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ABSTRACT

In this study, boron nitride quantum dots (BNQDs) and polymethyl methacrylate 
(PMMA) nanocomposite films were produced to be used as a metal sensing material. 
BNQDs were synthesized from boric acid and urea using the hydrothermal method. 
The selectivity of PMMA/BNQDs nanocomposite films as fluorescent sensing platforms 
was tested for different metal ions (Fe3+, Na+ Zn2+, Mg2+, and Ca2+). The morphological, 
structural, and chemical properties of the produced films were determined by scanning 
electron microscope (SEM), high-resolution transmission electron microscopy 
(HRTEM), Fourier transform infrared (FT-IR) spectroscopy, and atomic force 
microscopy (AFM) analyses. The optical properties of the films were determined by 
ultraviolet-visible spectrophotometer (UV-Vis). Fluorescence and sensing properties 
were determined using photoluminescence (PL) spectroscopy analysis. SEM and 
transmission electron microscopy (TEM) analyses confirmed the strong bonding 
and homogeneous distribution between the BNQDs and the PMMA. FT-IR and TEM 
analyses proved the formation of BNQDs. PMMA-BNQDs nanocomposite film showed 
selective fluorescence quenching properties for Fe3+ ions. The fluorescence intensity 
of the nanocomposite films showed a good linear relationship between 0-60 µM 
for Fe3+. In addition, it showed good sensitivity to detect Fe3+ ions in drinking water. 
Thus, this fluorescent sensing platform can be selective and sensitive in the 0-60 µM 
concentration range with a limit of detection (LOD) of 4.06 µM.

1. Introduction

The growth in the industrial area and the rapid increase 
in the population bring about water pollution [1]. Heavy 
metal ions in water negatively impact the environment 
and human health [2]. As it is known, it is impossible to 
live without water consumption, and for this reason, so 
much research is carried out to ensure that the water 
is clean and does not threaten human health. Polluted 
water can contain a wide variety of ions such as Cu2+, 
Cd2+, Co2+, Ni2+, Al3+, Pb2+, Hg2+, Fe3+, Fe2+, and these 
ions can combine to form more dangerous compounds 
[3]. These highly toxic compounds cannot decompose 
and, as a result, continue accumulating on the earth, 
causing harm to the human body [4]. This situation 
has encouraged researchers to find new materials to 
remove and sense metal ions.

Quantum dots are used not only in bio-imaging or 
solar cells but also frequently in chemical sensor 
applications [5]. Boron nitride quantum dots (BNQDs) 
are promising sensor materials, especially in detecting 
fluorescent-based metal ions or gases, due to 
their photoluminescence emission, good solution 
dispersion, tunable band gap, and biocompatibility 
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[6]. There are several studies in the literature in which 
BNQDs are used as metal ion-selective in solution 
form. However, BNQDs, unlike carbon quantum dots, 
are still open to development as metal sensors, as 
they are newly discovered. Huo et al. used BNQDs, 
which were produced by hydrothermal synthesis 
methods using boric acid and melamine to detect 
ferric ions in aqueous solutions. They concluded that 
prepared quantum dots could be effectively used 
as a valuable fluorochrome [7]. Liu et al. similarly 
used BNQDs produced by hydrothermal synthesis 
to detect different concentrations of Fe2+ and Fe3+ 
ions in the aqueous medium. In their study, they also 
simulated hydrothermal reaction and fluorescence 
properties using density simulated functional theory 
(DFT). They concluded that as the concentration of 
Fe2+ and Fe3+ increased, the fluorescence intensity 
of BNQDs was quenched [8]. Peng et al. exfoliated 
hexagonal boron nitride treated with hydrazine (N2H4) 
in an ethanol-water mixture and then obtained BNQDs 
by hydrothermal synthesis. The obtained BNQDs-
based sensor material shows potential for selectively 
detecting 2,4,6-trinitrophenol in natural water without 
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any pretreatment process [9]. Wang et al. used 
hexagonal boron nitride quantum dot probes for the 
detection of Hg2+ ions. In the presence of Hg2+ ions in 
the medium, BNQDs created a peak at 560 nm under 
280 nm excitation [10]. In the study of Han et al., the 
fluorescence effects of BNQDs on different metal ions 
were determined. It was observed that fluorescence 
peaks of both Fe3+ and Cu2+ ions could be quenched in 
the presence of BNQDs [11].

