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Abstract Rapid and sensitive detection of heavy-metal ions
in natural water environments worldwide is urgently needed
because of their severe threats to human health. In the present
work, monolayer graphite-like flake C3N4 (g-C5N,4) materials
were applied as a new fluorescent sensor for the detection of
trace silver ion in aqueous solution. The thickness of synthe-
sized g-C3N4 was 0.45 nm and obtained by exfoliating twice
with ultrasonic. With the presence of ethylene diamine
tetraacetic acid as a screening agent, the highly sensitive sen-
sor reached a low detection limit of 52.3 nmol/L for silver (I)
ion and there was no disturbance when silver (I) ion coexisted
with other metal ions in water samples. Under the optimal
conditions, the monolayer g-C3N, was successfully used to
detect trace silver (I) ion in different environmental water
and drinking water samples.

Keyword Monolayer g-C5N, - Fluorescent sensor - Silver (I)
ion - Aqueous samples

Introduction

Silver is not only the most ancient metal with numerous ap-

plications in the fields like jewelry, coins, mirrors, anti-
corrosive alloys, but also an important element used in
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electroplating, photographic and imaging industries. More-
over, the products containing silver nanoparticles are the most
applicable nanomaterials in the last decade because of their
excellent antibacterial activity and have been widely used in
various fields including textiles, food containers, and medical
devices [1]. The rapidly growing use of silver inevitably re-
leases large amounts of soluble silver species to the environ-
ment and may cause environmental problems. It has been
found that silver is toxic for humans at a concentration higher
than 0.9 mmol/L in drinking water. Excessive intake of silver
ions (Ag") causes argyria in humans and silver deposition has
been found in the skin, gingival, cornea, liver, and kidney of
patients [2]. For these reasons, determination of trace amount
of silver ions with high sensitivity, specificity and rapidity in
environmental and industrial samples has great importance.
Various instrumental techniques have been employed for
the determination of silver species in different real samples,
including atomic absorption spectroscopy (AAS) [3], induc-
tively coupled plasma—mass spectrometry (ICP-MS) [4], in-
ductively coupled plasma optical emission spectrometry and
flow injection analysis [5]. However, these techniques need
highly sophisticated instruments and a complex preparation
process, which are not applicable in most cases. Optical sens-
ing systems have been gained great attention for the effective
and sensitive detection. Various organic compounds, quantum
dots, nanoparticles, polymers and DNA have been used as
chemosensors [6]. For examples, fluorescence switch that
consists of DNA-templated silver nanoclusters [7] or
nanographene carbon composite potentiometric sensor for
the determination of trace amounts of silver (I) ion were re-
cently fabricated and the detection limits were lower to
4.17 x 10~° mol/L [8]. Room temperature cation exchange
reaction in nanocrystals were used to amplify the signal and
the detection limit of Ag" using ICP-MS was 0.3 pg/L [9].
Although these methods show high sensitivity for Ag"
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detection, they have several drawbacks such as laborious syn-
thesis of reagents, complex detection system, etc. The devel-
opment of convenient and direct method for the assay of silver
in different real samples is still in an urgent need.

Fluorescence spectroscopy is a commonly method for the
detection of organic pollutants [10] or heavy metal ions [11],
etc. The majority of fluorescent probes commonly using metal
nanoparticles require modification and from their own toxicity
considerations. In recent years, low-toxic graphene carbon ni-
trogen compounds (g-C3N,) fluorescent porous material much
attention and numerous studies have been devoted to synthe-
sizing and designing highly functional g-C5;N,4 materials [12].
Due to their unique catalytic, electrical conductivity and adsorp-
tion properties, g-C3N, materials have been successfully ap-
plied as photocatalysts for the degradation of organic dyes in
water under light irradiation [13]. It is also an environment-
friendly and biocompatibility fluorescence materials for
bioimaging and biomedical applications [14]. Unlike other sen-
sors with optical receptor hooking on the porous materials, g-
C;3Ny itself is the receptor and thus performs higher sensitivity.
Lee et al. [15] had studied feasibility of detecting trace amount
Cu”" in aqueous solution with g-C5N, as optical sensor via
observing its photoluminescence quenching effects and the lim-
it of detection (LOD) of Cu®" in aqueous solution was
12.336 nmol/L. Subsequently, Barman and his coworkers [16]
explored g-C5N4 quantum dots as optical sensor to detect mer-
curic and iodide ions via a mechanism terms namely “ON-
OFF-ON” and the lower LOD for Hg*" was about 10~° mol/
L. Another turn on fluorescence sensor, Cu**-cubic mesopo-
rous g-C3Ny, was also developed for detection of CN™ and its
LOD in both aqueous solution and human blood serum was
80 nmol/L [17]. However, its excellent chemical resistance
emerged in the work done by Gillan [18] showed that g-C5N,4
was almost insoluble in water, ethanol, toluene, diethyl ether
and THF, which may be due to the van der Waals between its
layers stacking. Recently, studies had shown that the use of
liquid exfoliating method can also obtained nanosheets struc-
ture, but the synthesis needs more than 10 h [19, 20].

