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Abstract Soy flour-derived carbon quantum dots

(C-dots) were successfully synthesized via a facile

one-step hydrothermal approach. The as-prepared

C-dots exhibit an average diameter of 2.5 nm and

the crystalline lattices are consistent with graphitic

carbons. Meanwhile, they show strong photolumines-

cence (quantum yield is 7.85 %), good water solubil-

ity, and high photostability. Importantly, structural

defects of the C-dots were designed to obtain control-

lable fluorescence, which was achieved by changing

the contents of N defects and O defects of C-dots. Our

results indicate that N defects can more effectively

enhance the fluorescence emission than O defects. As

the preparation temperature increases, the N defects

are fine-tuned by substituting for partial O defects,

reducing nonradiative recombination and enhancing

fluorescence intensity, which is further confirmed by

surface passivation. Due to its fine photostability, high

sensitivity, and good selectivity for Fe3?, the as-

prepared C-dots were used as fluorescence probes for

detection of ferric ion. The detection limitation comes

to 0.021 lM.
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Introduction

Carbon quantum dots (C-dots), which are better

alternatives to the traditional organic dyes and semi-

conductor quantum dots, have inspired their applica-

tions in bioimaging (Jung et al. 2010), biochemical

analysis (Bai et al. 2011), fluorescent sensors (Dong

et al. 2012; Lu et al. 2012; Qu et al. 2012; Zhou et al.

2012), and photocatalysis (Cao et al. 2011; Li et al.

2010; Zhuo et al. 2012) because of their less and

nontoxicity, excellent biocompatibility, good photo-

stability, cell membrane permeability, and extraordi-

nary optoelectrical properties (Baker and Baker 2010;

Fan et al. 2014; Sun et al. 2006; Zhang et al. 2012;

Zheng et al. 2009; Zhu et al. 2012b). However these
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applications have been impeded by their poor fluores-

cence emission. To obtain C-dots with tunable strong

fluorescence emission, it is significant to truly under-

stand fluorescent emission origins and study how to

control the fluorescent emission. Up to now, although

many mechanisms for the fluorescent emission of

carbon dots, such as quantum effect (Li et al. 2010),

exciton complex (Zhou et al. 2007), aromatic struc-

tures(Bourlinos et al. 2008), and edge defects (Wang

et al. 2010b) have been proposed, there is no any

universal interpretation available in the literature.

Especially, the view of fluorescent emission from

structural defects has been widely accepted. Different

structural defects (e.g., C–O, C=O, C–N, and N–H)

can introduce different energy levels in C-dots,

making C-dots emit light which varies with excitation

energy (Li et al. 2014). However, which kind of defect

can more effectively enhance the fluorescence emis-

sion is still unclear, and further study on adjusting the

fluorescent emission of C-dots by the engineering of

structural defects has seldom been done. Therefore, it

is especially important for more successful applica-

tions of C-dots to research the influence factors of the

fluorescence enhancement of C-dots and modulate

their emission behaviors.

In recent years, great efforts have been made on

developing various cheap, easily available, and non-

toxic raw natural biomass, such as grass (Liu et al.

2012), Bombyx mori silk (Wu et al. 2013), orange

juice (Sahu et al. 2012), and banana juice (De and

Karak 2013), as a carbon source for the preparation of

C-dots. Soy bean consisting of carbon, oxygen,

nitrogen, and other elements are nontoxic, cheap,

and easily available and provide both carbon source

and nitrogen source. Considering soy flour nitrogen

content of about 5.6 %, which is higher than other raw

natural materials such as grass, banana juice, milk, and

egg, we expect that soy flour-derived C-dots might

introduce more nitrogen into the carbon skeleton and

thus might have a high fluorescence quantum yield

(QY). Consequently, soy flour is an excellent alterna-

tive precursor for the synthesis of nitrogen-doped

carbon quantum dots.

