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Abstract:

In this work, we develop a simple and low-cost synthetic strategy to prepare BCN
hybrid nanosheets. The conversion of graphene oxide (GO) into BCN hybrid
nanosheets is accomplished through a reaction with boric acid and melamine at
600 °C, during which boron and nitrogen atoms are incorporated into the graphene
atomic sheets. In the absence of metal ions, the BCN exhibits high fluorescence.
However, the addition of metal ions causes fluorescence quenching, this property
making BCN possible as a fluorosensor to detect metal ions quantitatively. Because of
its high selectivity towards Ag’, the BCN can be used as a facile sensing platform for
label-free sensitive and selective detection of Ag' in aqueous solution. The whole
detection process can be completed within 2 min with a detection limit as low as 16
nM.

1. Introduction

Silver and its derivatives are widely used in electrical, pharmaceutical, photographic,
and imaging industries.""* However, silver ions are present in the most toxic form in
aquatic environments. When the concentration of Ag(I) ions is sufficiently high, they

can exert harmful side effects to the environment.® Additionally, Ag(I) ions are heavy
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metal ions that can cause pollution to water resources.” Therefore, developing a

sensitive and selective sensor for the detection of silver in aqueous media is important.

Much effort has been exerted to develop fluorescence chemosensors as an alternative
method,” which provides new prospects for sensitivity and selectivity, high accuracy,
simple instrumental implementation, easy operation, and non-sample destructing or
less cell damaging. However, only few successful examples of molecular probes for
Ag" detection are available.'® "

Graphene has emerged as an exciting carbon material because of the properties
associated with its two-dimensional structure. Since its discovery, graphene has
attracted tremendous attention from both academic and commercial communities
because of its long-range conjugation that yields extraordinary thermal, mechanical,
and electrical properties.'*'® Graphene materials that contain heteroatoms such as
nitrogen, sulfur, and boron have been actively pursued and considered the most
promising candidates to complement graphene in material applications.”'19
Particularly, the nitrogen (N) atom, which has a comparable atomic size and five
valence electrons for bonding with carbon atoms, has been widely used for the
preparation of N-doped graphene materials.”*** N-doped carbon material exhibits
high fluorescence and can be used as fluorosensor for metal ion detection.”?!
Heteroatom doping can drastically alter the electronic characteristics of graphene and
result in unusual properties and related applications. The interest in graphene-based
luminescent nanomaterials has been increasing because of their unique properties,
such as low toxicity, strong and tunable photoluminescence, high stability, high
electrical and thermal conductivity, easy preparation, and others.> %

In this study, an improved annealing route to make BCN hybrid nanosheets was

demonstrated. GO was used as the starting template. Boron and nitrogen atoms were
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incorporated by co-annealing with boric acid and melamine. The as-prepared BCN
hybrid nanosheets were demonstrated as a very effective fluorescent-sensing platform
for a label-free, sensitive, and effective Ag+ detection with a detection limit of as low
as 16 nM.

2. Experimental section

2.1 Materials

AgNOs3, Co(NO3),, Cu(NOs),, NaNO;, KNO;, Mg(NO3),, Ca(NOs3),, Ni(NOs),,
Pb(NO3),, Zn(NO3),, Fe(NOs3);, Fe(NOs),, Hg(NOs),, Cd(NOj3),, Cr(NOs), and
Al(NOs); were purchased from Aladin Ltd. (Shanghai, China). All chemicals were
used as received without further purification. All solutions employed in the
experiment were prepared using deionized Milli-Q water.

2.2 Characterizations

Fourier transform infrared spectroscopy (FTIR) was performed using IR Affinity-1
(Japan). X-ray diffraction (XRD) analysis was carried out on a BRUKER
DS-ADVANCE X-ray diffractometer using Cu (40 kV, 40 mA) radiation. Raman
spectra were obtained using a laser confocal Raman spectrometer (LABRAM-010) in
the range from 400 cm ' to 2000 cm '. The morphology of the product was
investigated by scanning electron microscopy (SEM) (Hitachi S-4800, Japan) at 5.0
kV accelerating voltage. Transmission electron microscopy (TEM) images were
obtained with JEM-3010 (JEOL-3010, Japan). X-ray photoelectron spectroscopy
(XPS) was carried out using K-Alpha 1063 type with focused monochromatized Al
Ka radiation (1486.6 eV). Fluorescent emission spectra were recorded on a
RF-5301PC spectrofluorometer (Shimadzu, Japan). Ultraviolet—visible (UV-vis)
spectra were recorded with a UV-1800 spectrophotometer.

