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A simple, eco-friendly, and low-cost electrochemical approach has been applied to the synthesis of carbon
dots (C dots) from histidine hydrochloride in the absence or presence of halides (Cl, Br, and |) at various
potentials up to 10 V. The as-formed C dots refer to C dots, Cl-C, Br—C, and I-C dots. The time-evolution
UV-vis absorption and photoluminescence (PL) spectra provide more detailed information about the
formation of C dots. Upon increasing the reaction time from 1 to 120 min, more and more C dots are
formed, leading to increased PL intensity. The halides play two important roles in determining the formation
of C dots; controlling the reaction rate and surface states. When compared to chloride and bromide, iodide
has a greater effect on varying surface states and inducing PL quenching through intersystem crossing. The
PL intensities of the four types of C dots all decrease upon increasing Cu®*, Hg?*, and Ag* concentrations.
In the presence of 0.8 mM |7, |-C dots compared to C dots, Cl-C dots, and Br—C dots are slightly better for
quantitation of Cu?*. Fourier transform infrared spectroscopy, cyclic voltammetry, electrochemical
impedance spectroscopy, and X-ray photoelectron spectroscopy results of |I-C dots reveal the interactions
of Cu?* with the surface ligands (imidazole and histidine). The |-C dot probe in the presence of 0.8 mM |~ is
selective toward Cu®* over the tested metal ions such as Hg®" and Ag". The assay provides a limit of
detection of 0.22 uM for Cu?* at a signal-to-noise ratio of 3. Practicality of this probe has been validated by
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1. Introduction

Photoluminescent nanomaterials such as carbon dots (C dots),
quantum dots, nanoclusters, and gold nanodots have become
interesting optical sensing materials for detecting various ana-
lytes.”® Among them, C dots are more biocompatible and stable
against salt and photoirradiation induced photoluminescence
(PL) quenching. Most C dots possess interesting excitation
dependent PL properties; their emission undergoes a red shift
upon increasing the excitation wavelength.® Usually, their PL
intensity decreases upon increasing the emission wavelength.”
The interesting PL properties of C dots are related to their core
size, surface defects and ligands, oxidation state, and the
number of conjugated T electrons.***

Many approaches, including laser ablation, ultrasonication,
direct heating, microwave-assisted heating, plasma treatment,
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the analyses of tap, lake, and sea water samples, with negligible matrix effects.

hydrothermal routes, have been applied for the preparation of C
dots from different precursors.”*?*' Among them, the hydro-
thermal approach is the most popular, mainly because of its
simplicity.*** It has been reported that C dots are formed
through four steps ie. condensation, polymerization, carbon-
ization, and passivation.>** Various sources, including coffee
powder, tea, and apple juice, have been used for the preparation
of C dots through hydrothermal approaches.®*° However,
hydrothermal approaches require high energy and are usually
limited to the preparation of few grams of C dots per batch.
Although the formation processes and optical properties of C
dots have been suggested,**>* strong evidence to support the
suggestion/hypothesis is still needed. In this study, we applied
our previously developed electrochemical approach to the
preparation of C dots from histidine.** We previously showed
that control of the solution pH value is important for the elec-
trochemical preparation of C dots from glycine. However,
detailed information about the formation of C dots is missing.
We in this study further tested several important factors for
controlling the preparation of C dots from histidine, including
electrolysis time, concentration of histidine, and species and
concentration of salts (electrolytes). We measured the UV-vis
absorption and PL spectra of C dots that had been prepared
in alkaline solution at 10 V for different periods of time up to
120 min. Through the obtained optical data, we provided more
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detailed information about the effect of halides on the forma-
tion of C dots. The C dots prepared in the presence of iodide (I")
are selective and sensitive for quantitation of copper ions (Cu®")
in the presence of 0.8 mM Nal.

