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Valine-Derived Carbon Dots with Color-Tunable
Fluorescence for High Sensitivity and Selectivity
Detection of Hg**

Chunfang Zhang, Zhongbo Hu, Li Song, Yanyan Cui*, and Xiangfeng Liu*

Hg?" has been regarded as one of the most ubiquitous and dangerous pollutants for human
health and environment. It is still of a great challenge to develop a simple and ultrasensitive
method for aqueous Hg?* detection. Carbon dots (CDs) have attracted great attention due to
their potential applications in bioimaging, chemsensors and photocatalyst design. Herein, we
report a simple and efficient method to prepare P-doped carbon dots (CDs) with tuneable
fluorescence colours using L-valine as the carbon sources and H3PO, (85%) as the oxidant.
The fluorescent colour of CDs can be feasibly tuned from green (CDs-1) to yellow (CDs-2)
through simply controlling the reaction time under a mild temperature (90°C). The obtained
CDs possess bright photoluminescence with quantum yield (QY) up to 44.8% for CDs-1 and
31% for CDs-2, excellent biocompatibility and water solubility. The fluorescence intensity of
CDs-1 also is sensitive to pH. More importantly, the green CDs show high sensitivity and
selectivity for the detection of Hg®*'.Two different fluorescence quenching modes are

discovered and the lower limit of detection (LOD) is about 1.51 nM.

1. Introduction

Mercury ion is one of the most toxic heavy metals ion and has
been regarded as one of the most ubiquitous and dangerous
pollutants for human health and environment®*. It has been revealed
that the exposure to high concentrations of mercury ion can induce a
serious of toxicological effects for human health such as brain
damage, central nervous system damage, endocrine system damage,
various cognitive and motion disorders?®. There is a growing
demand to develop a rapid and user-friendly method for the sensitive
and selective detection of Hg?* ion 2 Up to now, a few methods for
tracking Hg*" have been reported such as atomic absorption
spectrometry, atomic fluorescence spectrometry (AAS), inductively
coupled plasma mass spectrometry (ICP-MS), selective cold vapour
atomic fluorescence spectrometry and electrochemical methods®®,
and so forth. However, these instrumental techniques not only
require sophisticated instruments but also complicated sample
preparation processes, which limit the practical applications in
routine Hg?* detection”®. Therefore, it is still of a great challenge to
develop a simple method for aqueous Hg®" detection. To solve these
problems, a variety of sensors have been developed and used for the
detection of Hg?* . Nevertheless, the poor selectivity, low resolution
in aqueous media, insufficient sensitivity, expensive instrumentation,
and/or the complex preparation procedure of the probe materials
restrict the practical use of the above mentioned sensors *2° In
contrast, fluorescent sensors offered a simple, rapid and low-cost
approach for tracking metal ions in the biological and environmental
samples °. Quantum dots (QDs) with the high fluorescence quantum
yield and size-tuneable emission profile have been considered as one
of the most promising optical sensing nanomaterials for the detection
of metal ions >°. However, the traditional QDs show poor solubility
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in water and high toxicity at relatively low concentrations, which
largely restrict their analytical potential 2.

Fluorescent carbon dots (CDs) with broad excitation spectra and
tuneable emission spectra are regarded as the next generation
fluorescent nanomaterials and the promising alternatives to the
conventional luminescent semiconductor quantum dots composed of
toxic heavy metals such as Cd*" *%. As a new class of fluorescent
nanomaterials with the sizes below 10 nm, CDs have drawn
considerable attention in a wide variety of biomedical fields, such as
biosensor *>*"!8 bicimaging *°, drug delivery 2! and gene delivery
2223 Recently, CDs have been actively applied in biosensing and a
few scientific papers about mercury ions and biological molecules
sensing based on CDs have been reported 2%,

CDs were discovered serendipitously by researchers purifying
single walled carbon nanotubes fabricated by arc-discharge methods
% and several approaches have been developed for synthesizing CDs
including chemical and physical methods 2%%. Chemical methods
include electrochemical synthesis %, microwave methods®, thermal
oxidation treatment 2, hydrothermal or acidic oxidation °, ultrasonic
routes *!, carbonisation of carbohydrates 2%, and so on. Physical
methods include arc discharge®, laser ablation of graphite *, and
plasma treatment®®. Among of these methods, acidic oxidation has
been proved to be an effective and convenient way to synthesize
CDs with sufficient fluorescence quantum vyield (QY) without
requiring elaborate apparatus .*’