In this work, soy flour-derived carbon dots were

prepared via a facile one-step hydrothermal approach

with the assistance of NaOH. The physical and

chemical structures and optical properties of the as-

prepared C-dots were studied by X-ray powder

diffractometer (XRD), transmission electron

microscope (TEM), Fourier transform infrared spec-

trometer (FT-IR), nuclear magnetic resonance (NMR)

spectroscopy, Raman spectrometer, X-ray photoelec-

tron spectroscope (XPS), elemental analysis, UV–Vis

absorption spectroscope, and fluorescence spectro-

scope. Fluorescence quantum yield (QY) of the as-

prepared C-dots (7.85 %) is much higher than that of

the previously reported soy milk-derived C-dots

(2.6 %) (Zhu et al. 2012a). The as-prepared C-dots

are monodisperse with relatively narrow size distri-

bution from 1.5 to 4 nm and possess highly crystalline

nature which is significantly different from certain

carbon quantum dots with amorphous or semicrys-

talline nature (Hu et al. 2014; Sun et al. 2013a; Xu

et al. 2015). And they show strong photoluminescence

and high photostability. Further, the relationship of

fluorescence enhancement of C-dots and their struc-

tural defects was deeply studied through changing the

contents of N defects and O defects of C-dots. The

degree of structural defect change was controlled by

varying the synthesis temperature and further modi-

fying the as-prepared C-dots with ethylenediamine. It

is proved concretely that N defects, such as C–N

defects and N–H defects, are finely tuned by substi-

tuting for partial O defects (e.g., C–O, C=O), reducing

nonradiative recombination, and enhancing fluores-

cence intensity. Due to the high sensitivity and

satisfying selectivity, the as-synthesized C-dots were

successfully used for the selective recognition of Fe3?.

Experimental section

Synthesis of C-dots

Soy flour was purchased from a supermarket and

filtered with a sieve to remove large particles. Sodium

hydroxide was used without further purification.

Deionized water was used for the preparation of all

aqueous solutions. Soy flour (5 g) was dispersed into

0.2 M NaOH aqueous solution (60 mL). After ultra-

sonication, the suspension was transferred into an

80-mL Teflon-lined stainless-steel autoclave and

heated at 200 �C for 3 h, then cooled down to room

temperature. The reaction products were centrifuged

at 10,000 rpm to remove the sediment, and the

supernatant aqueous solution of brown C-dots was

obtained for further use. The solution was filtered

through a 220-nm membrane to dislodge large carbon
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residues. Further purification of the C-dots was

conducted through a dialysis membrane (molecular

weight cut-off: 1000 Da) for 2 days to remove resid-

ual NaOH thoroughly. C-dots were then concentrated

and dried under vacuum (60 �C). Finally, the C-dots

were obtained and recorded as CDs-200. The sche-

matic illustration of the preparation procedure of

C-dots by hydrothermal treatment from soy flour is

shown in Fig. 1.

Detection of ferric iron test

C-dots solution (0.2 g/L) was prepared with Tris–HCl

buffer (20 mM, pH 7.0). Then a different volume of

Fe3? aqueous solution (1 9 10-5 M) was added into

the C-dots solution to form mixed solution in which

Fe3? concentration is 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,

4.0, 4.5, and 5.0 lM, respectively. After that, the

fluorescence emission spectra of the mixed solution

were measured.

Results and discussion

Synthetic strategies

In this work, soy flour-derived carbon dots (CDs-200)

were prepared in NaOH aqueous solution. The fluo-

rescent quantum yield of CDs-200 is 7.85 % higher

than that of the C-dots obtained in the absence of

NaOH (recorded as c-CDs, 3.91 %) (Table S1). In the

FT-IR spectra of the samples (Figure S1), the peak at

1532 cm-1 can be ascribed to the Amide II band,

which CDs-200 have but c-CDs have not. XPS spectra

(Figure S2) show that the nitrogen content of CDs-200

is more than that of c-CDs. Therefore, the synthesis of

C-dots based on hydrothermal treatment from soy

flour under alkaline conditions provides a simple and

effective preparation method of nitrogen-doped

C-dots.