2. Experimental
2.1 Materials

t-Histidine hydrochloride monohydrate was purchased from
TCI (Tokyo, Japan). Potassium nitrate (>99.0%), silver nitrate
(>99.0%), and sodium chloride (>99.0%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Copper nitrate trihydrate
(>99.0%), lead nitrate (>99.0%), and sodium bromide (99.5%)
were purchased from Acros (Morris Plains, NJ, USA). Magne-
sium nitrate hexahydrate (>98.0%) and sodium iodide (>99.0%)
were procured from SHOWA (Tokyo, Japan). Cobalt chloride
(97.0%), iron chloride (98.0%), and mercury chloride (>98.0%)
were obtained from Alfa Aesar (Heysham, England). Calcium
nitrate tetrahydrate (>99.0%) and manganese chloride dehy-
drate (>99.0%) were purchased from Merck (Kenilworth, NJ,
USA). Monobasic, dibasic, and tribasic sodium salts of phos-
phate, phosphoric acid (85.0%), sodium hydroxide (98.0%), and
zinc nitrate hexahydrate (>99.0%) were obtained from J.T. Baker
(Center Valley, PA, USA). Ultrapure water (18.2 MQ cm) from
a Milli-Q system (Millipore, Billerica, MA, USA) was used to
prepare all solutions.

2.2 Preparation of C dots

A two-platinum-electrode electrochemical system was used for
the synthesis of C dots. The length and diameter of the Pt
electrode are 6 and 0.05 cm, respectively. A single output direct
current (DC) power supply (TP-1303C, Taipei, Taiwan) was used
for the synthesis of C dots under a static potential (1 to 10 V)
between the two electrodes. Known amounts (0.38-3.83 g) of
histidine hydrochloride were dissolved separately in NaOH
solution (1 M) to obtain final concentrations of 0.09-0.90 M,
with a final pH value of 9.0 that was adjusted with 10 M HCI or
NaOH. To study the effect of halides on the formation of C dots
from histidine, aqueous solutions of NaCl (0-2.34 g), NaBr (2.06
), or Nal (3.00 g) were added to the histidine solutions (20 mL).
Aliquots (10 pL) of the solutions after being subjected to elec-
trolysis for various periods of time (1-120 min) were taken out
for spectrochemical measurement. For quantitation of Cu**
ions, the C dots that had been prepared at 10 V for 120 min and
had been left undisturbed at ambient temperature (25 °C) for
two days were used. This solution was then filtered through
a 0.22 um membrane to remove large particles, and was then
subjected to dialysis against pure water through a membrane
(MWCO = 100-500D) for 24 h. For simplicity, C dots prepared in
the presence of C1™, Br—, and I are denoted as Cl-C, Br-C, and
I-C dots, respectively. Their concentrations are presented as 1x
for simplicity.

2.3 Characterization

Aqueous solutions of four different types of C dots were sub-
jected to PL measurements using a microplate fluorometer
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(Synergy 4 Multi-Mode Microplate Reader) from BioTek instru-
ments (Winooski, VT, USA). Their PL decay curves were recor-
ded using a FluoTime 300 system from PicoQuant (Berlin,
Germany) with a diode laser emitting at 375 nm as the light
source. A Synergy H1 multi-mode monochromatic spectropho-
tometer from BioTek instruments (Winooski, VT, USA) was used
to measure their UV-vis absorption spectra. The Fourier trans-
form infrared (FTIR) spectra of histidine and C dots were
recorded using a Varian 640 FTIR spectrophotometer from
Varian (Palo Alto, CA, USA). The transmission electron micros-
copy (TEM) and high-resolution transmission electron micros-
copy (HRTEM) images of the C dots were acquired using an H-
7100 TEM from Hitachi (Tokyo, Japan) and a JSM-1200EX II
HRTEM from JEOL (Tokyo, Japan), respectively. The X-ray
photoelectron spectroscopy (XPS) measurements were con-
ducted using a K-Alpha X-ray photo electron spectrometer
system from Thermo (Waltham, MA, USA). The binding energy
values of C dots were calibrated using the C1s signal at 284.6 eV.
Their Raman spectra were acquired using an Olympus BX51
microscope and a Nicolet Almega XR dispersive Raman spec-
trometer from Thermo (Waltham, MA, USA) with a 10 mW laser
emitting at a 780 nm peak wavelength, using the Raman peak of
Si wafer (520 cm ') as a standard. Cyclic voltammetry (CV)
curves of phosphate buffer (20 mM, pH 3.0) without and with C
dots (200 pL) and metal ions (200 uM) were recorded using
a CHI 760D electrochemical work station from CH instruments
(Austin, TX, USA). A glassy carbon electrode, saturated Ag/AgCl,
and Pt wire were used as the working, reference, and counter
electrodes, respectively. Electrochemical impedance spectra
(EIS) and the Nyquist plots of the glassy carbon electrode in the
frequency range of 0.01 to 10 000 Hz at an amplitude of 5 mV
were recorded using the CHI 760D electrochemical work station
in N, saturated phosphate buffer (20 mM, pH 3.0) without and
with C dots (200 pL) and Cu** ions (200 uM).