Herein, we prepared monolayer g-C;N,4 by using liquid ex-
foliating method with ultrasonic oscillating for twice. The ob-
tained monolayer g-C3N,4 shows good selective fluorescent re-
sponse to Ag" and it was then utilized as a fluorosensor to detect
Ag" in aqueous solutions in the presence of other metal ions.

Experiments

Reagents and Apparatus

Reagents Dicyandiamide (Aladdin, Shanghai, China), ferric ni-
trate, barium nitrate, beryllium nitrate, mercury nitrate, potassium

nitrate, manganese nitrate, zinc nitrate, chromium nitrate, cadmi-
um nitrate, silver nitrate, lead nitrate, copper nitrate, cobalt nitrate,

@ Springer

aluminum nitrate, nickel nitrate, magnesium nitrate and ethylene
diamine tetraacetic acid (EDTA) were purchased from Guang-
zhou Chemical Reagent Ltd. (Guangzhou, China). All reagents
were used directly. Ultra-pure water used throughout the whole
experiments was obtained from the MILLI-Q gradient A10 sys-
tem (Millipore, Bedford, MA, USA).

Apparatus The fluorescence intensity (FL) was performed by
Hitachi F-2500 fluorescence spectroscopy. UV-vis spectrosco-
py was recorded on a TianMei UV-VIS 1700 spectrophotome-
ter. The Fourier transform infrared spectroscopy (FT-IR) exper-
iment was carried out on a Shimadzu Prestige-21 FT-IR spec-
trometer in a KBr pellet, scanning from 4000 to 400 cm™ " at
room temperature. Atomic force microscopy (AFM) study was
performed by means of Veeco DI nanoscope Multi Mode V
system. X-ray diffraction (XRD) patterns of the g-C;N, was
obtained on a Philips X ray diffractometer (PW 3040/60) using
Cu Ko target at 40 kV and 40 mA. Scanning electron micros-
copy (SEM) was performed with a Hitachi S-4800 scanning
electron microanalyzer using an accelerating voltage of 15 kV.

Preparation of the Bulk g-C5N, Porous Materials

The bulk g-C3N4 was prepared by directly pyrolysis of
dicyandiamide in a porcelain crucible. In detail, five grams
(5.0 g) of dicyandiamide was added into a porcelain crucible
and placed in a muffle furnace (Shanghai, China); Then it was
heated at 520 °C for 4 h under air condition with a ramp rate of
about 4.5 °C/min for both the heating and cooling processes.
In order to obtain the finally bulk g-C3Ny, the obtained yellow
powder was further heated at 500 °C in another porcelain
crucible for 2 h with a ramp rate of 2.3 °C/min.

Preparation of Monolayer g-Cs;N, Materials

The monolayer g-C3N,4 materials were prepared by a liquid
exfoliating method. In brief, 50.0 mg of bulk g-C5;N, powder
was dispersed in 100 mL of water with ultrasonic dispersion
for 2 h. The formed g-C3;N, suspension was then centrifuged
at 5000 rpm to remove the unexfoliated bulk g-C3N4 and a
stable g-C3N, suspension can be obtained. And then, the ob-
tained g-C5;Ny4 suspension was further exfoliated with ultra-
sonic for 2 h. A stable monolayer g-C;N, material with highly
water-dispersity was obtained and it can be kept for months
without depositing.

Fluorescence Measurements

The fluorescence measurement of Ag” was performed at room
temperature. 1.0 mL monolayer g-C;N, was added into an
aqueous solution with V; mL silver ion and V, mL of water,
wherein V; +V, = 1.0 mL. And then, it was measured tripli-
cate according to the requirements.
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For the interference tests, 1.0 mL of monolayer g-C3Ny
were mixed with 0.01 mL 1.65 umol/L silver ion solution
and 0.05 mL interference ions with the same concentration
of Ag", then 0.01 mol/L EDTA was added into this mixed
solution and diluted to 2.0 mL to obtain the finally sample
solution. After 2.0 min, the PL intensity was measured and
all of experiments were test for triplicate.

All of the water samples were filtered with a 0.45 pm
membrane filter, and then measured as the same process of
interference tests.

The value of LOD was calculated as LOD = 30/S, where o
is the standard deviation of PL intensity of monolayer g-C5Ny4
at435 nm in the absence of Ag" and S is the slope between PL
intensity at 435 nm versus Ag" concentration.

