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Hydrothermal synthesis of high-performance nitrogen-doped carbon quantum dots
from Ophiopogon japonicus and their application in sensing Fe (III) with a broad
quantitative range
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In this work, the leaves of Ophiopogon japonicus and melamine were used as precursors
and nitrogen source for preparing nitrogen-doped carbon quantum dots (N-CQDs), its
fluorescence quantum yield of 10.6%, have strong emission wavelength (320nm), and
shows good stability. Owing to electron transfer and exchange between Fe’* ions and
N-CQDs, the fluorescence of N-CQDs was only quenched by Fe’" ions. The N-CQDs
have been used as a fluorescence sensor, which had widely selective concentration range
(0 ~ 600 umol/L) and with a 1.151 pM limit of detection (LOD), for the detection of Fe**
ions. Importantly, this sensor has successfully been applied to the quantitative detection

of Fe’" ions in actual water samples.
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1. Introduction

Carbon quantum dots (CQDs), which have advantages of inexpensive, stability, good
biocompatibility, photobleaching resistance, low toxicity and environmental friendliness, have
been widely developed for chemical sensing[ 1], bioimaging[2], nanomedicine and batteries|3, 4].
As a material with unique optical properties, CQDs have been showed excellent application in
measurement of various metal ions, due to good water-solubility and superior chemical-stability.
Compared with other methods, the synthesis of CQDs from biological materials or industrial
wastes has the advantages of low cost, non-toxic, renewable and so on, which is conducive to
large-scale production. In addition, its is environment friendly, does not require the use of toxic
solvents and produce toxic by-products[5].

In response to the concept of sustainable development of the United Nations, the fron-
tier technology of material science had utilized biological materials and industrial waste as pre-
cursors to green synthesize CQDs, such as allium fistulosum[6], rose-heart radish[7], garlic[8],
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banana peel[9], biorefinery waste[10], and wood chips etc[11]. Due to some natural materials
containing single compounds, the fluorescence intensity of prepared CQDs were affected by sur-
face defects that resulted in low fluorescence quantum yield (QY). Therefore, it is necessary to
improve the optical properties by doping a variety of heteroatoms such as metal and non-metal
atoms. The doping of metal atoms is restricted, as a result of the inefficiency, uneven doping[12],
and environmental pollution[13]. Doped non-metallic heteroatoms can improve the fluorescence
quantum yield of CQDs by affecting the band gap and electron density[14]. Nitrogen atoms hae a
similar atomic size to the carbon atoms in CQDs and could bond with carbon atoms to form
strong covalent bond[15]. Accordingly, nitrogen atoms are commonly used in the doping of car-
bon nanomaterials.

The fluorescence quantum yield of CQDs, prepared from plant leaves with carbon ox-
ide and protein as main components, was low. Ophiopogon japonicus (Liliaceae), a traditional
Chinese medicinal plant, the main components of leaves include carbon oxides and proteins,
which can be hydrolyzed into monosaccharides and various amino acids[16,17]. In this work,
nitrogen-doped carbon quantum dots (N-CQDs) were synthesized by one-pot hydrothermal
method by using the leaves of O. japonicus and melamine as precursors and nitrogen source (Fig.
1). The prepared N-CQDs have good water solubility, emit bright blue fluorescence under the
irradiation of ultraviolet lamp, and have strong selectivity for Fe’" ions, can be used as a fluores-
cent probe for the quantitative detection of Fe’™ ions in water. In addition, the photoluminescence
mechanism and quenching mechanism of N-CQDs were investigated and discussed.

Daylight UV: 365nm
=

Fig. 1. N-CDs were synthesized by hydrothermal method for the determination of Fe’* in water samples.