2.4 Quantitation of Cu** ions

Quantitation of Cu** ions (0-50 uM) using C-dots (0.001x, final
concentration) was conducted in phosphate buffer solutions (20
mM) at pH values of 3.0 and 7.0. Linearity, limit of detection,
and selectivity were investigated at pH 3.0. To obtain linearity
for quantitation of Cu”" ions, aliquots of C dots (0.01x, 100 pL)
were added to phosphate buffer solution (25 mM, pH 3.0, 800
uL) prior to the addition of Cu®" ions (0-500 uM, 100 uL). The
mixtures were equilibrated by shaking at ambient temperature
for 60 min, and their PL spectra were recorded when excited at
420 nm. To test the selectivity, C dots (0.1x, 100 uL) were added
to phosphate buffer solution (25 mM, 800 uL). Various metal
ions (K*, Mg>", Ca*, Mn**, Fe*", Co*", Cu®**, Zn*", Pb**, Hg*",
and Ag'; 1 mM, 100 pL) were then added into the resulting
solution. The mixtures were equilibrated by shaking at ambient
temperature for 60 min, and their PL spectra were recorded with
an excitation wavelength of 420 nm. This assay was validated by
the analyses of lake and tap water samples that had been
collected from the National Taiwan University campus, and the
sea water sample that had been collected from Keelung coast
(East China Sea; Taiwan). Each of the water samples was filtered

This journal is © The Royal Society of Chemistry 2019
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through a 0.22 um membrane. Aliquots (100 uL) of the real
samples were spiked with various concentrations (0.3-3 uM;
final concentrations) of Cu®" ions. Then, phosphate buffer
(200 mM, pH 3.0, 100 uL), C dots (0.01x, 100 pL), and ultrapure
water were added subsequently to the spiked solutions, each
with a final volume of 1.0 mL. The mixtures were equilibrated by
shaking at ambient temperature for 60 min, and their PL
spectra were recorded under excitation at 420 nm.

3. Result and discussion
3.1 Formation of C dots

When applying a voltage greater than 1.31 V, oxidation of
histidine occurred on the Pt anode, in which the oxidized
histidine was adsorbed onto the electrode through its terminal
carboxyl group and secondary amino group. Most of the
adsorbed molecules were then converted to form imidaz-
oles.*>*? During the course of electrolysis, the solution pH value
increased slightly as a result of the formation of NH;. The
adsorbed imidazoles were converted to form C dots through
a process of polymerization, carbonization and passivation.**
The production yield of C dots prepared from amino acids
through a simple electrochemical approach under alkaline
conditions is usually higher than that under acidic conditions.**
The yields of C dots, CI-C dots, Br-C dots, and I-C dots are 5.1,
12.3, 15.6 and 33.8%, respectively. The yield of C dots is lower
than that of the other three dots, mainly because they were
prepared in the solution containing lower concentration of
electrolyte. The yield of I-C dots is the highest, mainly because
I" is a stronger leaving group than Br  and CI, leading to
higher reaction efficiency.