In this study, we report a simple, economical and green method
for the synthesis of water-soluble and phosphorus functionalized
CDs with QY of 44% and tuneable luminescence. In this process, L-
valine is served as the carbon source for the first time with
phosphoric acid as the oxidation agent. The fluorescent colour of
CDs can be feasibly tuned from green to yellow by just changing the
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reaction time under a mild temperature (90°C). The obtained CDs
were readily soluble in water to form a stable, yellowish, and
transparent aqueous solution without precipitation for a few months.
More importantly, the CDs show high sensitivity and selectivity for
the detection of Hg?*. Two different fluorescence quenching modes
are discovered and the lower limit of detection (LOD) is 1.51 nM.

2. Experimental section
2.1 Materials

L-valine was purchased from Japan and all other chemicals
were purchased from Sigma-Aldrich. All glassware was washed
with aqua regia (conc. HCI: conc. HNO;, volume ratio = 3:1),
and then rinsed with ultrapure water and ethanol. The water used
throughout all the experiments was purified through a Millipore
system.

2.2 Synthesis of CDs

The general method for the synthesis of the CDs was as
follows: the both CDs were synthesized by mixing 1 mL of
aqueous L-valine solution (100 mg/mL) with 2 mL of
concentrated phosphoric acid and heating the solution at 90°C for
4~10 h. For example, 1 mL of aqueous L-valine solution (100
mg/mL) with 2 mL of concentrated phosphoric acid and heating
the solution at 90 °C for 4 h to obtain the CDs-1. Similarly, 1 mL
of aqueous L-valine solution (100 mg/mL) with 2 mL of
concentrated phosphoric acid and heating the solution at 90 °C
for 10 h to obtain CDs-2. The synthesized brown solution was
neutralized with 1 M NaOH solution (The pH value was about 7)
and filtered with a 0.22 pm polyethersulfone (PES) membrane to
discard the possible large and insoluble particles. The obtained
CDs were further purified by dialyzing against deionized water
using a membrane with dialysis membrane (molecular weight
cut-off = 500) for 7 h to obtain the final CDs.

2.3 Characterizations

UV-vis spectra were obtained on a UV5800 spectrophotometer.
X-ray photoelectron spectroscopy (XPS) analysis was measured on
an ESCALAB MK Il X-ray photoelectron spectrometer using Mg as
the exciting source. FTIR spectrum was measured on an IFS 66V/S
(Bruker) IR spectrometer in the range of 1000 — 1500 cm *. High
resolution  transmission  electron  microscopy  (HRTEM)
measurements were made on JEM-1200EX electron microscopy
with an accelerating voltage of 100 kV. The sample for TEM
characterization was prepared by placing a drop of colloidal solution
on carbon-coated copper grid and dried at room temperature.
Fluorescent emission spectra were recorded on a RF-5301PC
spectrofluorometer (Shimadzu, Japan). QY was measured choosing
rhodamine 6G in Ethanol (literature quantum yield 0.95 at 488 nm)
as a standard for CDs. The optical densities measured on U\-vis
spectra were obtained on a UV5800 spectrophotometer. Absolute
values are calculated using the standard reference sample that has a
fixed and known fluorescence QY value.

2.4 Quantum yield
The QY of these CDs was calculated by measuring the

fluorescence intensity in aqueous dispersion by using the following
equation,
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where Q is the quantum vyield, | is the measured intensity of
luminescent spectra, A is the optical density at exited wavelength.
QY was measured choosing rhodamine 6G in Ethanol (literature
quantum yield 0.95 at 488 nm) as a standard for CDs. The subscript
“R’* refers to standard with known quantum yield and ““CD’’* for
the sample in this equation. In order to minimize reabsorption effects,
absorbencies in the 10 mm fluorescence cuvette were kept under
0.05 at the excitation wavelength (363 nm).