2.3 Preparation of BCN
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GO nanosheets were prepared by a modified Hummers method as reported in the
literature.””® The obtained GO (0.4 g) was thoroughly mixed with a solution of boric
acid (2 g) and melamine (2 g) in anhydrous ethanol (100 mL) by ultrasonic dispersion
for 1 h. The mixture was dried at 80 °C over night and then heated to 600 °C
(10 °C/min ), and kept 600 °C for 2 h in N, atmosphere. The sample was cooled to
room temperature to obtain the BCN powder. Then the product was washed with
deionized water and ethanol several times, and filtered through a PTFE membrane.
Finally, BCN powder was obtained by vacuum drying at 60 °C for 24 h. In a typical
run, 10 mg of BCN powder was added to 100 mL of nanopure water. After ultrasonic
dispersion for 2 h, the precipitate was removed by centrifugation, and the clear
supernatant extract was prepared for analysis.

2.4 Detection of Ag ions

The detection of Ag ions was performed at room temperature in aqueous solution. Ag
aqueous solutions of different concentrations together with other metal ion solutions
were freshly prepared before use. To evaluate the sensitivity towards Ag’, different
concentrations of Ag' were added into aqueous solutions that contain the same
amount of BCN, and the mixed solutions were equilibrated for 3 min before spectral
measurements. The photoluminescence (PL) spectra were recorded by operating the
fluorescence spectrophotometer at 280 nm excitation wavelength.

3. Results and discussion

3.1 Characterization of BCN

The morphologies of the as-prepared BCN were characterized by SEM and TEM. Fig.
1 (a) displays the SEM image of BCN. The SEM image shows that BCN exhibits a
layered structure similar to graphene. A typical TEM images of BCN is shown in Fig.

1 (b) and Fig.1 (c). The low-magnification image in Fig. 1 (b) indicates the presence

Page 4 of 17



Page 5 of 17 RSC Advances

of BCN layers similar to few-layered graphene. Fig.1 (c) confirms the the formation

of few layer nanosheets.

Fig. 1 Typical (a) SEM image of BCN, (b) TEM image of BCN, (c) HRTEM image of
the obtained BCN nanosheet.

The compositions of the produced BCN were then characterized by XPS and FTIR.
Fig. 2 shows the XPS spectra of BCN. The full spectrum in Fig. 2 (a) indicates the
existence of B, C, N, and O elements. The C peak in Fig. 2 (b) can be deconvolved
into five peaks centered at 283.2 (C-B), 284.6 (C-C), 286.2 (C—N), 287.9 (C-0), and
289.2 eV (C-R). The Bls peak in Fig. 2 (c) can be deconvolved into three peaks at
189.2 (B-C), 191.2 (B-N), and 192.9 eV (B-O). The main peak at 191.2 eV is close

to the reported value for Bls (190.75 eV) in BN nanosheets synthesized by CVD
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method.” The Nls peak in Fig. 2 (d) can also be deconvolved into three peaks
corresponding to N-B (397.9 eV), B-N-C (398.6 eV), and graphite—N (401.1 eV).3 0
Based on the intensity and energy of the major peaks in the Bls and N1s spectra, B
and N therefore mainly bond as B-N, which strongly implies the existence of BN
domains in the BCN nanosheets. Hence, the chemical formula for BCN is

B10C68N5301 5.
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Fig. 2 (a) XPS survey spectra of BCN and XPS spectra of (b) Cls, (c) Bls, and (d)

Nls.
The FTIR spectra of GO and BCN are shown in Fig. 3. The GO spectrum shows a

! which indicates the presence of surface O-H

strong, broad peak at 3433 cm
stretching vibrations of the C—OH groups and water. The other peaks correspond to
C—H groups (2920 cm '), carboxyl C=0 stretching of COOH groups (1720 cm '),

aromatic stretching C=C (1633 cm'), epoxy C-O group stretching (1213 cm ),
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alkoxy C—OH group stretching vibrations (1052 cm '), and Ar—H group stretching
(834 cm™). In the BCN spectrum, the as-prepared BCN product exhibits new peaks.
The peaks at 1588 and 807 cm ', at 1385 cm !, and at 1183 cm !, correspond to B—N,
B-0O, and B-C functional groups, respectively. This result indicates that B and N

elements functionalize to GO and is highly consistent with the XPS result.

GO
&
S = = <
e o o: - oD
W e e 2 QP
& poglin -0 a o
-‘é’ BCN
w
= > > W on
Q Q )
£ xR S t‘:@\/%ﬁgg
= on QAN o R ™ B
n ™ —

1588

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm‘l)

Fig. 3 FTIR spectra of GO and BCN.