2. Experimental

2.1. Materials

The leaves of O. japonicus were obtained from the campus of Anhui Jianzhu University.
Quinine sulfate (Sigma-Aldrich, 99%), eight different nitrogen-containing substances (Lysine,
Melamine, 2-2bipyridine, Diphenylazocarbazide, Aminosulfonic acid, Chitosan, Antipyrine, Do-
pamine hydrochloride) and eighteen metal salts (CaCl,, NiCl,, CoCl,, CdCl,, FeSO,.7H,0, FeCls,
AgNO;, ZnCl,.6H,0, MnCl,, CuCl,.2H,0, HgSO,, MnCl,.2H,0, ZnS0O,.7H,0, Pb(NO;),, MgSO,
7TH,0, NaCl, Bi(NO3);.5H,0, LaN;0y and KCI) were purchased from Sinopham. Configuration
of Britton-Robison buffer and deionized water prepared in laboratory.
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2.2. Preparation of N-CDs

Thoroughly washed the soil and dust on the O. japonicus leaves surface with pure water.
Then, we put it into the oven until dry and used a high-speed crusher grind dried O. japonicus
into powder. 0.5g leaf powder of O. japonicus, melamine in different proportions (specific de-
scription in subsequent section) and 30mL deionized water were placed in a Tefon-lined auto-
clave and heated at 180°C for 10 hours. After cooling, the solution wascentrifuged at 10000r/min
for 20 minutes, and the impurities were filtered out with a 0.22pm membrane. Finally, the puri-
fied N-CQDs solution was put into a sealed volumetric flask in a dry and cool place.

2.3. Apparatus and characterization

The morphology of N-CQDs was analyzed by transmission electron microscope (TEM;
JEOL JEM-2100F). The UV absorption spectrum (Uv-3600 UV-vis-NIR spectrophotometer,
Shimadzu), fluorescence spectrum (Hitachi F-7000 fluorescence spectrometer) were used to ana-
lyze the optical properties of N-CQDs. The elemental composition of N-CQDs was analyzed by
X-ray photoelectron spectroscopy (XPS; semeron escalab 250xi), X-ray diffraction (XRD, D/max)
and Fourier transform infrared spectrum (FTIR 2500 spectrometer). Its luminescent properties
under ultraviolet light were observed by three-way ultraviolet analyzer (zf-20d). The fluorescence
lifetime was measured by Edinburgh instrument FLS980.

2.4. Fluorescence analysis of metal ions

Here, we tested the selectivity of N-CQDs to metal ions. The preconfigured concentra-
tion is 1000 pumol/L standard solution of 18 metal ions. Take 19 10mL centrifuge tubes (one of
which is blank) and add ImL standard solution of metal ions, respectively. In order to reduce the
pH fluctuation caused by metal ion hydrolysis, added 880uL of BR solution, and finally added
20uL of N-CQDs solution so that the metal ion concentration in the mixed solution is 100umol/L.
After reacting at room temperature for 20 minutes, the fluorescence spectrum was tested to ob-
serve the response of different ions to N-CQDs, and the specific metal ions were selected.

2.5. Calculation of quantum yield

The QY of N-CQDs was tested according to previous reports[18]. The QY is calculated
according to equation (1)[19]. The Quinine sulfate (QY = 0.54) was dissolved in 0.1M H,SO,
solution as the standard sample.

2

In— A ny_
N-CDs X QS X N-CQDs (1)
Igs AN-CQDs

Dy_cops = Pos X P
Mos

Dos and Dy cops represent the QY of quinine sulfate and N-CQDs, respectively, and Igs
and In.cqps represent the measured integral fluorescence intensity of quinine sulfate and N-CQDs,
respectively, ngsand Mn.cops represents the refractive index of quinine sulfate and N-CQDs, and
Ags and An.cops represent the optical density of quinine sulfate and N-CQDs.

2.6 Actual water sample detection

For the further applications of N-CQDs sensor for Fe'" determination, we used standard
addition method to test three actual water samples. Tap water, mineral water and river water were
taken from the faucet of the laboratory, the supermarket of the school and Lake Yi on the south-
ern campus of Anhui Jianzhu University, respectively. All water samples were centrifuged at
15000 rpm for 10 minutes and then filtered through a 0.22uM membrane to remove the suspend-
ed particles. The fluorescence spectra of all solutions were tested under 320nm excitation. In or-
der to reduce the instrument and operation error, all solutions were tested three times, and the
average value of their fluorescence intensity was calculated as the final test result.
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3. Results and discussion