While there are several studies in the literature 
investigating the fluorescence properties of BNQDs in 
solution, no study has been found in which BNQDs/
polymer nanocomposite films are used as test 
surfaces for metal ion detection. While metal ions can 
be detected in an aqueous solution or with the help 
of probes or devices, the fact that these methods are 
expensive, and the sensor materials can be prepared 
as a result of complex processes. This situation 
has led researchers to find practical and disposable 
economic methods such as fluorescent test papers or 
composite films [12-14]. In this method, chemical ions 
on the surface interact chemically with metals when 
test papers are immersed in a solution including metal 
ions. As a result of this interaction, the color change 
on the test paper can instantly detect metal ions. In 
their study, Wang et al. showed the sensor activity of 
the graphene quantum dots by coating them on the 
surface with the polyvinyl alcohol (PVA) polymer in 
different metal solutions [15]. Dalal et al. developed 
a sensor for detecting Fe3+ ions doped with polymer-
based carbon dots. These sensors based on polyether 
amine showed high sensitivity in aqueous media with 
a limit of detection (LOD) value of 162 nm [16]. In 
2021, Shirani et al. developed a polymer-integrated 
silica quantum dot-based sensor with a 1 nm LOD for 
indoxacarb [17].

Polymethyl methacrylate (PMMA) has a hydrophilic 
structure with a water contact angle of 68°. PMMA 
has many advantages over other polymers, such as 
superior environmental stability and scratch and UV 
resistance [18]. In addition, there are also studies 
showing that it is produced as a composite with boron 
nitride and that boron nitride is effectively distributed 
in this polymer [19,20]. Wang et al. also used CsPbBr3 
perovskite quantum dot/PMMA fiber structures in the 
detection of Cu2+ ions from water in their study [21]. In 
another study, PMMA films were produced using the 
electrospun method with fluorescent poly(amidoamine) 
to detect heavy Co2+ ions in water [22].

Some properties of polymers, such as low selectivity 
and sensitivity and weak photoluminescence 
properties, may limit their use, especially in heavy 
metal detection. Low-dimensional quantum dots are 
very effective in creating metal detection platforms 
due to their superior optical-electronic and chemical 
diversity properties. In addition, polymers provide 
an excellent matrix for the dispersion of these low-
dimensional nanoparticles and enable them to use 
their properties as nanocomposite films [23]. Based 

on this motivation, in this study, after the BNQDs were 
formed by the hydrothermal synthesis method, they 
were incorporated into the PMMA polymer to produce 
nanocomposite film, and fluorescence properties 
were determined for different metal ions (Fe3+, Na+, 
Zn2+, Mg2+, and Ca2+) for the first time. In addition, 
the effect of different concentrations of Fe3+ aqueous 
solutions (0-100 µM) on the fluorescence properties of 
nanocomposite films was also investigated. This test 
surface has been developed as an environmentally 
friendly, economical, and practical sensor material that 
detects metal contamination in aqueous solutions.

2. Materials and Methods

2.1. BNQDs and PMMA/BNQDs Fluorescent 
Sensing Platform Preparation

BNQDs were produced using the hydrothermal 
synthesis method. Here, the dispersant phase in the 
BNQD solution is 10 mL of ethanol, 5 mL of distilled 
water for boric acid, and 10% ammonia solution for 
urea. Details of the synthesis of BNQDs were given 
in our previous work [24]. A certain amount of PMMA 
(Sigma-Aldrich, US) was dissolved to form the 
composite films in 50 mL acetone. Then, the PMMA 
solution was added to the BNQDs solution at a weight 
ratio of 1:0.2. The solution was sonicated for 1 hour 
and stirred for 6 hours using a magnetic stirrer. The 
resulting mixture was kept in the beaker and dried 
completely under ambient conditions, and then it was 
obtained as BNQDs-doped PMMA composite films. 
The flow chart of the experimental method is shown 
in Figure 1.