Results and Discussion
AFM measurement was carried out to understand the thick-

ness of obtained monolayer g-C;Ny4 and the results are shown
in Fig. 1a and 1b. As can be seen from Fig. 1b, the randomly
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measured nanosheets were nearly 0.45 nm of thickness. This
value of the thickness was as same as that of grapheme report-
ed before [21], indicating the exfoliated nanosheets are com-
prised of only C — N monolayer.

XRD analysis was also carried out to investigate the
crystal structure of the samples. As shown in Fig.lc,
two characteristic peaks of bulk g-Cs;N, could be ob-
served. One is the strong peak at 27.6° corresponding
to the (002) plane, which is attributed to the interlayer
distance d = 0.33 nm in bulk g-C5N,4. The other is the
week peak at 13.2° corresponding to the (100) plane,
which is related to the inplane structural packing motif
of tri-s-triazine units. For the monolayer g-C3;Ny, the
significant decrease in the peak at 27.6° can be attrib-
uted to the reduced correlation length introduced by
nanostructuring [22].

Further evidence for the g-C5N,4 phase comes from the FT-
IR spectra and the results are showed in Fig.1d. The board
peaks between 3000 to 3500 cm™ ' corresponded to the N-H
stretching and hydrogen-bonding interactions. The peaks at
1101 and 1633 cm ™' were contributed to the typical stretching
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Fig. 1 Characterizations of monolayer g-C;N4. AFM image (a & b), XRD spectrum (c) and the FT-IR spectrum (d)
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Fig. 2 Raman spectra of the bulk
g-C5Ny (black line) and the
monolayer g-C;N, (red line)
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vibration of connected units of C—-N(—C)—C (full condensation)
or C-NH—C (partial condensation), while the absorption band
located at about 810 cm ™' was originated from the viabration of
triazine rign. It is worth noting that there were no differences of
FT-IR peak between the bulk g-C;N4 and the monolayer g-
C5Ny, which indicated that the chemical structure of the mono-
layer g-C5N,4 was as same as that of the bulk g-C5N,.

In addition, Raman spectra were also carried out to
study the structure changes between as-exfoliated mono-
layer g-C5N4 and bulk counterpart. As can be seen from
Fig. 2, the Raman spectrum of as-exfoliated g-C3Ny4
nanosheets showed nearly identical Raman shifts of
bulk g-C3N,4, indicating the exfoliated ultrathin g-C5;Ny4
nanosheets retain the same crystal structure of bulk g-
C3Ny. Comparing with bulk g-CsN,, the Raman spectra
of monolayer g-C5;N4 nanosheets showed a blue shift of
about 4 cm ' (Fig. 2b), ascribing to the phonon con-
finement effect of the as-exfoliated nanosheets and in-
ferring their ultrathin thickness. At the same time, both
of the Raman spectra of bulk g-C;N, and monolayer g-
C;N4 nanosheets show no shifts of carbon materials,
which often located at about 1350 c¢cm ' and
1580 cm ', indicating the high purity of the as-
exfoliated nanosheets.
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Fig. 3 UV-vis absorbing (red line) and fluorescence spectra (black line)
of the monolayer g-C5N, and its Tyndall effect exhibition
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The monolayer g-C;N, exhibited exceptional solubility in
water and the solution were stable for several weeks without
any precipitation. Its optical properties were examined in the
solution. Figure 3 shows the monolayer g-C5N, has a strong
absorption at 312 nm in UV light; A strong fluorescence peak
centered at 435 nm was observed when the aqueous solution
was excited at 365 nm. The nearly transparent feature as well
as the well-defined Tyndall effect of the monolayer g-C3N4
solution as displayed in the inset of Fig. 3 indicate the pres-
ence of highly monodisperse monolayer nanosheets in water.

The selectivity of the monolayer g-C5N, towards Ag" and
other different metal ions in water was investigated. The change
in fluorescence intensity (FL) before and after the addition of
interfering ions by five times of molar concentrations to the Ag”
solution of 1.65 umol/L are shown in Fig. 4a. Comparing to g-
C3N4 + Ag(D), the FL differences of g-CsN,4 + M(n) (Fe**, Ba®",
Be?", Hg”", K', Mn*", Zn**, Pb*", Cr**, Mg**, Ni**, Co*",
Ca®", Cd,*" and AI*") were much lower, indicating no signifi-
cant spectral change of monolayer g-C;N4 observing in the
presence of these interface ions. But after the silver (I) ion
was added into the solution of g-CsN,4 + M(n), significant FL
differences (g-C3N4 + M(n) + Ag(I)) were observed and the
intensities were similar to that of g-C5N4 + Ag(I). The
quenching of FL response of monolayer g-C3N, with various
metal ions clearly shows the selectivity of Ag" to bind with it.
However, it was reported that the PL intensity of g-C3N, could
be gradually quenched with increasing Cu”* concentration [15].
In the present work, a decrease about 25 % in the PL intensity
was also observed when Cu”" coexisted with other cations.