3.1. Synthesis and characterization

3.1.1. Optimization of synthesis conditions

To obtain the best luminescent performance of N-CQDs, the reaction time, this study op-
timized the mass ratio of raw materials and reaction temperature. The fluorescence intensity of
N-CQDs clearly increases when reaction time increases from 2 to 10 hours (Fig. 2a). The longer
the reaction time, the more complete doped carbon source and nitrogen source. When the reaction
time was more than 10 hours, the fluorescence intensity of N-CQDs decreased slightly. its may
be that carbon source and nitrogen source have completely reacted and the reaction provides high
temperature continues. All the above factors lead to excessive carbonization and the fluorescence
intensity of N-CQDs decreases. Meanwhile, the fluorescence intensity of N-CQDs increases with
the amount of nitrogen source. When the quality of nitrogen source exceeds the leaves powder of
Ophiopogon japonicus, the fluorescence intensity of N-CQDs begins to decrease and its may be
caused by different surface groups of carbon source (Fig. 2b).

4500 7000

4 () (b)
4000 — 6000 1
2 3500 4 g
< <5000 1
£73000 4 — =
£ 5500 5 40004 /-\_/.
= =
k= =
2;; 2000 2 3000 -
D D
% 1500 4 — ]
£ £ 2000
£ 1000 E
. = 1000 4

*
0 r . r . . r 01— T . r . . :
0 2 4 6 8 10 12 14 00 05 1.0 15 20 25 3.0
Time (h) Ratio

10000

(©

-m
8000 ~

6000 ~

4000 4

Fluorescence Intensity(a.u.)

2000 4

150 1:10 1%0 1&0 200 220
Temperature(°C)

Fig. 2. (a) Optimization of reaction time (the reaction time at 2 hours, 4 hours, 6 hours, 8 hours, 10
hours and 12 hours respectively). (b) Optimization of raw material mass ratio (Take Ophiopogon
Jjaponicus powder 0.5g, the mass ratios of Ophiopogon japonicus powder to melamine were 0, 0.5, 1,
1.5, 2, 2.5 and 3, respectively; * represents only have melamine). (c) Optimization of reaction tem-
perature (the reaction temperature at 120°C, 140°C, 160°C, 200°C, 205°C).

Finally, the reaction temperature was optimized. The fluorescence intensity of N-CQDs
increases continuously with the increase of temperature and the fluorescence intensity decreases
when it reaches 200°C (Fig. 2c). Therefore, the optimal reaction conditions were determined: the
reaction time is 10 hours, the reaction ratio is 1 and the reaction temperature is 200°C.
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3.1.2. Morphology and optical properties

The size and morphology of N-CQDs were estimated by TEM (Fig. 3a), the approxi-
mately spherical N-CQD particles with a particle size of 1-4.5nm have good dispersion in water
and the average particle size is 3.4nm (Inset of Fig. 3a). An XRD pattern of N-CQDs (Fig. 3c)
showed three sharp diffraction peaks (20=22.04°, 26.39° and 30.06°) and three small diffraction
peaks (20=16.87°, 34.25° and 41.99°), which indicates that the carbon of N-CQDs is composed
in a considerably random fashion. Due to the large number of oxygen-containing groups in
N-CQDs, the crystallinity of N-CQDs is poor[20]. The FTIR spectrum (Fig. 3d) of the CQDs and
N-CQDs confirm its surface functional groups. The wide peak (3421nm) was the stretching vi-
bration of -OH and -NH, that its indicated the existence of hydroxyl and amino groups both in
N-CQDs and CQDs[21, 22, 23, 24, 25]. The N-CQDs and CQDs peaks (2927, 1626 and 1030
em™) are attributed to C—H, C=0 and C—O—-C stretches[26]. The weak peaks (1401 cm™) is at-
tributed to C—N on the surface of N-CQDs[27], which shows that the addition of melamine pro-
motes the formation of C-N bond. The XPS spectra of CQDs and N-CQDs determines the
changes of chemical composition before and after its dops nitrogen source. The survey scans of
CQDs and N-CQDs(Fig. 4a) showed that CQDs had C (53.46%), O (18.94%), and N (16.82%)
and N-CQDs had C (58.90%), O (15.34%), and N (23.58%). All show that the addition of mela-
mine increases the nitrogen content of N-CQDs and improves the fluorescence intensity. The fit-
ting results of Cls, N1s and Ols spectra of CQDs and N-CQDs (Fig. 4b-4g) are shown in Table
2[28, 29].
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Fig. 3. (a) TEM of N-CDs, (b) The particle size distribution histogram, (c) XRD pattern of N-CDs,
and (d) FTIR spectra of N-CDs.