Fig. 4 shows the UV—vis absorption and PL emission spectra of the aqueous
dispersion of BCN. The UV—vis spectrum shows a strong peak at 204 nm. The
dispersion shows a strong PL emission peak centered at 355 nm when excited at 280

nm, thereby indicating that BCN is fluorescent.
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Fig. 4 (a) UV—vis absorption and (b) PL emission spectra of the obtained BCN.
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Raman spectroscopy is ideally suited for the characterization of doped
graphene.3 132 Hence, knowing how it correlates with the concentration of carriers or
dopants is important. The shift in the G-band frequency measured by Raman
spectroscopy has many physical contributions, and calculations were considered to
uncover their relative magnitudes. The Raman spectra show broad D and G bands
located at 1345 and 1595 c¢cm ' for GO and at 1345 and 1610 cm ' for BCN,
respectively. This result agrees well with some reported literatures about BCN.>***
The Ip/lgratio increased from 1.03 for BCN to 1.13 for GO. The increased Ip/Ig ratio
for BCN and GO after thermal treatment can be probably attributed to the heteroatom
doping that produced new defective sites in the sp® carbon frameworks.*

The structural changes of GO and BCN were investigated based on their XRD
patterns. Fig. 5 (b) shows the XRD patterns of GO and BCN. After oxidation, a peak
at 10.4° is observed, which corresponds to the (001) diffraction peak of GO.
According to Braggs equation (2dsinf=nA), the d-spacing of GO increased from
0.3347 nm to 0.8663 nm. This result can be ascribed to the oxide-induced
O-containing functional groups that can be confirmed by FTIR. After the reaction
with boric acid and melamine, the peak of the product is observed at 26.2°, which
corresponds to the (002) diffraction peak of graphite, thereby indicating that BCN has

a graphite-like structure.**
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Fig. 5 (a) Raman and (b) XRD spectra of GO and BCN.
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3.2 Label-free and highly selective detection of Ag" ions with BCN

The high fluorescence renders BCN a possible promising fluorescence sensor for
sensing metal ions. To study the sensitivity of BCN for Ag" detection, the feasibility
of using BCN for Ag" detection was explored by adding different concentrations of
Ag’ to BCN aqueous solution and then measuring the fluorescence intensities. Before
using BCN as fluorosensor for detection of Ag', the pH of the detection system were
optimized. And the optimization experiment was carried out by monitoring the
fluorescence intensity changes of samples in the absence and presence of Ag' (the
concentration of Ag' is 6 uM). The samples were prepared as following: 50 uL of
BCN dispersion was injected into 1950 uL Tris—HCI] buffer to make the final
concentration of BCN at 0.15 mg/mL. The result (Fig. S1 in Supporting Information)
reveals that BCN is insensitive to pH and the optimum pH is 7-8. Fig. 6 (a) shows the
PL spectra of BCN solution with different concentrations of Ag' ions. The result
indicates that the PL intensity of the mixture is sensitive to Ag’ concentration and
decreased with the increase of Ag' concentration. The chelation of Ag" with the N of
BCN is believed to bring them into close proximity. Fig. 6 (b) shows the dependence
of Fo/F on the concentration of Ag+ ions, where Fy and F represent the fluorescence
intensities of BCN at 355 nm in the absence and presence of Ag', respectively.
Adding Ag" can lead to an obvious decrease in fluorescence intensity. A good linear
correlation was obtained over the concentration range of 0—16 pM. The detection limit
was estimated to be 16 nM at a signal-to-noise ratio of 3.

3.3 Mechanism of fluorescence quenching

To get insight into the fluorescence quenching mechanism involved, the fluorescence
quenching data were analyzed by the Stern—Volmer equation:

Fo/F =1+ KgyC.
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Fig. 6 (a) PL spectra of BCN dispersion with different Ag" concentrations (from top
to bottom: 0, 0.01, 0.05, 0.08, 0.1, 0.2, 0.4, 0.6, 2, 4, 6, 8, 10, and 16 uM). (b)
Stern—Volmer plot for the quenching of BCN by Ag". Fy and F represent the BCN
fluorescence intensities at 355 nm in the absence and presence of Ag’ ions,
respectively.

Where Fj, and F refers to the steady state fluorescence intensities in the absence and
in the presence of quencher, respectively. Kgsy is the Stern—Volmer quenching constant,
and C is the quencher concentration. The data are shown in Fig.6 (b) where the ratio
Fo/F increases linearly with the Ag' concentration and a linear regression equation
following Stern—Volmer relation is obtained: Fo/F = 0.9147 + 0.2943[C], with
regression coefficient R = 0.9899. The linearity of Fy/F versus [C] indicates that only
one type of quenching process occurred, either static or dynamic.