Meanwhile, a preparation condition of C-dots was

optimized under different hydrothermal temperatures

from 160 to 240 �C, which were recorded as CDs-160
and CDs-240, respectively. In general, when the

temperature is lower than carbonization temperature

at which carbon nuclear primitives can be formed, it is

hard to carbonize soy flour to form C-dots. However,

powder on the microscale will be formed due to

excessive carbonation if temperature is too high (Wu

et al. 2015). In this work, as the reaction temperature

increases from 160 to 200 �C, the fluorescent quantum
yield of C-dots was sharply enhanced from 4.29 to

7.85 % (Table S1). However, the QY of CDs-240

(8.98 %) is only slightly increased (Table S1). Con-

sidering the energy consumption, 200 �C was selected

as the optimized reaction temperature.

Structural characterization of CDs-200

The morphology and structure of C-dots were inves-

tigated by TEM, XRD, Raman spectroscopy, and

NMR measurements. TEM image of CDs-200

(Fig. 2a) shows that the C-dots are well dispersed

with an average diameter of 2.5 nm and the particle

size distribution of the CDs-200 (Fig. 2b) is

1.5–4.0 nm. The high-resolution TEM (HRTEM)

image of CDs-200 (Fig. 2a inset) shows well-resolved

lattice fringes with an interplanar spacing of 0.21 nm,

which is close to the (100) diffraction facet of graphite

carbon (Guo et al. 2012). It suggests that the C-dots

prepared via hydrothermal treatment method using

soy flour have highly crystalline nature. The XRD

spectrum of CDs-200 demonstrates that a broader and

low-intensity diffraction peak centers at 2h = 20.12�
with a calculated interlayer spacing of 0.44 nm

(Fig. 3a), revealing a graphite carbon phase. The

Fig. 1 Schematic

illustration of the

preparation procedure of

C-dots by hydrothermal

treatment from soy flour
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interlayer spacing (0.44 nm) is larger than that of bulk

graphite (0.34 nm) (Li et al. 2012), which may be

attributed to the introduction of oxygen-containing

groups and nitrogen-containing groups in the as-

synthesized C-dots. The introductions of functional-

ized groups increase the structural defects of C-dots,

which is beneficial for the fluorescent emission (vide

infra). At the same time, the Raman spectrum of CDs-

200 displays broader prominent Raman feature D and

G bands. The D-band that centers at 1191 cm-1 arises

from the extent of defects of sp3 carbon atoms, and the

G-band at 1565 cm-1 is attributed to the sp2 carbon

atoms (Zhou et al. 2007) (Fig. 3b). The intensity ratio

of the characteristic D and G bands (ID/IG), a

measurement of the disorder extent, can be associated

with the structural properties of carbon. The ID/IG

(1.065) of the as-prepared C-dots with graphite-like

structure is much larger than that of graphite structure

(0.365) (Li et al. 2012), suggesting that the higher

ID/IG ratio may be caused by the increased disorder

due to the introduction of C–N bands and amino

groups on the surface of C-dots (Liu and Wu 2013),

which is consistent with XRD results. 13C NMR

spectrometry is a powerful analysis technique in

distinguishing sp2 carbons and the sp3 ones, which

was measured to further gain the structural details

about C-dots. The 13C NMR spectrum of CDs-200

(Fig. 3c) shows C–C and C–H carbons in the range of

8–50 ppm, C–N carbons from 40 to 65 ppm, C–O

carbons from 50 to 80 ppm, C=C aromatic/alkene

carbons from 100 to 150 ppm, and C=O carbonyl/car-

boxylic carbons from 170 to 190 ppm. The results

Fig. 2 a TEM image, inset HRTEM image, and b particle size distribution of CDs-200

Fig. 3 a XRD spectrum, b Raman spectrum, and c 13C NMR spectrum of CDs-200
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reveal that the as-prepared C-dots contain a large

amount of sp3 carbon, such as C–C, C–N, and C–O.

The surface structure and components of C-dots

were characterized by FT-IR, XPS, and elemental

analyses. In the FT-IR spectrum of CDs-200 (Fig. 4a),

there is a broad characteristic absorption band of O–H

stretching vibration at around 3438 cm-1 (Jiang et al.

2012). The small bands at 2974 and 2922 cm-1 are

due to the C–H stretching vibration (Feng et al. 2014).

The peak at 1634 cm-1 is attributed to the C=O

stretching vibration. The peak at 1532 cm-1 can be

attributed to the Amide II band N–H bond. The peak at

1440–1400 cm-1 is considered to be the characteristic

stretch band of the amine III C–N bond (Yang et al.