By contrast, the addition of melamine may lead to the conversion of C=C bond of
N-CQDs into C-C bond and C=N bond to C-N bond, which results in the increase of carbon con-
tent and nitrogen content, changes the valence bond of nitrogen atom and improves the fluores-
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cence intensity of CQDs. Based on the XRD, FTIR and XPS spectra, the functional groups on the

surface of N-CQDs are C-OH, -NH, C=0, C-O-C and C-N.

Counts

Counts

Counts

Table 1. The fitting results of Cls spectra, Nls spectra and Ols spectra of CDs and N-CDs.

CDs N-CDs Refs
Cls C-C/C=C(284.3¢V) C-C (284.3eV) [7]
-0=C-0 (287.8¢V) C=0 (287.7¢V) [20]
C=N/C-C(285.9¢V) C-N/C-OH(285.8¢V) [37]
Ols C=0 (531.8¢V) C-OH(531.6eV) [33]
C-0-C (530.5¢V) C-0-C (530.4eV) [39]
Nls C-N-C (398.9¢V) C-N-C (398.8¢V) [40]
(b)
(a()jDs N-CDs
atom(%) ots Cls atom(%) Ols Nis cis
C 53.46 N1s C 58.90
O 16.82 " O 1534
N 1894 E N 23.58
S
W1 A
1200 1000 800 600 400 200 1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy(eV)
(d) 2843 (Cls
— N-CDs
————— c-C
w | O_C:O
sl Cc-0
S ------- Baseline

T T T
296 292 288

284 280
Binding Energy (eV)
(e)
Nls
CDs

fffff C-N-C
Baseline

T T
404 400
Binding Energy (eV)

T
408

392

287.8

T
295

Counts

T T
404 400
Binding Energy (E) (eV)

T
408

392

Fig. 4.1. XPS spectra of CDs, (a) Survey of CD, (b) Survey of N-CDs, (c) Cls of CD, (d) Cls of
N-CD, (e) Nls of CD, (f) Nls of N-CD
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Fig. 4.2. XPS spectra of CDs, (g) Ols of CD, (h) Ols of N-CD.

The optical properties of the prepared N-CQDs were characterized. The emission spectra
of N-CQDs at different excitation wavelengths of 220 ~ 400 nm in Fig. 5a. The fluorescence in-
tensity of the emission peak gradually decreases and redshifts when the excitation wavelength
increases from 320nm to 400nm. The fluorescence intensity of the emission peak at the excitation
wavelength of 320 nm reaches the maximum. The optimum emission and excitation wavelength
are 410 nm and 320 nm, a weak absorption peak at 271 nm in Fig. 5b, the electron undergoes
n-* transition, related to the C=0 bond contained in the N-CQDs structure[30]. A very bright
blue fluorescence in N-CQDs solution under 365 nm ultraviolet light (Fig. 5b). The fluorescence
intensity of N-CQDs decreases obviously after adding 100pumol/L Fe** (Fig. 5¢), indicating that
the prepared N-CQDs has a good response to Fe'" and used as a fluorescent probe of Fe’".The
fluorescence intensity of N-CQDs is more than double that of undoped CQDs (Fig. 5d). Eight
compounds were used as nitrogen sources to prepare N-CQDs (Fig. 6), the N-CQDs synthesized
by melamine and leaves of Ophiopogon japonicus had the highest fluorescence intensity with a
fluorescence quantum yield of 10.6%. Table 3 summarizes the QY of N-CQDs prepared from
other green sources[31-39].
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Fig. 5. (a) Emission spectra of the N-CDs at different excitation wavelengths (220~400nm). (b) Ab-
sorbance, excitation and emission spectra of the N-CDs. (The insets photos are N-CDs under day-
light and UV light). (c) Emission spectra for N-CDs and CDs. (The inset photos are the N-CDs and
CDs solutions illuminated under UV light of 365nm). (d) Emission spectra of N-CDs with and
without 100mg/L Fe’*. (The inset photos are N-CDs with and without 100mg/L Fe’" solutions illu-
minated under UV light of 365nm).
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Table 2. Fe'* detection of N-CDs compared with other reported CDs and N-CDs.