2.5 Effect of metal ions, pH and NaCl solution on the PL of
CDs-1

To the best of our knowledge, there usually co-exist some
common metal ions in urine and pharmaceutical preparations. To
address the question whether foreign coexisting substance imply
effect on the measurement of the CDs-1 or not, further interference
experiments were performed in the presence of the CDs-1 (2 mg/mL)
together with common metal ions. For the detection of various metal
ions, the aqueous solutions of Hg?", Ca®*, Ba®*, Cu®*, Co®*, Fe**,
Mn?*, Mg?", Ni%*, K*, Na* (5 mM) were first prepared and used as
different metal ion sources. The PL spectra of CDs in the absence
and presence of various metal ions were recorded under a 363 nm
excitation. In addition, the green CDs were added into deionized
water with different pH values and NaCl solution (1 M). The
corresponding PL spectra of the CDs-1 were then obtained under
excitation at 363 nm.

2.6 Sensitive detection of Hg ** ion

The sensitivity detection of Hg?* ions was executed at room
temperature in aqueous solution. A serious of Hg?" aqueous
solutions with various concentrations were freshly prepared before
use. To evaluate the sensitivity to Hg?", Hg*" aqueous solutions with
various concentrations were added into CDs aqueous solution. Then
the quenching effects of Hg?* on the fluorescence density of the CDs
were examined. The PL spectra were recorded by the fluorescence
spectrophotometer with an excitation wavelength of 363 nm.

3. Results and discussions

3.1 Synthesis of C-dots

HOOC-CH-NH2 -
| H,PO
G, ;PO
H,0 —
*H,PO,~ :& Valine coagulation - —

Scheme. 1 Schematic representation of the synthesis process and
mechanism of the phosphate functionalized CDs-1 and CDs-2.

The synthetic process is demonstrated in Scheme. 1. According to
the previous studies on the formation mechanism of CDs from small
molecules, we hypothesise that the formation mechanism is as
follows (Scheme. 1): (1) hydrolysis of L-valine and coagulation with
phosphoric acid; (2) polymerization of the coagulated L-valine at a
higher temperature; (3) nucleation and growth of carbon substances
formed in the previous step; (4) oxidation of the grown carbon
substances and phosphate functionalization 2%, The emission colour
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of CDs might be largely influenced by size, shape, and composition-
related factors, such as P-doping, content of sp? carbon and surface
defects 2354,

3.2 The photoluminescence properties of CDs

The optical properties of the CDs-1 and CDs-2 are shown in Fig. 1.
As shown in the UV-vis absorption spectra (Fig. 1A and Fig. 1B),
both CDs show two apparent absorption peaks: (1) a peak at 223 nm
(CDs-1) and 224 nm (CDs-2), which is due to the n— p* transition
of C=0 bond and (2) a weaker peak at 269 nm (CDs-1 and CDs-2),
which can be attributed to the © — 7* transition of aromatic sp? bond
2044 The PL spectra of the two CDs are shown in Fig. 1C ~ F, it
can be seen that CDs-1 show a strong PL at 521 nm when they are
excited at 363 nm while CDs-2 display an obvious PL at 574 nm
excited at 412 nm. Using rhodamine 6G (QY = 0.95 in ethanol) as a
reference, the QY of the CDs in water is determined to be 44.8% for
CDs-1 and 31% for CDs-2, which is comparable to previous reports
2030 As shown in the insets of Schem. 1, CDs-1 emits green  PL and
CDs-2 emits yellow PL under UV radiation of 365 nm. Interestingly,
the emission from CDs-1 only shift about 10 nm but the emission
from CDs-2 shifts about 30 nm with excitation wavelength (Aey) (Fig.
1C and D). The XA, dependent PL behaviour is common in CDs.
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Fig. 1 Absorption spectra of the CDs-1 (A) and CDs-2 (B) and Emission
spectra of CDs-1 (C) and CDs-2 (D). Excitation spectra of the CDs-1 (E)
and the CDs-2 (F)

3.3 Characterization of CDs

The size and morphology of both CDs-1 and the CDs-2 were
observed by high resolution transmission electron microscope
(HRTEM) (Fig. 2). The CDs-1 shown in the Fig. 2A was well
dispersed quasi-spherical nano-dots within the range of 1~3 nm in
size. The HRTEM image of CDs-1 shows a lattice spacing of 0.18
nm, which is close to the [102] facet of graphite carbon °. Meanwhile,
HRTEM image of CDs-2 in Fig. 2B demonstrates that the size

This journal is © The Royal Society of Chemistry 2012
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distribution of CDs-2 is 2~4 nm. In addition, the HRTEM image
also indicated that CDs-2 possess a crystalline structure consisting of
parallel crystal planes with a lattice of 0.31 nm, which is close to that
of phosphorus-doped carbon quantum dots (0.3 nm) *°. A previous
study has proved the relationship between the energy gap and
particle size, which indicated that the energy gap gradually
decreased with the increase of particle size “°. Therefore, the
different emission features of the obtained CDs might be largely
attributed to the size effect.