Figure 1. Schematic flow chart of the process

2.2. Metal Ion Detection of PMMA/BNQDs 
Fluorescent Sensing Platform

Heavy metal solutions were prepared from their salts 
and nitrates. Fe3+ prepared from FeCl3, Na+ from NaCl, 
Zn2+ from Zn (NO3)2, Mg2+ from MgCl2 and Ca2+ from 
CaCl2. In a typical process, a certain amount of (100 
µM) metal ions (Fe3+, Na+, Zn2+, Mg2+, and Ca2+) were 
added into water, and then the PMMA/BNQDs films 
were immersed in the different metal ions aqueous 
solutions. Different concentrations (0, 20, 45, 60, 
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80, and 100 µM) of Fe3+ aqueous solutions were 
prepared, and the films were immersed for 3 minutes. 
PL measurements were carried out after the films were 
removed from the solution.

2.3. Characterization

The morphological and chemical analysis was 
performed using SEM (Zeiss Supra 40VP, Germany) at 
different magnifications (25 and 75 kX for PMMA and 
10 and 40 kX for PMMA-BNQDs composite film), high-
resolution TEM (HRTEM) (FEI TALOS F200S TEM, 
200 kV, US), and FT-IR (Agilent Technologies, Cary 
630, between 400-4000 cm-1, US) analysis. Optical 
properties of the composites were determined by UV-
Vis spectrophotometer (Agilent Technologies, Cary 60 
UV-Vis, US) and photoluminescence properties were 
determined by PL spectroscopy (Dongwoo optron, 
matched with maple II HeCd laser, 532 nm, between 
200 and 800 nm, South Korea). AFM analyzed the size 
of the produced composite with the scan size fixed to 1 
µm × 1 µm (Park Systems, South Korea).

3. Results and Discussion

The most priority analyses to define the optical 
properties of quantum dots are the determination of 
absorption and fluorescence spectrum. Figure 2a 
shows the UV-Vis spectrum of pure and composite 
samples.

Two main peaks appear around 280 and 290 nm in 
the absorption spectrum of the obtained BNQDs. 
While the intense peak at 280 nm is defined as the 
peak arising due to band transitions in quantum dots, 
the weak peak at 290 nm is due to the change in the 
band gap. The main reason for this band gap change 
is the functional groups attached to the surface of the 
quantum dots [25-27]. Two different peaks occur at 280 
and 315 nm in the absorption spectrum of the PMMA-
BNQDs composite film. These are the peaks from 
BNQDs and PMMA polymer, respectively. Compared 
with the absorption spectrum of BNQDs, the peak at 
280 nm in the composite sample did not show any 
shift, indicating that the quantum dots were distributed 
homogeneously in the PMMA [28]. Figure 2b shows 
the possible fluorescence capture mechanism of iron 
ions by the PMMA-BNQDs composite film.

Boron nitride has an electron affinity towards metal 
ions thanks to the abundance of hydroxyl and amino 
groups at the corners of the quantum dots. When metal 
ions form a complex with the surface of BNQDs, the 
basic level of fluorescence is quenched and turns into 
a non-fluorescent compound. After photoexcitation, 
the BNQDs metal ion complex returns to its ground 
state by absorbing the blocked light and emission [29]. 
Figure 3a includes the IR spectrum of the produced 
BNQDs. FT-IR analysis is one of the most effective 
methods for determining the chemical structure and 
analysis of functional groups in the sample.