Sensors | Carbon Precursor | QY(%) Performances R? Reference
LOD (uM) | Linear range
(1M)
CDs Betel leafs -- -- 0.05~0.15 0.9944 [21]
CDs Mexican Mint 17 0.53 0~15 09111 [22]
N-CDs watermelon juice 10.6 0.16 0~300 0.9811 [23]
CDs lychee waste 23.5 0.0236 0.1~1.6 0.9998 [24]
CDs Kumquat 0.08 0.70 0~40 0.9938 [25]
CDs Fish scale 6.9 0.54 1~78 0.998 [26]
N-CDs Matrimony vine 30.7 2.22 5~60 0.73003 [27]
CDs sweet potato 8.64 0.32 1~100 0.9967 [28]
CDs seville orange 13.3 0.53 33~133 0.99 [29]
N-CDs Ophiopogon ja- 10.6 1.15 10~600 0.9817 Present work
ponicus leaves
3.1.3. Stability of N-CQDs

The effects of pH, temperature and ionic strength on the stability of N-CQDs were dis-

cussed. The fluorescence intensity of N-CQDs has no significant effect in the range of NaCl

concentration from 0 to 1mol/L (Fig. 7a), indicating that N-CQDs can detect Fe’" in physiologi-

cal environment. The fluorescence intensity of N-CQDs solution can basically remain unchanged
when the pH value is in the range of 2.0 ~ 8.0 (Fig. 7b).The fluorescence intensity of N-CQDs
solution tends to be stable in the temperature range of 0 ~ 40 °C (Fig. 7¢). The above fully shows
that the prepared N-CQDs has sufficient stability.
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Fig. 7. (a) The fluorescence intensity of N-CDs under different concentrations of NaCl (0.1 ~
1.0mol/L). (b) The fluorescence intensity of N-CDs under different pH values. (c) The fluorescence
intensity of N-CDs under different temperature (0 ~ 60°C).

3.2. Selective detection of metal cations

In order to study the selectivity of N-CQDs as a fluorescent probe, 18 different metal
ions were added to N-CQDs solution, to record the fluorescence intensity of N-CQDs under the
action of metal ions at the emission wavelength of 320nm. The fluorescence intensity of N-CQDs
decreased by about 80% (compared with the original solution) (Fig. 8a) when Fe’* was added
into N-CQDs solution, indicating the N-CQDs has strong selectivity for Fe’" ions.
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Fig. 8. (a) Fluorescence intensity of N-CDs with different metal ions at 100umol/L. F and F are the
Sfluorescence intensity of N-CDs with and without different metal ions, respectively. (b) Emission
spectra of N-CDs upon addition of Fe’ " with different concentrations. (c) The plot of the fluores-

cence quenching factor ((Fy~F)/ F,) versus concentrations of Fe’ " and relevant linear regions.

3.3. Optimizing the detection conditions of N-CQDs for Fe**

For achieving the best sensing performance of the N-CQDs based fluorescent probes for
Fe'" ions, some crucial experimental parameters including incubation time, solution pH were op-
timized. After adding 50umol/L Fe*" ions solutions, the fluorescence intensity of N-CQDs totally
quenched quickly and stabilized after 30s (Fig. 9a). The fluorescence intensity of the mixed solu-
tion of N-CQDs and Fe’" remains basically stable when the pH changes from 2.0 to 9.0, increases
and then decreases when the pH changes from 9.0 to 13.0, reaches the maximum when the pH is
11 (Fig. 9b). Considering that Fe’" ions is easy to form insoluble and unstable iron hydroxide
under alkaline conditions,[40] the pH selected for subsequent experiments is 3.0. The above ob-
servation results show that the fluorescence intensity of N-CQDs totally quenched by Fe’™ ions
under the pH of 3.0 for 30s.
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Fig. 9. (a) Incubation time versus fluorescence intensity of N-CDs, the Fy and F were the fluores-
cence intensities with and without 50umol/L Fe’", respectively. (b) Effect of pH on fluorescence in-
tensity of N-CDs and Fe’" mixed solution.