3.2 Effect of applied voltage

Applied voltage affects the electrolysis rate and thus the
formation of C dots. At an applied voltage <1.31 V,** C-dots were
not formed, mainly because the oxidation of histidine did not
occur. At a constant electrolysis time (3 min), the PL intensity of
the solution increases upon increasing the applied voltage from
1to 10 V as shown in Fig. 1A. Interestingly, the PL profiles are all
similar, revealing that the applied voltage is unlikely to affect
the structure of C-dots. The result reveals that more C dots were
formed when applying a higher voltage for the same reaction
time. Considering reaction speed and PL intensity, we selected
10V for the preparation of C dots hereafter. Since the amount of
heat and bubbles generated increased upon increasing the
voltage, a voltage greater than 10 V is not suggested unless
a cooling system is applied.

3.3 Effect of histidine concentration and pH value

Fig. 1B shows the PL spectra of C dots prepared from different
concentrations of histidine (0.09-0.90 M) at pH 9.0 and 10 V for
120 min. The PL intensity at 505 nm increases upon increasing
the concentration of histidine up to 0.63 M. Upon further
increasing the histidine concentration, the PL intensity
decreases, mainly because through intermolecular attractions
some unreacted histidine molecules formed aggregates and

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

then adsorbed onto the surfaces of C dots, leading to aggrega-
tion of C dots. At the optimal histidine concentration (0.63 M),
we tested the effect of pH (3.0-9.0) on the formation of C dots.
Fig. 1C shows that the PL intensity increases upon increasing
the pH value from 3.0 to 9.0. Under acidic conditions (pH ~3.0),
the protonated imidazole ring interacts weakly with the Pt
anode surface, leading to poor efficiency of oxidation, poly-
merization, and carbonization. Upon increasing the pH value
(e.g- pH ~5.0), the interaction of histidine with the Pt electrode
increases, thus C dots are formed quickly, leading to higher PL
than that when synthesized at pH 3.0. More C dots are formed
and PL further increases upon increasing the pH value from
5.0-7.0, simply because the interaction of the adsorbed mole-
cule with the Pt electrode is stronger as a result of increased
dissociation degree of its carboxylic acid group.** At pH 9.0, the
PL intensity reaches its maximum. The anodic generation of
oxygen/or hydroxyl ions accelerates the electrochemical
oxidation/or polymerization of the adsorbed molecules, leading
to the formation of C dots with more emissive traps and higher
PL intensity.®® Upon further increasing the pH value, the
amount of C dots formed increases slightly. Since it is difficult
to prepare a solution with a similar composition to that at lower
pH values, synthesis of C dots at pH >9.0 was not conducted.

