQDs is still under debate and must be clarified
to overcome the limitations in practical applications. Therefore, in this report, we performed a
systematical study to determine the pH-sensitive PL nature of boron/nitrogen co-doped CQDs (B/N
CQDs). In the first part, B/N CQDs with a strong blue emission were fabricated via a hydrothermal
synthesis procedure. B/N-CQDs showed a strong blue PL emission with high quantum yield
and excitation-dependent nature. Under the low pH conditions (pH 3), B/N-CQDs exhibited a
robust green fluorescence emission with a significant red-shift (48 nm) and the loss of the excitation-
dependent nature. The change in PL nature originated from the protonation of surface groups,
a decrease in negative surface charge (from −20.6 to −1.23 eV), and finally, aggregation of the
nanostructure (the size of CQDs from 4.8 to 7.5 nm). However, in the case of alkaline conditions, the
deprotonation surface groups significantly enhanced the surface charge and led to the emergence of a
negative ‘protective shell’ with a zeta potential of −71.3 eV. In a high pH medium (pH 13), PL spectra
showed the loss of excitation-dependent features and a red-shift (35 nm) in emission peak maxima
with lower intensity. This report provides significant progress in the clarification of the pH-sensitive
PL mechanism of CQDs. We envision that the proposed CQDs would provide unique opportunities
in the fabrication of novel pH sensor systems and fluorescence imaging where a wide range of pH
sensitivity is required.

Keywords: pH-sensitive fluorescence; co-doped carbon quantum dots; aggregation-induced emission;
excitation-dependent emission; hydrothermal synthesis

1. Introduction

For the last two decades, carbon quantum dots (CQDs) as a zero-dimensional carbon
nanomaterial, which have sizes lower than 10 nm have gained intense interest due to their
impressive advantages, including their widespread source of precursors, small sizes, strong
photoluminescence (PL), high biocompatibility and photostability, low cytotoxicity and,
flexible surface structures [1–4]. With their unique properties, CQDs have been employed in
various applications such as chemical sensing, biosensing, photocatalysts, energy storage,
and biomedical applications [5–9]. Unlike other carbon-based nanomaterials, CQDs possess
a graphitic core composed of sp2/sp3 hybrid with numerous functional groups, which
consist of primarily oxygen-related groups and post-modified chemical groups on the
surface [10–12]. For the fabrication of CQDs, hydrothermal/solvothermal, microwave
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irradiation, arc discharge, laser ablation, and electrochemical oxidation methods have been
employed by utilizing various precursors under different experimental conditions [13].

The PL characteristics of CQDs could be manipulated by simply tuning the environ-
mental conditions such as pH, ionic strength, etc. [10]. This unique phenomenon enables
their utilization as pH sensors and imaging. The determination of pH is essential in various
fields of biomedicine, agriculture, and industry. The monitoring of pH with novel, sensitive,
and robust systems might provide unique advantages in real-world applications such as
the diagnosis of diseases, environmental control, quality of food and beverage products,
and so on [14,15]. CQDs as pH-sensitive nanoprobes eliminate the limitations of organic
dyes and inorganic QDs in terms of toxicity, PL quenching, and background autofluores-
cence [16,17]. Interestingly, CQDs with a pH-sensitive nature are quite different in terms of
synthesis procedure, precursors, chemical structure, and morphology [14,15]. In the last
two decades, many experimental procedures have been proposed for the fabrication of
pH-sensitive CQDs. The work by Liu et al. showed that CQDs prepared from candle soot
with multicolor fluorescence showed increased and then decreased PL intensity when pH
was tuned from 3 to 13 [18]. Similarly, Lu et al. prepared CQDs with a white fluorescent
emission by a hydrothermal method and detected that the PL intensity gradually decreased
when the pH ranged from 0 to 14 [19]. Zhu et al. proposed N-doped CQDs which were
fabricated through a solvothermal method for the detection of pH monitoring in cells using
fluorescence imaging [20]. Similarly, Fan et al. showed the employment of pH-responsive
CQDs through green-blue-violet fluorescence transformation for in vitro cell imaging [21].
So far, several mechanisms have been proposed to clarify the pH-sensitive PL characteristics
of CQDs. In most cases, the researchers attributed the change in the PL spectrum and
intensity of the material to the deprotonation and protonation of acidic and basic surface
groups such as carboxyl, hydroxyl, and carbonyl [10]. These groups could mainly govern
the transition processes and resulting PL nature. For instance, Li et al. prepared highly
fluorescent CQDs using tetrahydrofuran as a precursor and observed a linear decrease
in PL intensity due to the reversible protonation and deprotonation of surface functional
groups [22]. In another study, CQDs with PL maxima peak at 630 nm was shifted to 590 nm
with lower intensity when the pH was increased from 7 to 14 [23]. The authors claimed
that the increase in pH led to the deprotonation of carboxyl and hydroxyl groups and
resulted in a change in PL characteristics. In addition to the deprotonation/protonation of
surface groups, some researchers have proposed that the pH sensitivity of CQDs might
originate from the pH-induced aggregation. For example, Sun et al. observed that the
decrease in pH created a significant decrease in zeta potentials and induced aggregation
and resulted in quenching [24]. In a similar vein, Ye et al. observed that the pH under
alkaline conditions formed intermolecular hydrogen bonds and led to aggregation and
finally PL quenching [25].