2014). In addition, the peak at 1250 cm-1 can be

attributed to the C–N stretching vibration of amine.

The peak at 1045 cm-1 is assigned to C–O–C and

C–O bonds (Peng and Travas-Sejdic 2009). Obvi-

ously, the functional groups can be ascribed to the

degradation of sugar, proteins, and lipids of soy flour

via hydrothermal treatment. The structural defects and

the elemental composition of the as-synthesized

C-dots were further investigated by XPS characteri-

zation. XPS survey spectrum of CDs-200 (Fig. 4b)

shows that they contain three dominant peaks: C1s

(around 285.1 eV), N1s (around 400.9 eV), and O1s

(around 532 eV). In detail, the high-resolution C1s

XPS spectrum of CDs-200 (Fig. 4c) reveals four peaks

with the binding energies of 284.6, 285.1, 286.2, and

288.0 eV ascribed to C–C=C, C–N, C–O, and C=O

species, respectively (Bourlinos et al. 2008). The O1s

spectrum of CDs-200 has two peaks at 531.6 and

532.5 eV, which are attributed to the C=O and C–O in

Fig. 4d, respectively. The N1s spectrum of CDs-200

(Fig. 4e) has three peaks at 399.9, 400.6, and

401.6 eV, which could be ascribed to the pyridine N,

pyrrolic N, and N–H, respectively (Wang et al. 2010a).

The corresponding analytical results are displayed in

Table S3, 4, 5.

Thus, the above results imply that the as-prepared

C-dots most likely consist of nanocrystalline core with

sp2 and sp3 carbons and functionalized surface with

Fig. 4 a FT-IR spectrum, b XPS survey spectrum, c C1s spectrum, d O1s spectrum, and e N1s spectrum of CDs-200
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plentiful hydroxyl, carboxyl, amino, and amide

groups. Consequently, the introductions of a large

number of functional groups into the as-prepared

C-dots increase the structural defects of C-dots, which

can enhance the fluorescent emission.

Optical properties of CDs-200

The photographs of aqueous solution of CDs-200 with

good water solubility are shown in Fig. 1. It shows

yellow transparent liquid appearance in daylight,

while it exhibits blue color fluorescence under the

irradiation of 365 nm ultraviolet (UV) light lamp.

Firstly, the ultraviolet–visible (UV–Vis) absorption

spectrum of CDs-200 (Fig. 5a) exhibits characteristic

absorption near 200 nm, a very broad absorption band

in UV–Vis region due to the p ? p* transition of

aromatic sp2 domains with a tail extending to the

visible light region (Sun et al. 2006; Zhu et al. 2009).

Furthermore, a shoulder absorption peak at about

270 nm can also be observed, which is ascribed to the

n ? p* transition of C=O (Nie et al. 2014). In the

photoluminescence (PL) emission spectra (Fig. 5b),

the maximum emission wavelength shifts from 399 to

510 nm as the excitation wavelengths increase from

290 to 470 nm. Simultaneously, the intensity first

increases and then decreases. The emission of CDs-

200 depends on the excitation wavelength, suggesting

a superposition of various types of fluorescent species,

which is a universal phenomenon observed in fluo-

rescent carbon-based nanomaterials (Bao et al. 2011;

Fang et al. 2012; Jeong et al. 2009; Liu et al. 2009; Loh

et al. 2010; Wang et al. 2010b). In Fig. 5c, CDs-200

present the maximum emission peak at 440 nm

Fig. 5 aUV–Vis absorption spectrum, b PL spectra at different

excitation wavelengths, and c optimal excitation and emission

of PL spectra of CDs-200. d PL intensity of CDs-200 in the

presence of the aqueous solution of various metal ions

(kex = 350 nm; [Mn?] = 10 lM)
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(kex = 350 nm), which is in accordance with the

report that nitrogen-doped C-dots possess the stron-

gest emission peak in the visible range ([400 nm)

(Liu et al. 2012; Wu et al. 2013; Yang et al. 2011).