Figure 3. IR spectrum of BNQDs (a) and IR spectrum of 
PMMA and PMMA-BNQDs nanocomposite film (b)
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Figure 2. UV-Vis spectrum of the pure and composite 
samples; inset: PMMA-BNQDs composite solution appears 
as a blue-green color under 365 nm UV light (a), possible 
fluorescence quenching mechanism of PMMA/BNQDs film 
by Fe3+ (b)
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BNQDs showed absorption bands at 1308, 1453, 
and 1638 cm-1, respectively, due to the B-N stretching 
modes [8]. The band at 1414 cm-1 belongs to C-O 
bending [30]. The broad tensile band at 3300 cm-1 can 
be explained as the tensile band belonging to the N-H 
or O-H stretching. The appearance of the strains in the 
boron and nitrogen bonds and also functional groups 
such as -OH and -NH2 in the IR spectra indicates 
that boron nitride was formed. FT-IR analysis is not 
sufficient to prove this. Therefore, the formation of 
quantum dots was supported by high-resolution TEM 
images. Figure 3b represents the IR spectrum of pure 
polymer and BNQDs polymer composite film. A sharp 
peak around 1730 cm-1 is consistent with the C=O 
stretching and stretching or deformation of C-O-C 
vibration peaks observed at 1249, 1164, and 1069 
cm-1. The peaks around 933 cm-1 and 844 cm-1 belong 
to the bending vibrations of C-H. The polymer chains 
have an absorption band around 750 cm-1 [31].

FTIR spectra of the PMMA-BNQDs nanocomposite 
film showed an absorption band at nearly 2970 cm-1 
due to the C-H stretching vibration. Compared to 
the pure polymer, the peak intensities increased 
with the inclusion of boron nitride quantum dots into 
the structure at the stress intensity of 508 cm-1, 928 
cm-1, and 1553 cm-1, respectively. As a result of the 
modification of the polymer structure with the coating 
of boron nitride nanoparticles, the stretching band of 
the C-O-C shifted [32]. This shows that boron nitride 
nanoparticles are effectively incorporated into the 
PMMA polymer structure. 

Figure 4 contains SEM images of PMMA and PMMA-
BNQDs nanocomposite film at different magnifications. 
Figure 4 a,b shows the morphology of the PMMA 
polymer at magnifications of 25 and 75 kX, respectively. 
PMMA particles show a single type of morphology with 
a spherical shape and narrow size distribution [33]. 
Spherical particles are distributed with an average 
diameter of 0.15 µm. Figure 4 c,d contains the 
morphology of PMMA-BNQDs nanocomposite films 
at different magnifications. While some particles have 
smooth surfaces, some are coated with agglomerated 
BNQDs nanoparticles. The average size of these 
particles is 1.45µm, and it is clearly observed that they 
are larger than the pure PMMA polymer. This confirms 
a strong chemical electron affinity between BNQDs 
and PMMA, facilitating the formation of the core and 
shell [34].

Figure 5 shows the TEM image of the pure PMMA 
and PMMA-BNQDs nanocomposite film. In Figure 
5a, PMMA shows a well-dispersed and forms an 
interconnected network-like structure [35]. In Figure 
5b, the dark region refers to fluorescent particles and 
holes due to particle aggregation [36]. BNQDs have 
a significant agglomeration in some places in the 
polymer matrix. However, it is generally possible to say 
that the quantum dots are distributed homogeneously 
within the polymer. Figure 5c contains the HRTEM 
image of the obtained BNQDs. The average size 

of quantum dots is 4.5 nm. High-resolution TEM 
images represent hexagonal boron nitride with high 
crystallinity and (002) the plane which confirms the 
production of BNQDs [37]. The surface morphology of 
PMMA-BNQDs nanocomposite film was identified by 
AFM with the scan size fixed to 1 µm × 1 µm (Figure 
5d). The surface texture of polymer composites and 
the average size of the particles are also consistent 
with SEM and TEM images. The dispersed inorganic 
parts are homogeneously embedded in the polymer 
film. PMMA/BNQDs composite film comprises 
microspheres, as shown in the AFM histogram. The 
average size of BNQDs incorporated PMMA macro 
spheres is calculated as 1.6 µm. The size of these 
particles means that several interconnected quantum 
dots are embedded in the polymer [38].