3.4 Effect of sodium halides

It has been reported that the addition of sodium halides into
amino acid solution enhances its electrochemical oxidation
rates due to increased conductivity.*®* We thus investigated the
effects of NaCl (0-2.0 M) on the formation of C dots under
optimal conditions (0.63 M histidine and pH 9.0). Fig. 1D shows
that the PL intensity of C1-C dots increases upon increasing the
NaCl concentration up to 1 M, mainly because of increased
reaction rates. At NaCl concentrations greater than 1 M, histi-
dine molecules aggregated as evidenced by the formation of
a white solid product. Thus 1 M NaCl was found to be optimal
for the preparation of C dots. Under similar synthesis condi-
tions, Br-C dots and I-C dots were prepared for comparison of
their physicochemical and spectrochemical properties with
those of CI-C dots and C dots. Fig. S11 shows the TEM images of
C dots, CI-C dots, Br-C dots and, I-C dots. All of the X-C dots
were prepared under similar conditions (similar ionic
strengths). By counting 100 of the four types of C dots, their
average sizes were determined to be 3.2 £+ 0.6, 3.9 £ 0.9, 3.8 &+
0.6, and 4.9 £+ 0.7 nm, respectively. The HRTEM images dis-
played in the insets show that each of them has lattices with a d-
spacing of 0.31 nm which are consistent with the (002)
diffraction planes of sp” graphitic carbon. The FTIR spectra
(Fig. S2t) were recorded to identify the functional groups on the
surfaces of the four types of C dots. The peaks at 2962, 1640,
1462 and 1150 cm ™' were assigned to -CH,-, amide 1/C=0,
amide III/C-N, and C-O stretching vibrations, respectively. The
broad bands at around 3320 cm ' suggest the existence of
functional groups such as ~-COOH, -OH, -NH,, and -NH;" on
the surface of all four types of C dots.*” The suggestion is sup-
ported by their high water dispersibility. The XPS spectra dis-
played in Fig. S31 show their C1s spectra, revealing the presence

Nanoscale Adv., 2019, 1, 2553-2561 | 2555
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Fig.1 Effects of (A) applied voltage, (B) histidine concentration, (C) pH, and (D) NaCl concentration on the formation of C dots at 10 V for 2 h.
Excitation and emission wavelengths are 420 nm and 505 nm, respectively. (A) 0.63 M histidine at pH 9.0; (B) 1 M NaCl at pH 9.0; (C) 0.63 M

histidine and 1 M NaCl; (D) 0.63 M histidine at pH 9.0.

of C-C (284.6 V), C-I (285.2 eV), C-Br (285.6 eV), C-N/or C-O
(286.0 eV), C-Cl (286.6 eV), C=0 (286.8 eV), and O-C=0 (287.8
eV) bonds.*®* Each of their N1s spectra shows four peaks at
398.1 €V, 399.1 eV, 399.8 eV and 400.6 eV, which are attributed
to pyridinic N, pyrrolic N, graphitic N, and N-H, respectively.*
The deconvoluted C1s and N1s spectra support the presence of
ring structures and the formation of C dots. Table S17 lists the
elemental compositions of the as-prepared C dots. Note that the
Br-C dots and I-C dots have higher oxygen content than the
rest, indicating their greater surface passivation. The Raman
spectra of the four types of C dots displayed in Fig. S31 show the
characteristic D- and G-bands at 1311 cm ™' and 1531 cm ™,
which are attributed to the first-order scattering of the E,,
vibration mode in the graphite sheets and the structural
defects, respectively.®* The peak at 1420 cm ™' is attributed to
the carboxylate groups (COO™).** The D-band to G-band ratio
(In/Ig) of the four types of C dots decreases in the order of I-C
dots (0.98) > Br-C dots (0.96) > C dots (0.94) > CI-C dots (0.90),
showing that I-C dots possess the highest density of defects.
The result suggests that the halides affect the surface recon-
struction processes and defects differently.**

Fig. 2A-C show the effect of sodium halides on the PL of C
dots at different excitation wavelengths. As shown in Fig. 2A, C
dots prepared in the absence and presence of 1 M NaCl upon
excitation at 280 nm all exhibit one sharp peak at 330 nm and