Despite numerous studies in the literature, the pH sensitivity of CQDs over PL charac-
teristics is still controversial and this issue dramatically limits their employment in practical
applications. Therefore, it is unquestionable that further experimental and theoretical stud-
ies are demanded to clarify and interpret the pH-sensitive PL nature of CQDs. Within this
context, in this study, we have investigated PL characteristics of boron/nitrogen co-doped
CQDs (B/N CQDs) in different pH conditions. Just like our earlier study [3], B/N CQDs
with strong blue emission were synthesized through a hydrothermal procedure using
sodium borohydride and dopamine as precursors. We examined the alterations of the
chemical and morphological structure of the material under various pH environments via
some spectroscopic and imaging techniques. In an acidic environment, the aggregation of
CQDs led to the formation of larger nanoparticles and the emergence of green fluorescence
emissions. However, under alkaline conditions, a negative “protective shell” was formed
on the surface of the material due to the deprotonation of oxygen-related groups. This
study clarifies the pH-sensitive PL mechanism of CQDs in detail through various analyses.
We strongly believe that the findings of this report should pave the way for potential appli-
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cations of CQDs, especially in biomedical applications such as monitoring pH fluctuations
of single living cells and the whole organism.

2. Materials and Methods
2.1. Synthesis of B/N-CQDs via Hydrothermal Synthesis

B/N-CQDs were synthesized through a hydrothermal method similar to our earlier
report [3]. Briefly, 38 mg of dopamine hydrochloride (98%, Sigma-Aldrich, Taufkirchen,
Germany) and 7.6 mg of sodium borohydride (NaBH4, 98%, Sigma-Aldrich Taufkirchen,
Germany) were dissolved in 10 mL distilled water with a conductivity of 0.05 µS/cm. After
10 min of magnetic stirring, the clear solution was transferred into a 40 mL Teflon-lined
stainless-steel reactor. The synthesis was performed in an oven at 180 ◦C for 12 h. To
terminate the reaction, the reactor was taken and left at ambient temperature to cool to
room temperature. For the purification, firstly, the colloidal suspension was centrifuged
at 14,800 rpm for 20 min to remove large aggregates. Then, the CQDs were dialyzed to
remove unreacted impurities using a dialysis membrane (1 kDa MW cut-off) for 24 h. The
pH of as-prepared B/N-CQDs was adjusted by adding a proper amount of HCl (1 M) and
NaOH (1 M) aqueous solutions. Special care was paid to determine the exact pH value.
After the addition of HCl or NaOH, the measurements were repeated three times in 3 min
time intervals for clarification. For the calculation of the fluorescence quantum yield (QY)
of B/N-CQDs, quinine sulfate was employed as a standard similar to earlier reports [26,27].

2.2. Characterization of B/N-CQDs

The absorption spectra of CQDs were collected from a Shimadzu UV-vis spectropho-
tometer (Shimadzu, UV-1800, Kyoto, Japan). An Agilent Cary Eclipse fluorescence spec-
trophotometer (Santa Clara, CA, USA) was employed to evaluate the fluorescence charac-
teristics. An X-ray photoelectron spectroscopy (XPS, Specs-Flex, Berlin, Germany) was used
to determine the surface states of B/N-CQDs. The size and morphology were performed
via a Hitachi HighTech HT7700 transmission electron microscope (TEM, Krefeld, Germany)
operated at 120 kV. The surface charge of B/N-CQDs was measured with a Malvern Ze-
tasizer Nano ZSP (Worcestershire, United Kingdom). The pH value of B/N-CQDs was
adjusted through a Mettler Toledo pH meter (Columbus, OH, USA). All measurements
were performed at room temperature.