In addition to the excitation-dependent photolumi-

nescence behavior of the C-dots, the fluorescent

properties under various conditions were further

studied. Fluorescent intensity of CDs-200 is not

significantly decreased under continuous UV irradia-

tion for 5 h (Figure S3) or in ambient air at room

temperature for 4 months (Figure S4), which shows

that CDs-200 are highly resistant to photobleaching

property and outstanding optical stability. Fluores-

cence properties have no obvious changes in various

concentrations of NaCl aqueous solution (Figure S5),

which indicates that the emission behavior of CDs-200

is not dependent on the ionic strength of the medium.

In the meantime, the PL emission intensity of the

C-dots has almost no change in the pH range from 4 to

9 and slightly decreases at pH from 9 to 14 (Figure S6),

suggesting that CDs-200 have good stability in a larger

pH range. It is also observed that the intensity sharply

decreases in the pH range from 4 to 1 due to amide

hydrolysis at low pH, which implies that the decreased

amide is not conducive to fluorescence emission.

Furthermore, it is observed that CDs-200 are easily

soluble in other polar solvents such as methanol and

N,N-dimethylformamide (DMF) besides in water but

poorly dissolved in nonpolar solvents such as cyclo-

hexane and methylene chloride. The hydrogen bonds

formed between nonbonding n electrons of hydro-

philic groups of the C-dots and polar solvents can

strengthen fluorescence emission. Thus, the fluores-

cence intensity of the C-dots in polar solution is

stronger than that in nonpolar solution (Figure S7).

Particularly, it is also found that the PL emission of the

C-dots can be quenched effectively by some metal

ions in solution. The effects of metal ions including

K?, Zn2?, Ca2?, Mg2?, Fe2?, Cu2?, Cd2?, Al3?,

Fe3?, and Cr3? on the fluorescence intensity of C-dots

were investigated. Figure 5d shows that the fluores-

cence of CDs-200 is not very sensitive to most metal

cations (at a concentration of 1.0 9 10-5 M). How-

ever, only Fe3? and Cu2? can effectively quench the

fluorescence of CDs-200, especially Fe3? shows

stronger fluorescence quenching ability than Cu2?,

suggesting good selectivity of the C-dots for Fe3?.

Therefore, combining the high photostability with

good selectivity for Fe3?, the as-prepared C-dots with

attractive PL properties have promising application

prospect in serving as a good fluorescence probe

candidate in ferric ion detection.

Tuning structural defects to enhance fluorescence

In order to study the relationship of structural defects

and fluorescence enhancement of C-dots, the influence

of the synthesis temperature was investigated first.

C-dots obtained at different preparation temperatures

show similar particle size (Table S1; Figure S8, 9),

indicating that the different emission properties are

derived from other factors, such as the structural

defects. Element analysis shows that the carbon and

nitrogen contents of the as-prepared C-dots increase

gradually (Table S2), suggesting that more O and N

atoms are intercalated into the carbon backbone in the

process of carbonization as the synthesis temperature

increases. Figure 6a shows that the infrared charac-

teristic absorption peaks of C–N and N–H around

1390–1590 cm-1 are obviously enhanced with the

increase of temperature, implying that more nitrogen

groups are formed in the C-dots when the synthesis

temperature rises. Further, XPS C1 s (Fig. 6b

Table S4) displays that the relative percentage

contents of C–N in four different carbons of CDs-

160 (25.81 %), CDs-200 (29.34 %), and CDs-240

(38.30 %) gradually increase. On the contrary, the

relative percentage contents of C–O in four different

carbons of the CDs-160 (37.34 %), CDs-200

(32.20 %), and CDs-240 (20.50 %) gradually

decrease, and the relative percentage contents of

C=O in four different carbons of the three kinds of

C-dots also gradually decrease from 10.54 to 8.89 to

8.76 %. N1 s comparison chart (Fig. 6c Table S5)

shows that the relative percentage contents of N–H in

three different nitrogens of CDs-160 (7.50 %), CDs-

200 (12.54 %), and CDs-240 (14.24 %) gradually

increase. The influences of synthesis temperature on

fluorescence emission properties of the as-prepared

C-dots are revealed in Figure S10 and Table S1. It is

found that their fluorescence intensity increases grad-

ually and their quantum yields enlarge accordingly as

the synthesis temperature increases. Obviously, N

defects and O defects are successfully tuned by

varying the synthesis temperature, leading to fluores-

cence intensity change of C-dots. Therefore, it is

presumed that the increase of C–N and N–H structural
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123



defects may more efficiently enhance fluorescence

emission than C–O and C=O structural defects.