2556 | Nanoscale Adv., 2019, 1, 2553-2561

two broad peaks at 445 and 505 nm. The sharp peak at 330 nm is
attributed to strong emission from the m-mt* transitions in the
core.”® The two broad peaks are attributed mainly to strong
emissive contribution from the surface states. The PL intensi-
ties of CI-C dots at 445 and 505 nm are higher than the inten-
sities of those prepared in the absence of NaCl. Increased NaCl
concentration greatly enhanced the oxidation rate of histidine,
leading to the formation of more strong emissive surface states
and thus high PL intensity. Unlike for CI-C dots, the peak at
330 nm for Br-C dots or I-C dots was quenched significantly
due to the inner effect, greater specific adsorption capacity and
greater covalent character of Br/I" than Cl™.** Br-C and I-C
dots both show two peaks at 445 and 505 nm, revealing the
existence of emissive surface states. Although I has a greater
effect on the surface state, the PL intensities of I-C dots at the
two peaks are weaker than those of Cl-C and Br-C dots, mainly
because it induces greater PL quenching through intersystem
crossing. The quenching efficiency of C dots at 505 nm induced
by 1 mM Nal is 43.9%, which supports our reasoning. As shown
in Fig. 2B, upon excitation at 360 nm, two emission peaks at 445
and 490 nm were observed for all the four types of C dots. Their
PL intensities decrease in the order of CI-C dots > Br-C dots > C
dots > I-C dots because of strong intersystem crossing (heavy-
atom effect). As shown in Fig. 2C, upon excitation at 420 nm,
an emission peak at 505 nm was observed, with a decreasing

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Effect of sodium halides on the formation of C dots from 0.63 M histidine solution at pH 9.0 with/without 1 M NaX at 10 V for 2 h. PL
spectra (A—C) and UV-vis absorption spectra (D). PL spectra of C dots (a), Cl-C dots (b), Br—C dots (c), and |-C dots (d) at excitation wavelengths
of (A) 280, (B) 360, and (C) 420 nm. UV-vis absorption spectra of C dots (a), Cl-C dots (b), Br—C dots (c), I-C dots (d) and histidine (e).

order of PL intensity: C1-C dots > C dots > Br-C dots > I-C dots.
The differential PL increasing/decreasing orders at various
excitation wavelengths are mainly because the three halides
have stronger effects on the surface emission than on the core
emission. Fig. 2D shows the absorption spectra of all four tested
C dot solutions and histidine hydrochloride solution. A sharp
peak at 220 nm for histidine hydrochloride solution is assigned
to its imidazole ring.** The peak at 220 nm for Br-C dots and I-C
dots undergoes a red shift, mainly due to the absorption of the
two halides. The broad absorption over the wavelength range
from 300 to 400 nm is attributed to the n-m* transition of the
C=0 bond and the m-m* transition of the conjugated C=C
bond.**

3.5 Effect of reaction time

To provide more detailed information about the formation of C
dots, we investigated the effect of reaction time on the forma-
tion of the four types of C dots. Fig. 3 shows the time-dependent
PL intensities of all four types of C dots when excited at different
wavelengths. As shown in Fig. 3A, upon excitation at 280 nm,
the PL of C dots at 330 nm increases gradually and reaches
a plateau at around 50 min. Meanwhile the PL of CI-C dots does
not change significantly for the first 20 min period. Instead, it

This journal is © The Royal Society of Chemistry 2019

increases gradually and reaches a plateau at 50 min. In both
cases, the PL decreases slightly after 50 min and becomes stable
after 120 min. The results suggest that CI~ suppresses the core
emission when its content in the CI-C dots is high. Upon
increasing the reaction time, the amount of C dots increases,
leading to lower density of adsorbed Cl~ on the surface of each
C dot. Because the emission at 330 nm is small in the Br-C and
I-C dots, the effects of Br~ and I" on their time-evolution PL are
hard to observe. Fig. 3B shows the comparison of the PL
intensities of the four types of C dots at 445 nm. Besides the PL
of I-C dots, the PL intensities from the other three all increased
gradually upon increasing the reaction time, revealing that
more surface states are formed. For I-C dots, the PL increases
gradually and reaches a plateau at around 8 min, and then
decreases before reaching a constant at around 30 min, mainly
because of the formation of I;~ which has strong absorption
bands centered separately near 280 and 350 nm, leading to PL
quenching of the C dots due to the inner filter effect. The PL
intensities of CI-C dots, Br-C dots and I-C dots are all higher
than those of C dots, supporting that the halides affect the
surface emission and formation rate of C dots. Besides I-C dots,
gradually increased PL intensities were found for the other C
dots when excited at 360 or 420 nm (Fig. 3C-F). Because of
stronger effects of iodide on the surface defects and intersystem