Fig. 2 HR-TEM images of the CDs-1 (A) and CDs-2 (B), the insets
show the particle size distribution of CDs.

The composition of the CDs-1 and CDs-2 were characterized by
X-ray photoelectron spectroscopy (XPS) (Fig. 3). As seen in Fig. 3A
and B, the XPS survey of the both CDs exhibited four apparent
peaks at around 282, 397, 530 and 131 eV, which can be attributed
to Cy, Nis, Oy and Py, respectively, which indicates that the
obtained CDs are mainly composed of four elements of C, O, N and
P. The contents of C, O, N and P in the CDs-1 and CDs-2 are
summarized in Table 1. The contents of C, O, N and P in the CDs-1
are 42.88, 54.34, 1.27 and 1.51%, respectively. The C, O, N and P
contents CDs-2 were 40.52%, 55.25%, 2.09% and 2.14%,
respectively. ~ More chemical information of the CDs-1 was
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described in the Cy5, Oy, Nyg and Py, spectrum. The Cy spectrum
(Fig. 3C) can bhe fitted into two peaks at around 282.4 eV, which are
attributed to C-C/C=C, C=0 and C-O groups, respectively % In
the N 5 spectrum (Fig. 3E), the peak at around 397.5 eV can be
ascribed to C-N-C/C=N groups 2. From the O , spectrum shown in
Fig. 3G, the peak at 529.6 eV can be assigned to C-O-C groups*.
As shown in Fig. 3l, a Py, spectrum displays a peak at 131.6 eV for
P-O *. Meanwhile, the Cys, Oy, Ny and Py, spectrum of CDs-2
were also shown in Fig. 3. The Cy spectrum (Fig. 3D) is similar to
that of CDs-1 and can also assigned to three types of carbon bonds at
around 282.8 eV, namely, C-C/C=C, C=0 and C-O groups®*!. As
for Ny spectrum (Fig. 3F) the peak at around 397.7 eV could be
ascribed to C=N/C-N-C, N-H and NO,, respectively. The O
spectrum (Fig. 3H) can also be deconvoluted into two peaks: C-O-C
and C=0O at around 530.1 eV *¥. As shown in Fig. 3J, a
deconvoluted P, spectrum displays two peaks at around 131.6 eV
for P-O and P=0 “.. The comparison results indicated the higher
doping concentration of phosphorus and higher oxidation state of
CDs-2 than CDs-1, which might be partly responsible for the
fluorescent red shift.
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Fig. 3 XPS spectrum of CDs-1 (A) and CDs-2 (B). XPS spectra of
Cys (C), Nys (E), Oy5 (G) and P4, (1) for CDs-1. XPS spectra of Cyg
(D), N5 (F), Oy (H) and Py, (J) spectrum CDs-2.
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Tablel. The contents of C, O, N and P in CDs-1 and CDs-2
determined by XPS.

C N (0] [

Atomic/% Atomic/% Atomic/% Atomic/%
CDs-1 42.88 1.27 54.34 1.51
CDs-2 40.52 2.09 55.25 2.14

We also used the Fourier transform infrared spectroscopy (FTIR)
to study the surface functional groups of the two CDs (Fig. 4). The
FTIR spectra of the two CDs are similar. As shown in the Fig. 4, the
spectrums revealed the existence of the signature of the AD—P
bond at ~1237 cm™%, indicating the attachment of phosphate to the
two CDs “®. The functional groups analyzed by the FTIR are
consistent with XPS. Moreover, the characterizations from HRTEM,
FTIR and XPS indicated that phosphorus groups are successfully
transferred from valine molecules to the CDs surface during the
particle formation.
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Fig. 4 FTIR spectra of CDs-1 and CDs-2.
3.4 Optical properties application of CDs-1