In order to confirm the influence of N defects on the

emission properties, CDs-200 were modified with

ethylenediamine (reflux boiling with ethylenediamine

at 120 �C for 8 h, denoted p-CDs). The QY of p-CDs

is improved to 18.00 %, which is 2.3 times higher than

that of CDs-200 (Table S1). Elemental analysis shows

that the nitrogen content of p-CDs is 19.76 %, far

higher than that of CDs-200 (9.98 %) (Table S2). In

FT-IR comparison figure (Fig. 7a), the intensity of C–

N bond of p-CDs obviously strengthens and the

intensity of C–O, C=O, and O–H decreases, suggest-

ing that the previously existed C–O–C and –COOH

groups are replaced by –CONHR and –CNHR. C–O–

C group and carboxyl group are thought to induce

nonradiative recombination of localized electron–hole

pairs (Mei et al. 2010). XPS spectra and the relative

percentage contents of the different structural defects

of CDs-200 and p-CDs are displayed in Fig. 7b, c, d

and Table S3, 4, 5, respectively. As shown in XPS

data, after surface passivation, the N/C atomic ratio

has increased significantly from 0.1829 to 0.3385, and

the change in O/C atomic ratio from 0.3127 to 0.3212

is inconspicuous (Fig. 7b; Table S3). The relative

percentage contents of C–N in four different carbons

of p-CDs (43.22 %) are higher than that of CDs-200

(29.34 %) (Fig. 7c; Table S4) and the relative per-

centage contents of N–H in three different nitrogens of

p-CDs (16.47 %) are higher than that of CDs-200

(12.54 %) (Fig. 7d; Table S5). Consistent with the

analysis of FT-IR spectra, these results obtained from

XPS data also confirm that more C–N and N–H defects

are formed by substituting for partial C–O and C=O

defects in C-dots after surface passivation by ethylene-

diamine, resulting in the reduction of nonradiative

recombination and fluorescence enhancement. It is

noteworthy that, in UV–vis absorption spectra of the

two kinds of C-dots (Fig. 7e), CDs-200 show an

evident absorption peak at 270 nm (4.98 eV, n ? p*
of C=O). However, the absorption peak in p-CDs

exhibits obvious red-shift from 270 to 330 nm

(3.76 eV), which may be due to the impact of the

introduction of auxochrome (e.g., N–H) on chro-

mophore (C=O) after surface passivation. To explain

this phenomenon, the nonbonding n electrons of

nitrogen are easily excited into the carbon ring to

form p–p conjugate than that of oxygen because both n
electron cloud of nitrogen-containing groups and p
electron cloud of carbon ring are almost coplanar,

which enlarge the electronic activity scope and lead to

electron energy level transition to low energy (the red-

shift of absorption peaks). As a result, the new n ? p*
transition energy level (e.g., 3.76 eV) is introduced

into the electronic structures of C-dots. Subsequently,

the excited electrons from p* orbital can relax to the

n(N) ground states by radiative relaxation (Wu 2014),

forming more radiative recombination and enhancing

fluorescence emission. Figure 8 schematically illus-

trates the fluorescence enhancement mechanism of the

as-prepared C-dots.

From the discussion above, the C–N and N–H

defects were finely tuned by substituting for partial O

defects, enhancing the fluorescence intensity, and

reducing nonradiative recombination. It is further

proven that C–N and N–H defects have greater

influence on fluorescent intensity than C–O and O–H

defects.