Nanoscale Adv., 2019, 1, 2553-2561 | 2557
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Fig. 3 Effect of reaction time on the PL intensity and UV-vis absorp-
tion spectra of C dots (a), Cl-C dots (b), Br—C dots (c), and |-C dots (d).
The emission wavelengths are 330 (A), 445 (B), and 505 nm (C),
respectively, when excited at 280 nm. The emission wavelengths are
445 (D) and 490 nm (E), respectively, when excited at 360 nm. The
emission wavelength is 505 nm (F) when excited at 420 nm. Insets in
(C)—-(F) are their corresponding UV-vis absorption spectra. All C dots
were prepared at 10 V from 0.63 M histidine solutions at pH 9.0 with/
without 1 M NaX.

crossing, the PL intensities of I-C dots decrease once they reach
their maxima. Interestingly, all the three types of C dots
prepared in the presence of sodium halides show detectable PL
within 1 min electrolysis when excited at 360 or 420 nm
(Fig. 3C-F). Also displayed in the insets of Fig. 3C-F are their
time-dependent UV-vis absorption spectra. The sharp peak at
220 nm for each of the four types of C dots is assigned to that of
the imidazole ring.*® Upon increasing the electrolysis time, the
peak of Br-C dots or I-C dots at 220 nm undergoes a red shift
due to increased absorption of Br, or I, as a result of increases
in their formation amounts. The absorbance values over 300 to
400 nm increase upon increasing the reaction time, mainly
because of gradual increases in the formation of C dots. Table 1
reveals negligible differences in the PL lifetimes (excitation
wavelength/emission wavelength: 375/440 nm) of C dots, CI-C
dots, Br-C dots and I-C dots regardless of the reaction times.
The lifetime data support that iodide induced greater inter-
system crossing. Besides I-C dots, the other three types of C
dots obtained after 60 min have slightly longer lifetimes, mainly
because of increases in their surface oxidation with oxygen.

3.6 Formation routes

Scheme 1 summarizes the formation of C dots from histidine at
PH 9.0. After adsorption of histidine onto the anodic Pt elec-
trode, histidine undergoes electrochemical oxidation to form
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Table 1 PL lifetimes of four different types of C dots determined at
different time periods of electrolysis

Nanomaterials T1 min (l’lS) T30 min (l’lS) T60 min (I’IS) T120 min (I’IS)
C dots 5.57 4.92 4.83 5.05
Cl-C dots 4.58 4.71 4.45 4.54
Br-C dots 4.51 4.89 4.72 4.84
I-C dots 4.29 4.40 4.01 3.91

er
N\/)_\CH' +e

/

Electrooxidation

HN
: = R —co, <
. rN txl‘"‘a
> |/ \%
Histidine at pH 9.0 ~. N o\
N
\ HN s

90 min 120 min

Scheme 1 Schematic representation of preparation of C dots from
histidine hydrochloride through an electrochemical route.

10 min 30 min 60 min

omin 1min 3min 5min 8min

imidazole. Subsequently, the adsorbed imidazole goes through
a process of polymerization, carbonization, and passivation to
form C dots. As shown in Scheme 1 the solution color changes
can be easily observed by the naked eye. The solution becomes
darker upon increasing the reaction time, mainly because
greater amounts of C-dots and larger aggregates (particles) of C
dots are formed. Oxidation also occurs, leading to changes in
their surface states. Addition of the halides to the reaction
solution increases the conductivity and thus the electrolysis
rate. In addition, the halides also induce the formation of
greater surface defects. Their different nucleophilic substitu-
tion rates, specific adsorption capacity, and migration/ diffu-
sion rates are also responsible for the formation of different C
dots.*®