EDTA is the most widely used chelator in analytical chem-
istry, which forms strong 1:1 complexes with many metal
ions. Most of the formation constants for EDTA complexes
are larger than 10'° and trend to be larger for more positively
charged cations [23]. For example, the formation constant for
Cu”" of 10'®* is much larger than that for Ag" (107~), indi-
cating the interference of Cu®" in the present work can be
eliminated by EDTA. Figure 4b presents the quenching results
of monolayer g-CsN, with Ag" and Cu®" in the presence of
EDTA. For the tests, 1.65 pmol/L Ag" ion and 8.25 pmol/L
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Fig. 4 Selective FL response of monolayer g-C3;N, without EDTA, upon
adding 1.65 umol/L Ag", and upon adding 8.25 umol/L other metal ion
solutions (a); FL response of monolayer g-C3N4 with 0.01 mol/L EDTA,

Cu”" were used to quench the PL intensity of monolayer g-
C3Ny in the presence of 0.01 mol/L EDTA. The PL intensity
of monolayer g-CsN, was significantly quenched when Ag®
was added into the system, and similar results were also ob-
served when the EDTA was present as chelator, suggesting
that the added EDTA showed slight influence on the quench
of PL intensity for Ag". On the other hand, although the PL
intensity of monolayer g-C5;N, was also obviously quenched
when Cu®" was added into the system, a slightly quenching
was obtained in the presence of EDTA. Further experiments
on the test of PL intensity of monolayer g-CsN, with Ag",
Cu”" and EDTA also confirmed that the interference of Cu**
can be successfully eliminated.

In order to evaluate the sensitivity, the PL changes were
monitored with increasing concentration of Ag’ ion. As
shown in Fig. 5, the intensity of the PL emission centered at

120

100

[
=
T

0 2 4 6 8 10 12 14 16 18

Concentration of Ag (107 mol/L )

FL intensity/a.u.
- [=2)
< [—]
1 1

[
(=]
T

0 1 1 1 ()
350 400 450 500 550 600 650

Wavenumber/nm

Fig. 5 a fluorescence spectra of g-C3N4 monolayer nanosheets
dispersion in the presence of different Ag"” concentrations; The insert is
the dependent of F' = F-F on the concentrations of Ag" ions ranging from
0.165 to1.65 umol/L
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435 nm is highly sensitive to Ag" and decreases with an in-
creasing concentration of Ag'. The relative PL intensity (F
"= Fy-F, where Fy and F are fluorescence intensities at
435 nm in the absence and presence of Ag' ions) showed
good linear correlation when the concentration of Ag + in-
creased from 0.16 to 1.65 wmol/L. The correlation coefficient
(R?) was more than 0.99 and the relative standard deviation
(RSD) was lower than 5 %. The limit of detection was as low
as 52.7 nmol/L at a signal-to-noise ratio of 3.0, which is about
8 times lower than the maximum level of Ag" in drinking
water permitted by the World Health Organization (WHO).

In order to evaluate whether the monolayer g-C3N, based
fluorescent sensor was applicable as a real diagnostic system,
different samples including environmental water and drinking
water samples were analyzed. The samples were analyzed
immediately after filtration with a 0.45 wm membrane filter.
The results showed that no Ag” was detected in these samples
probably because their concentrations were far below the limit
of detection of the proposed method. Good recoveries of the
spiked Ag" in these samples with different levels ranging from
80.8 % to 115.8 % were obtained and the results are shown in
Table 1.

Table 1  Application of monolayer g-C5N, on the detection of Ag™ in
aqueous samples

Samples Recovery (%, n = 3) of different spiked samples

0.33 pmol/L 0.66 pmol/L 1.65 pmol/L

Rainwater 102.3 £4.1 974 +£4.0 115.8 £5.1
Tap water 1022 +39 80.8 £3.2 98.5+4.7
Mineral water 1149 +£5.3 1152+ 3.6 98.6 £ 4.1
Lake water 93.1+3.7 1054 £ 45 113.9 £ 2.1
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Conclusions

In summary, although the bulk g-C5N,4 had showed good sen-
sitive PL response to Cu®" without interference by other metal
ions including Ag", the monolayer g-C;N,4 showed more se-
lective and sensitive to the Ag" than the Cu®". On the appli-
cation of monolayer g-C;N, fluorescence sensor, the interfer-
ence of Cu®" coexisting in the samples can be simply screened
by adding EDTA chelant. Under such an optimal conditions,
the monolayer g-C5N,4 can be successfully used to detect trace
Ag" in real water samples.
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