Figure 6a shows the PL spectrum of PMMA-BNQDs 
nanocomposite film for 100 µM of different metal ions. 
In the spectrum, the emission peak for Ca2+, Mg2+, and 
Na+ was around 510 nm, while for Fe3+ and Zn2+, this 
emission peak was observed around 538 and 540 nm, 
respectively.

(a)

Figure 4. SEM images of the samples at different magnifi-
cations PMMA- 25 kX (a), PMMA-75 kX (b), PMMA-BNQDs- 
10 kX (c), PMMA-BNQDs-40 kX (d)

(c)

(b)

(d)
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This shift is seen more clearly in the normalized PL 
spectrum (Figure 6b). Here, the functional groups 
at the ends of BNQDs interact with metal ions and 
want to form stronger complexes with these metals 
[39]. Although there is no clear information about the 
fluorescence quenching mechanism for each metal, 
we assume that differences in the intermolecular 
interactions between different metals and composite 
films lead to different emission peaks in the 
fluorescence spectrum [40]. In their study, Wang et 
al. similarly observed that while the emission peak of 
BNQDs was observed at 461 nm, in the environment 
of Hg2+ ions, this emission peak shifted to 560 nm 
and created a fluorescence response against these 
ions. They interpreted the reason for this shift as the 

absorption of fluorescence from parts not connected 
to Hg2+ ions through induced electron transfer and 
internal filter effect [10]. There are many studies in the 
literature where BNQDs are used as sensors in liquid 
solution form in the detection of heavy metals, and 
it is clearly stated in these studies that the possible 
fluorescence response of the BNQDs against the Fe3+ 
ion is due to electron transfer [9, 11]. Boron nitride 
quantum dots interact with Fe3+ ions thanks to their 
rich amine groups and transfer the excited electrons 
to the half-filled orbitals of the Fe3+ ion. As a result of 
this excitation, the electron/hole part disappears, and 
fluorescence quenching occurs [41]. This quenching is 
apparently due to the affinity relationship of Fe3+ ions 
with the functional groups of BNQDs.

Figure 5. TEM image of pure PMMA sample (a), TEM image 
of PMMA-BNQDs nanocomposite film (b), HRTEM image 
of the BNQDs (c), and AFM image of the PMMA-BNQDs 
nanocomposite film (d)
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The main reason for this affinity is that Fe3+ ions, which 
have paramagnetic properties, compensate for the 
electron deficiency on the surface of BNQDs. Due to 
the paramagnetic property of Fe3+, it has high bonding 
interaction with electron-rich -OH or -NH2 groups on 
the surface of BNQDs. These half-filled orbitals of the 
Fe3+ ion are very suitable for the transfer. The filling 
of these empty holes by these electrons results in 
the quenching of the fluorescence of the quantum 
dots [42,43]. In order to determine the selectivity of 
the obtained nanocomposite films, F/F0 values were 
calculated for each metal using the PL spectra obtained 
in different metal ion solutions prepared at 100 µM 
concentration (Figure 6c). Zn2+ did not show any 
quenching effect. It can be seen clearly from Figure 6c 
that Ca2+, Mg2+, and Na+ show a slight quenching effect 
compared to Fe3+. It is observed that the obtained 
PMMA-BNQDs nanocomposite sample has selectivity 
towards Fe3+ ion due to its high damping effect. For this 
reason, different concentrations of Fe3+ ions between 
0-100 µM were prepared, and their absorbance and 
PL spectra were recorded.