To further explore the possible quenching mechanism, the emission lifetime was
investigated. Fig. 7 (a) shows the emission lifetime of BCN dispersion in the absence
and presence of Ag' and there may not be a clear distinction between the two. The
analysis of fluorescence decays (Table S1 in Supporting Information) shows that the
lifetimes calculated with a two-component decay time model for BCN and BCN-Ag",
are not particularly sensitive to the presence of the quencher. The emission lifetime do
not depend on the addition of Ag’, indicating the static quenching effect over BCN

linked to the formation of a stable complex between the fluorophore and Ag'.
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Furthermore, to distinguish between static and dynamic mechanisms, their differing
dependences on temperature have been addressed. One would expect an increase of
Fo/F of BCN fluorescence with quencher concentration at higher temperature if
collisional quenching predominates. This is because higher temperature results in
faster diffusion and hence larger amounts of collisional quenching occurred. Fig. 7 (b)
shows the Stern—Volmer plots of BCN fluorescence quenching by Ag' at different
temperatures. The inset of Fig. 7 (b) shows the relationship between the quenching
constant Kgy with corresponding temperature. Table S2 in Supporting Information
also summarizes the calculated Kgy at T=298, 323 and 348 K. The results show the
Stern—Volmer quenching constant is inversely proportional to temperature, suggesting
the probable quenching of BCN-Ag" binding reaction is initiated by ground-state
compound formation rather than by dynamic collision.”® From above data, we
conclude the responsibility of static quenching mechanism as the dominant

mechanism of the BCN fluorescence quenching due to the adsorption of Ag” to BCN.
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Fig. 7 (a) The emission lifetime of BCN dispersion with the absence and presence of
Ag’. (b) A Stern—Volmer plot of BCN quenching by Ag” at different temperatures,
T=298, 323, 348 K. The inset shows the relationship between the quenching constant
Kgsy with temperature.

Table 1 compares the sensing performance of different fluorescent probes for Ag’,
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showing that our sensing system exhibits superior sensitivity over previously reported

sensing systems.

Table 1 Comparison of different fluorescent probes for Ag” detection

Fluorescent Probes Detection Limit (nM)  Linear Range (M) Ref.
heptamethine cyanine 34 0.6 x 10750 x 1077 37
CdTe quantum dots 41 4x107-32x10" 38
DNA and unmodified quantum dots 100 02x10°-1x107* 39
tricarcyanine 200 5%x1072x107° 40
2,2-disulfediylbis-(N-anthracen-9- 279 0-1x10"° 41
ylmethylene) ethanamine (Cysan)
coumarin dithioate derivative 400 0.1x10°-2.3x107 42
BCN 16 0-1.6x 10" This work

The time-dependent plot (Fig. 8) indicates that only 2 min is required to complete

the reaction between BCN and Ag". Therefore, the detection is rapid.

PL Intensity(a.
»
o
i
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Fig. 8 Fluorescence quenching of BCN by 25 uM Ag’ in solution as a function of

time (Aex = 280 nm).

Besides sensitivity, selectivity is another important parameter in evaluating the

performance of a sensing system. Therefore, to evaluate the selectivity of the sensing
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system in this study, the PL intensity changes in the presence of representative metal
ions under the same conditions were examined. BCN was added to metal nitrate
solutions in pure water and mixed for 10 min to form metal ion—-BCN complexes. Fig.
9 shows the PL quenching result of BCN in the presence of Ag', Ca**, Co*", K, Zn*",
Cu2+, Ni2+, Pb2+, Mg2+, Na', Fe3+, Fez+, Hg2+, Cd2+, Cr'and AI*". We found that
among the tested ions, only Hg*" at a high concentration may interfere with the
detection of Ag’. Fortunately, this interference can be circumvented by using cysteine
(Cys) as masking agent. As shown in Supporting Information Fig. S2, the addition of
Hg2+ ions into the BCN mixture in the presence of Cys has just slight effect on the
detection of Ag". No tremendous decrease was observed with the addition of the metal
ions into the BCN solution. However, further addition of Ag" into the above mixtures
causes a dramatic decrease in PL intensity. All these observations indicate that other
metal ions have little impact on the Ag" sensing system. The high selectivity of BCN
to Ag' is due to the fact that Ag’" has a higher thermodynamic affinity and faster

chelating process with the N of BCN than other transition-metal ions.
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Fig. 9 Selective PL response of BCN after treatment with 25 pM metal ion solutions
and interference of 25 pM of other metal ions with 25 uM Ag".

4. Conclusion
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We have developed a simple method for the preparation of BCN with boric acid and
melamine as boron and nitrogen source, respectively. The synthesized BCN exhibited
an enhanced fluorescence. Such BCN has the potential to be used as a novel sensing
platform for label-free sensitive and selective detection of Ag’ ions in aqueous
solutions. However, the fluorescence at 355 nm restricts its scope of biological

application.
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