3. Results and Discussions

In this study, we aimed to determine the pH-sensitive fluorescence activity of
B/N-CQDs under acidic and alkaline conditions. The original pH of the pristine as-
prepared CQDs was around 8.0 with a pale-yellow color (Figure 1b). Under this condition,
B/N-CQDs exhibited strong blue fluorescence emission under a 365-nm UV lamp with
excitation-dependent characteristics with a high QY of 24% by using quinine sulfate as
a reference material (Figure 1b). The increased excitation wavelength from 300 nm to
420 nm led to a red-shift in the fluorescence maxima ranging from 407 to 473 nm. For the
case of pristine CQDs, UV-vis absorption spectra (Figure 2a) showed a weak shoulder at
around 220 nm assigned to the π-π* transition band of aromatic C-C bonds and a prominent
peak around 278 nm attributed to the n-π* transition of oxygen-related groups [12,28].
In addition, a broad shoulder at around 384 nm indicated the presence of lower energy
states due to N-related functional surface groups [27–29]. It seems that the surface groups of
B/N-CQDs create trap states with different energy levels and resultant excitation-dependent
nature [1,3]. The PL spectra, optical images, and UV-vis absorption spectra of B/N-CQDs
at different pH values are summarized in Figures S1–S3. Moreover, the Raman and FT-IR
spectra provided from our previous study [3] showed high content of defects and disorders
as well as various hydrophilic groups indicating the carbonization of the precursors and
optical and hydrophilic nature of resultant CQDs.
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The manipulation of the pH condition created dramatic changes in the PL properties of
CQDs in terms of PL intensity, emission maxima, and excitation-dependent characteristics
(Figures 1 and 2a,b). Under the acidic conditions (pH 3, Figure 1a), B/N-CQDs exhibited a
strong green fluorescence emission due to the strong red-shift from 435 to 508 nm under
a 340 nm excitation. However, the excitation-dependent nature was lost (Figure 1a) with
lower fluorescence intensity (Figure 1a) in comparison to pristine pH (8) conditions. Under
acidic conditions, the UV-vis absorption spectra (Figure 2a) indicated that oxygen-related
groups disappeared, a new transition band appeared at 249 nm, and the π-π* transition
peak showed a slight blue shift from 220 to 216 nm. Moreover, CQDs at pH 3 exhibited a
long absorption tail from 260 to 550 nm. It was anticipated that all these optical changes
governed the PL characteristics at lower pH values to some extent. Under the alkaline
conditions, for CQDs at pH 13, the color of the solution under daylight was dark brown, and
a faint blue fluorescence emission was observed compared with the pristine pH condition
(Figure 1c). Similar to pH 3, PL spectra revealed that the excitation-dependent feature was
lost, and the emission peak maxima were detected at around 470 nm with lower intensity
for different excitation wavelengths. For the case of pH 13, the UV-vis absorption spectra
(Figure 2a) showed that the π-π* transition band at around 220 nm, and a broad shoulder
at around 384 nm due to N-related functional-surface groups were significantly enhanced
due to the deprotonation surface groups.

On the other hand, the n-π* transition of oxygen-related groups at around 278 nm
disappeared. This observation indicated that the PL properties of CQDs under acidic and
alkaline conditions differ in line with the literature. In our case, we determined that in the
surface state, the oxygen-containing groups in the outer shell have the dominant impact on
the PL characteristics of the material [12]. Protonation and deprotonation of oxygen-related
and heteroatom-derived groups in the structure lead to the emergence of different energy
transitions and finally affect the PL spectra and intensity of the CQDs [10,30,31]. To evaluate
the protonation and deprotonation of oxygen-related and heteroatom-derived groups, we
measured the surface charges of CQDs at different pH values and summarized these values
in Figure 2f. Under alkaline conditions, most of the surface groups were deprotonated. As
a result, a negative “protective shell” was formed on the surface of the B/N-CQDs. The
deprotonation of oxygen-related groups enhanced the electrostatic repulsion and formed
isolated particles with high zeta potential, indicating the material’s high stability [22,32].
Whereas under acidic conditions, the zeta potential values reduced significantly (Figure 2f),
showing the destruction of the protective shell and formation of new surface states. These
phenomena may pave the way for pH-dependent aggregation, PL quenching, and a red-
shift in emission maxima [10]. To clarify this issue, we collected many TEM images for
CQDs at pH values of 3, 8 (pristine), and 13, and some representative ones are summarized
in Figure 2c–e. For the case of pristine pH, B/N-CQDs showed a very narrow particle
size distribution in the range of 3–7 nm with an average of 4.8 nm (Figure 2d). The CQDs
are well-separated, indicating the material’s high stability due to their high zeta potential
(−20.6 eV). Under alkaline conditions (Figure 2e), the nanostructures are still well-separated
with a relatively high size distribution (4–9 nm) with an average of 6.1 nm. However, for the
case of pH 3 (Figure 2c), B/N-CQDs were gathered into larger particles (about the average
size of 7.5 nm) due to the lower zeta potential (−1.23 eV) and noncovalent molecular
interactions, such as hydrogen bonds between the carboxyl groups [33]. The aggregation
of CQDs led to the formation of larger nanoparticles and resulted in the narrowing of the
band gap. This phenomenon may explain the emission of green fluorescence in an acidic
environment [34].