Figure 7a shows the UV-Vis spectrum of PMMA-
BNQDs nanocomposite film for different (0, 20, 45, 
60, 80 and 100 µM) concentrations of Fe3+ ion. When 
nanocomposite films were immersed in Fe3+ solutions 
of different concentrations, it was observed that their 
absorbance values increased as the concentration 
of the metal ion increased. The linear increase in 
absorption intensity is related to the increase in 
complex formation, which leads to an increase in 
nanoparticle concentration. In general, this change 
in absorption intensity can be associated with an 
increase in particle size [44]. More importantly, it was 
observed that when the composites were immersed 
in Fe3+ solution, the peak of around 280 nm belonging 
to BNQDs disappeared, and the films showed a 
peak of around 260 nm. The disappearance of this 
peak compared to Figure 2a shows that the BNQDs 
surfaces are modified with Fe3+ ions and the films form 
complexes with Fe3+ ions [45]. Figure 7b represents the 
PL spectrum of PMMA-BNQDs nanocomposite film for 
different concentrations of Fe3+ ions. The fluorescence 
intensity of the nanocomposite films decreased with 
the increase in the concentration of Fe3+ ions. This 
can be associated with the fact that as the amount of 
Fe3+ ions in the medium increases, the empty orbitals 
of the Fe3+ ions are filled by electron transfer by 
quantum dots, thus increasing the damping demand 
and quenching of the films [42]. Figure 7c includes the 
relationship between F0/F and Fe3+ ion concentration 
between 0-60 µM. While the calibration curve shows a 
linear trend between 0-60 µM, this trend does not exist 
between 0-100µM (Inset of Figure 7c). This shows 
that the sensitivity of the composite film above 60 µM 
is relatively low. For this reason, the LOD value and 
standard deviation were calculated for the 0-60 µM 
sensitivity level. The LOD value is the lowest value of 
a quantitatively specified signal, such as concentration 
and activity. In other words, it is known as the lowest 

amount of a matter that can be separated from the 
failure of that matter and identified within a given 
confidence interval [46]. According to the graph, the 
change in Fe3+ ion concentration between 0-60 µM 
showed a linear relationship, confirmed by the R2 value 
of 0.99634. In addition, the standard deviation value of 
the linear curve is quite low (0.000150), which shows 
that the data points are distributed closer to the mean, 
the data set is not scattered, and small deviations are 
present [47].

Figure 7. UV-Vis spectrum of PMMA-BNQDs nanocomposite 
film for different concentrations of Fe3+ ion (a), PL spectrum 
of PMMA-BNQDs nanocomposite film for different 
concentrations of Fe3+ ion (b), Calibration curve to present 
the relationship between fluorescence emission peak and 
Fe3+ concentration between 0-60 µM where F0 and F are the 
fluorescence intensities in the absence and presence of Fe3+ 
ions (c), inset: calibration curve to present the relationship 
between fluorescence emission peak and Fe3+ concentration 
between 0-100 µM
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This stable complex of Fe3+ with BNQDs confirms the 
static fluorescence quenching relationship.

On the other hand, the limit of detection (LOD) was 
calculated according to the following formula, where δ 
is the standard deviation [48]:

fluorescence quenching properties against Fe3+. The 
fluorescence intensities of the films showed a linear 
relationship between 0-60 µM and were calculated to 
have a LOD value of 4.06 µM. This reveals that this 
fluorescence sensing platform can selectively and 
sensitively detect Fe3+ ions in drinking water between 
0-60 µM. Fluorescence quenching is apparently due to 
the affinity relationship of Fe3+ ions with the functional 
groups of BNQDs. These groups attached to the 
surface of BNQDs are electron-rich groups and show 
high interaction due to the paramagnetic properties 
of Fe3+ ions. This study has guided the use of boron 
nitride quantum dot-based polymer nanocomposite 
films as fluorescence sensing platforms, and it also 
offers an innovative and practical application approach 
for the use of polymer-based composite structures in 
the detection of metal ions.
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