The optical properties of CDs-1 are further studied due to its
higher QY. The influence of pH on the PL intensity of the CDs-1
was studied in the pH range of 3~11. As shown in Fig. 5A, the PL
intensity obviously decreased at pH=5~8 and slightly increased at
pH = 8~11. The pH-dependent behaviour might be largely attributed
to variation of the surface chemical groups of the CDs-1 under
different pH value. The detailed mechanism needs to be further
studied. Moreover, the optical pH-sensitivity of the CDs-1 could be
exploited for various biomedical applications, such as the diagnosis
of tumour micro-environment***°. The influence of NaCl (Fig. 5B)
solution on the PL intensity of the CDs-1 was also examined. We
found that the PL intensity did not significantly change with the
addition of NaCl solution.

In addition, the effect of metal ions on the PL of the CDs-1 was
evaluated by recording the PL intensities in the presence and absence
of the 5 mM metal ions (Hg?*, Ca®*, Ba*", Cu®*, Co?*, K*, Na*, Fe®,
Mn?*, Mg?®*, and Ni?*). The peak position of the maximum emission
was not affected upon the addition of metal ion. Therefore,
fluorescence intensity differences of the CDs-1 in the presence of
different metal ions were plotted (Fig. 6A). Notably, the
fluorescence intensity considerably decreased upon the addition of

This journal is © The Royal Society of Chemistry 2012
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ng*. However, the addition of other metal ions does not
significantly change fluorescence intensity, which indicates that the
CDs-1 may be developed as a sensor for the detection of Hg?*.
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Fig. 5 (A) The influence of pH values on the PL intensity of the CDs-1. The
inserted figure is to describe the dependence of the fluorescence intensity
peak on pH. (B) The influence of 1M NaCl on the PL intensity of the CDs-1.

We further investigated the potential capability of CDs-1 for
quantitative detection of Hg?". Different concentrations of Hg?* were
added to the aqueous solution of the CDs-1 and the fluorescence
intensity was measured to evaluate the sensitivity of the CDs-1
chemosensor. As shown in Fig. 6B, the fluorescence intensity of the
CDs-1 at 520 nm gradually decreases with increasing concentration
of Hg?" indicating that the addition of Hg®" ions can effectively
quench the fluorescence of the CDs-1. Fig. 6B presents the
fluorescence intensity under different concentrations of Hg?* ions. A
good linear correlation (R®=0.991) is exhibited over the
concentration range of 0~10 nM and the limit of detection (LOD),
which was defined as 3 times standard deviation/slope by the
International Union of Pure and Applied Chemistry (IUPAC)
standard, was calculated to be 1.51 nM. This is much lower than
what’s reported in the previous publications?®°. For example, Zhang
et al? synthesized nitrogen-doped carbon quantum dots using folic
acid and LOD for Hg?" is about 0.23 uM. More interestingly, another
good linear correlation (R®=0.998) is also demonstrated over the
concentration range of 100~5000 nM and the LOD was about 126
nM. The two linear correlations with different slopes might
correspond to two different fluorescence quenching modes. Based on

This journal is © The Royal Society of Chemistry 2012
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the previous reports, we speculate that when the molar amount of
Hg®* is much lower than the CDs the fluorescence quenching could
be largely attributed to metallophilic interaction®. But with the
increase of the Hg?" concentration the Hg?* may induce the CDs-
CDs interaction and aggregation, and result in the fluorescence
quenching %234,
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Fig. 6 (A) Influence of different metal ions on the PL intensity of the CDs-1.
(B) The sensitivity of Hg*" detection.

4. Conclusions

In summary, we present a novel, efficient and simple synthetic
approach for strongly green and yellow fluorescent carbon dots (CDs)
using L-valine as carbon source with phosphoric acid as the
oxidation agent. The fluorescent colour of carbon dots (CDs) can be
feasibly tuned by changing the reaction time under a mild
temperature. The obtained green carbon dots (CDs) show a high
selectivity and sensitivity for Hg*" detection. Two different
fluorescence quenching modes are discovered. The limit of detection
(LOD) was about 1.51 nM, which is much lower than what’s
reported in most of the previous publications.
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