3.4. Sensitivity assay of N-CQDs

The system clearly reflected the quenching effect of the addition of Fe’ on the fluores-
cence. Fluorescence quenching factor versus the concentrations of Fe’" was used to calculate re-
gression equation according to equation (2) of

Fo—F
Fo

=aCps++b 2)

where F, and F are the fluoresence intensities in the absence and presence of Fe*', respectively.
Cres+ is the concentration of Fe*". a and b are the equation coefficients.

The linear relationship between the concentration of (Fi—F)/F, and Cp,.3+ was (Fo—F)/F,
=0.00869+0.00122Cf,3+ (umol/L). And the range of detection F e’"was from 10 to 100pumol/L
with a correlation coefficient (0.9976) (Fig. 6b and ¢ insert Figure). The limit of detection (LOD)

30

was calculated using equation of LOD = ?[41], where ¢ is the value of standard deviation and s

is the slope of the linear fit. The calculated LOD was 1.151 pM for the prepared N-CQDs.

The logistic equation of 4S parameters is often used to fitting strategies in quantitative
analyze. This quantitative mean can effectively extend the quantitative threshold of Fe*" detection.
The dose-response curves showed in Fig. 6¢ was calculated as

A-D

F(x)=——==%+D 3)

C1+@B

where F(x) is the response value ((Fo—F)/Fy), A is the max response value in the present of target
at the highest concentration, D is the least response value without target, B is slope, and C is tar-
get concentration corresponding half response effect. The correlation coefficient of 0.9985 was
obtained using the 4S parameters logistic formulation to fitting the relationship between loga-
rithm of Fe'" concentration and fluorescence quenching percentage. It is noteworthy that
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N-CQDs outperform most previously reported CQDs and N-CQDs for Fe* detection linear range
(Table 3).

3.5 Actual water sample detection

Fe'" ions were seriously quenched the fluorescence of N-CQDs, use N-CQDs to detect
the concentration of Fe'" ions in actual samples (three sources of water) to verify the accuracy of
this method. The experimental results (Table 4) showed that the relative standard deviation (RSD)
of Fe’* ions was less than 4.55% and the recovery rate of Fe’" ions was 97.2% ~ 111%, further
proving that the N-CQDs can be used as a fluorescent probe for the detection of Fe’" and has a
certain practical application value.

Table 4. Determination of Fe’" in real water samples (n=3).

Samples Added (umol/L) | Found (umol/L) | Recovery (%) | RSD
(%)
Tap water | 10 11.10 111.00 2.14
30 31.08 103.60 3.23
50 51.00 102.00 1.42
Mineral 10 9.86 98.60 3.15
water 30 31.33 104.40 2.44
50 49.78 99.56 2.76
River wa- | 10 9.72 97.20 4.55
ter 30 33.33 111.10 3.87
50 52.11 104.22 3.48

3.6. Mechanism for Fe’" detection by N-CQDs

At present, the main reasons for fluorescence quenching of luminescent substances are as
follows[42]: (1) Static quenching: fluorescence quenching is mainly caused by the formation of
ground state complexes between luminescent substances and other substances; (2) Dynamic
quenching: fluorescence quenching caused by energy transfer due to diffusion and collision be-
tween luminescent substances and other substances.

The common method to judge whether the quenching is static quenching or dynamic
quenching is to test the fluorescence lifetime before and after the reaction. Therefore, we tested
the fluorescence lifetime of N-CQDs with and without Fe’* (Fig. 10b), the fluorescence lifetimes
of the two solutions are 8.34ns, 7.59ns, respectively (Table 5). The fluorescence lifetime of the
N-CQDs reduced by about 8.9% after the addition of 50pmol/L Fe’*, indicating that fluorescence
probing belongs to the dynamic quenching, and the reduced lifetime indicates an ultra-fast
N-CQDs/Fe*" electron-transfer process and leads to quenching.
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Table 5. Fluorescence lifetime fitting results.