Fig. 6 a FT-IR spectra, b XPS C1 s spectra, and c XPS N1 s spectra of CDs-160, CDs-200, and CDs-240
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Fig. 7 a FT-IR spectra, b XPS survey spectra, c C1s spectra, d N1s spectra, e
13C NMR spectra, and f UV–Vis absorption spectra of

CDs-200 and p-CDs
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Effect of ferric ion on the fluorescence intensity

of C-dots

CDs-200 can be used for ferric ion detection since

Fe3? can effectively quench the fluorescence of CDs-

200. From the previous discussion in Sect. ‘‘Optical

properties of CDs-200’’ (Fig. 5d), we can learn that the

fluorescence of CDs-200 cannot be effectively

quenched by most metal cations such K?, Zn2?,

Ca2?, Mg2?, Fe2?, Cr3?, Cd2?, and Al3? except Fe3?

and Cu2?. Particularly, the outstanding fluorescence

quenching ability of ferric ions suggests that CDs-200

have good selectivity for Fe3?.

Fluorescence quenching of CDs-200 by ferric ion

may be attributed to its ion-selective chemical struc-

ture (Sun et al. 2010) that could facilitate the

electron/hole recombination annihilation through an

effective electron transfer process. CDs-200 contain a

large number of hydroxyl, carboxyl, amino, and amide

groups and offer the possibility of forming complex

heterocyclic compounds such as certain fluorescent

recognition groups (e.g., quinoline (Li et al. 2009;

Seung Lee et al. 2002) and acridine (Lee et al. 2000))

that play a very important role in the selectivity of

ferric ion (Sun et al. 2010), which facilitates the

fluorescence quenching of CDs-200 by ferric ions.

Compared with other transition metals, Cu2? has

stronger binding force and chelating power to –COO–

(Sun et al. 2013b). CDs-200 contain more nitrogen

functional groups than the oxygen functional groups

(from the previous discussion). Therefore, we specu-

late that it may be easier for CDs-200 to bind Fe3? than

Cu2?, showing stronger fluorescence quenching abil-

ity by Fe3?.

Figure 9a shows the fluorescence intensity of CDs-

200 in the presence of different concentrations of Fe3?

in Tris–HCl buffer (pH 7.0) solution with an excitation

at 350 nm. CDs-200 show strong fluorescence in the

absence of Fe3? aqueous solution.With the increase of

Fe3? concentration, the fluorescence intensity of CDs-

Fig. 8 Schematic

illustration of fluorescence

enhancement mechanism of

the as-prepared C-dots

Fig. 9 a PL response of CDs-200 in the presence of different concentrations of Fe3? in Tris–HCl buffer (pH 7.0) solution with an

excitation at 350 nm. b Plot of the changes of fluorescence intensity F0–F versus Fe3? concentrations ranging from 0 to 5 lM
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200 gradually reduces. When the concentration of

Fe3? reached 5.0 lM, CDs-200 fluorescence quench-

ing rate achieved was 92 %. The experiment reveals

that the PL intensity of CDs-200 is quenched by ferric

ions in the range of 0–5.0 lM in a concentration-

dependent manner, which can be well described by the

linear regression equations: F0–F = 172.31[C]–37.02

with a correlation coefficient of 0.9994 (Fig. 9b). Here

F0 and F represent the PL intensity of CDs-200 in the

absence and presence of Fe3?, respectively, and [C] is

the Fe3? concentration. The detection limit of

0.021 lM is obtained based on 3r/k (r is the standard

deviation of the blank signal and k is the slope of the

linear calibration plot), which is lower than the values

reported in most of the previous experiments for Fe3?

detection (Arundithi et al. 2014; Dong et al. 2010),

suggesting that the CDs-200 possess good sensitivity

for the detection of trace ferric.

Fromwhat has beendiscussed above, the as-prepared

C-dots can be successfully used as fluorescence probes

for detecting the concentrations of ferric ion.

Conclusion

In summary, we successfully synthesized high-quality

soy flour-derived C-dots via a facile one-step hydrother-

mal approach.As the preparation temperature increases,

the C–N and N–H defects are fine-tuned to reduce

nonradiative recombination and enhance fluorescence

intensity, which are further confirmed by surface

passivation. The as-prepared C-dots exhibit an average

diameter of 2.5 nm and the crystalline lattices are

consistent with graphitic carbons. Meanwhile, they

show good water solubility, strong photoluminescence,

and high photostability. Due to its high sensitivity and

good selectivity for Fe3?, the as-prepared C-dots were

used as fluorescence probes for detection of ferric ion,

the detection limitation comes to 0.021 lM.
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