To further examine the pH-sensitive fluorescence activity of B/N-CQDs under acidic
and alkaline conditions, we performed a detailed XPS analysis to determine the chemi-
cal composition and surface groups at pH 3, 8, and 13. In the full spectra of XPS, four
peaks at 192, 284, 400, and 532 eV were observed, corresponding to C-C/C=C, C-N, C-O,
and C=O bonds, respectively (Figure S4). The elemental percentages of C/N/O/B were
81.6/0.93/15.9/1.55 for pH 3, 68.7/5.99/22.9/2.37 for pH 8 and 73.5/2.02/22.1/2.3 for
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pH 13, respectively (Figure S4b). These data indicate that co-doping of the B and N in
the structure of the CQDs was achieved, and the elemental content of the material can be
manipulated significantly by tuning the pH. The high-resolution scans of the C1s, N1s,
O1s, and B1s regions of B/N-CQDs are demonstrated in Figure 3. The core-level spectra
of the C1s were convoluted to four characteristic peaks at 284.5, 285.6, 286.4, and 289.9 eV,
corresponding to C-C/C=C, C-N, C-O, and C=O bonds, respectively. O1s band of CQDs
can be divided into two prominent peaks at 531.6 and 532.5 eV, which can be assigned to
C=O and C-O. The deconvolution of C1s and O1s showed that the presence of C-O and
C=O is evidence for oxygen-related groups like carbonyl and carboxyl groups [35]. The
N1s spectra present three distinct peaks at 398.7, 400.0, and 401.1 eV, which correspond to
N-(C)3 (graphitic), C=N-C (pyridinic), and N-H (pyrrolic), respectively [36,37]. The core
level B1s spectrum was deconvoluted into four major peaks centered at 190.9, 191.8, 192.5,
and 193.4 eV indicators of B-C, B-N/B-CO2, C-B-N, and B-O bonds, respectively [38]. We
also performed detailed analyses on XPS spectra to determine the change in the chemical
structure of CQDs in different pH conditions. As pH was increased (pH 13), the oxygen-
related groups were dramatically enhanced (see Table S1) in comparison to pristine material
(pH 8). In addition, the high pH led to the transformation of carbonyl groups into carboxyl
groups due to the deprotonation effect (see Table S2). However, the low pH (3) created
lower carbonyl and carboxyl groups (Table S1) with relatively higher carbonyl content
(Table S2) showing the protonation effect. In a similar vein, conversely to oxygen-related
groups, the pyrrolic form of N was remarkably enhanced with protonation and decreased
with deprotonation (Table S3). With the increase in the ratio of positively-charged N-H
groups, CQDs lost their high negative surface charge, became more unstable and finally,
aggregation was observed accordingly. Considering all the data presented so far, under
the alkaline conditions, a red shift in PL emission was observed, similar to other studies in
the literature [39–43], indicating the emergence of a negative ‘protective shell’ due to the
deprotonation. However, the low pH remarkably altered surface functional groups, zeta
potential, and finally, aggregation-induced PL emission.
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4. Conclusions

In summary, we have synthesized B/N-CQDs via a facile hydrothermal procedure
using dopamine and sodium borohydride as precursors with a high QY and excitation-
dependent nature. The PL characteristics of the CQDs were manipulated by simply tuning
the pH of the medium. Under acidic conditions, B/N-CQDs exhibited strong green fluores-
cence emission with the loss of the excitation-dependent nature. This unique alteration was
attributed to the protonation of surface groups, decrease in negative surface charge, and
finally, aggregation of the nanostructure. However, in the case of alkaline conditions, the
deprotonation surface groups significantly enhanced the surface charge and led to the emer-
gence of a negative ‘protective shell’. PL spectra showed the loss of excitation-dependent
features and led to a red-shift in emission peak maxima with lower intensity. This report
obviously demonstrates that the proposed CQDs might provide unique advantages in
novel pH sensor systems and fluorescence imaging where a pH-sensitive fluorescence
activity is demanded in a wide range of pH conditions. The findings provided in this
study clarify the pH-sensitive PL mechanism of CQDs. The practical applications are pH
monitoring inside cells, control, and monitoring pH-active drugs, and bioimaging.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13020456/s1, Figure S1: The PL spectra of B/N-CQDs at
different pH conditions and excitation wavelengths; Figure S2: Optic images of CQDs at different
pH conditions under a 365-nm UV lamb (a) and daylight (b); Figure S3: UV-vis absorption spectra
of B/N-CQDs at different pH; Figure S4: XPS survey spectrum (a) and elemental percentage of
B/N-CQDs (b) under different pH conditions; Table S1: Deconvolution of C1s under different pH
conditions; Table S2: Deconvolution of O1s under different pH conditions; Table S3: Deconvolution
N1s under different pH conditions.
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