T (l'lS) Tz(l’lS) B 1 B2 T(avers)(ns)
N-CDs 2.5178 10.9517 206.209 105.990 8.3452
N-CDs+Fe?” 2.4103 9.7113 227.348 138.606 7.5989

This inference was confirmed in the following UV absorption spectrum test. N-CQDs
and Fe’* pure solutions have an absorption peak at 271 nm and 290 nm (Fig. 10a), respectively.
The two absorption peaks of 271nm and 290nm can be found in the UV absorption spectrum of
the mixture of N-CQDs and Fe*". But there are no other absorption peaks are produced, which
indicates that N-CQDs and Fe’* do not form a complex in the ground state, which also indicates
that the type of fluorescence quenching of N-CQDs caused by Fe’* belongs to dynamic quench-
ing. In addition, the ultraviolet absorption spectrum of Fe’* overlaps with the fluorescence spec-
trum of N-CQDs, which further indicates that the fluorescence quenching of N-CQDs by Fe*"
belongs to the process of electron transfer. However, the process of electron exchange and energy
transfer accounts for a relatively small proportion in this process. The ion selective chemical
structure contained in carbon quantum dots can promote electron/hole recombination through an
effective electron transfer process. For example, quinoline and acridine contain a large number of
nitrogen-containing functional groups, which can form some pyridine heterocyclic com-
pounds[43]. These fluorescent groups belong to the selective chemical structure of iron ions and
play a very important role in the selection of iron ions. These fluorescent groups belong to the
selective chemical structure of iron ions and play an important role in the selection of iron ions.
The fluorescence quenching of N-CQDs by Fe*" was promoted by the electron transfer between
these nitrogen-containing groups and iron ions. In the previous characterization process, N-CQDs
may contain structures similar to them. Because of electron transfer and exchange, the fluores-
cence intensity of N-CQDs was quenched by Fe’* ions and the proportion of its is needed further
research. (Fig. 11). Therefore, it is feasible and reliable to construct a fluorescence sensing sys-
tem based on N-CQDs for sensitive detection of Fe*" ions.

10°
a o N-CDs 16T b
Fit for N-CDs 144
2 N-CDs+Fe’ —— N-CDs .
10 Fit for N-CDs+Fe’ 24 N-3(+:Ds+Fe
Vi e Fe

2 1.0-
B &
z 10 3 0.8
3 2
2 0.
£
10° 20
T1(ns) T2(ns) B B: T(avers)(NS)
N-CQDs 2.5178 10.9517 206.209 105.990 8.3452 0'
1 N-CQDs+Fe** | 2.4103 9.7113 227.348 138.606 7.5989 00-. R T S
10-‘ Y y y y ' L] L] L] L] L] L] L]
0 10 20 30 40 200 250 300 350 400 450 500 550 600
Time(ns) Wavelength (nm)

Fig. 10. (a) The fluorescence lifetime curves of N-CDs with and without 50umol Fe*'. (b) UV absorption
spectra of N-CDs, N-CDs/Fe’", Fe’".
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Fig. 11. Sensing mechanism of N-CDs to Fe’".

4. Conclusions

In general, we had prepared N-CQDs by a green method that is hydrothermal treatment
of leaves (Ophiopogon japonicus) with melamine modification. The fluorescence QY of N-CQDs
with excellent luminescence characteristics and good stability is optimized as high as 10.6%,
which is superior to most previous CQDs. In addition, the fluorescence intensity of N-CQDs
could be selectively quenched by Fe’*ions. The fluorescence quenching mechanism of N-CQDs
by Fe’* ions belongs to the dynamic quenching and it was successfully used as a selective probe
for Fe’* detection. Under the optimized conditions, the fluorescence intensity of N-CQDs
demonstrated a good linear relationship with the concentration of Fe*" ions in the range of 10 ~
600umol/L, and the LOD is 1.151uM. It can be used for the quantitative detection of Fe’" ions in
actual water samples. In the application of quantitative detection of Fe’" ions in actual water
samples, the relative standard deviation (RSD) of Fe’* ions concentration is less than 4.55% and
the recovery is 97.2% ~ 111%. Therefore, this study has realized high efficiency, green, simple,
convenient and cheap preparation of N-CQDs.
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