3.7 Sensitivity and selectivity

To test the analytical application of the four types of C-dots,
their stability in aqueous solutions at different pH values
(3.0-11.0) was tested. As displayed in Fig. S5A,1 they are all
stable in the tested pH region. The main reason for choosing
the excitation/emission wavelengths of 420/505 nm is because
the optical properties are related to the surface defects of the C
dots and are expected to be more sensitive to an environmental
change. Fig. S5Bt shows their high salt tolerance, being stable

This journal is © The Royal Society of Chemistry 2019
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up to 3 M NaCl. The results reveal their potential in analytical
applications. Because histidine has high specificity towards
Cu”* (formation constant K = 2.34 x 10"° at pH 4.0),*” we used
the as-prepared C dots to detect Cu*>" ions. Cu®* plays important
roles in many biological functions, while at high concentrations
also potentially causes some diseases such as gastrointestinal
disorders and liver/kidney damage.**~*° Although the sensitivity
for the detection of Cu®" is slightly higher at pH 7.0 than at 3.0,
mainly because Cu”®* ions interact more strongly with the
adsorbed histidine and the surface functional groups such as
amino and carboxylate, interference from Zn** ions is severe at
pH >3.0. In addition, formation of metal oxides is another
disadvantage. On the other hand, poor sensitivity and lower
stability of C dots at pH < 3.0 are disadvantageous.

To evaluate the selectivity of the four types of C dots toward
Cu** at pH 3.0, we determined their relative PL intensity
[(Tr — Iro)/Iro] at 505 nm in the presence of different metal ions
when excited at a wavelength of 420 nm. Fig. S67 shows the
selectivity of all four types of tested C dots toward various
metal ions at a concentration of 100 pM. Cu**, Hg>*, and Ag*
all induced significant PL quenching of the four types of C
dots. To mask the interferences from Hg>* and Ag" ions, Nal
was added. The solubility product (Kp) values of Hg,I, and Agl
are 4.6 x 10~>° and 8.3 x 10~"7, respectively, which are much
smaller than that (1.0 x 10~ ') of Cul. To minimize interfer-
ence from Ni**, in addition to Nal, citric acid that can form
stronger complexes with Ni** than with Cu®>" was added.?* In
the presence of 0.8 mM Nal and 1 mM citric acid, the I-C dot
probe provides high selectivity toward Cu®" ions (100 uM) over
the potential interfering metal ions (100 uM) as shown in
Fig. 4A. We note that the other three types of C dots also can be
used for selective detection of Cu** ions, with slightly higher
interference from some potential interfering species such as
Fe*". Hereafter, we only discuss quantitation of Cu>* using I-C
dots.
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Fig. 4B shows that the relative PL intensity of I-C dots
decreases upon increasing Cu®* ion concentration in the range
of 0-50 uM. The Cu** induced PL quenching is mainly through
an electron transfer process.*> The quenching efficiencies of C
dots and I-C dots induced by 100 pM Cu** are 65.2% and 65.6%,
respectively, ruling out strong interaction of the surface iodides
with Cu®*. The I-C dot probe exhibits linearity toward Cu®" ions
over the concentration range of 0.3-3 uM (R> = 0.98), with
a limit of detection (LOD) of 0.22 uM at a signal-to-noise ratio of
3. The LOD is lower than the tolerance level (20 uM) of Cu®" ions
in drinking water defined by the US Environmental Protection
Agency (EPA).* Table S2+ lists the linear ranges and the LODs of
different nanomaterial based probes toward the quantitation of
Cu”" ions, showing that a lower LOD is provided by the I-C dots
than that by the rest.>**® In addition, organic solvent is not
required when applying this simple assay. Having high selec-
tivity and a low LOD, the I-C dot probe holds great potential for
the quantification of Cu®" ions in real samples containing
complex matrixes.

3.8 Sensing mechanism

To provide more information about the specificity of I-C dots
toward Cu®" ions, a simple and sensitive electrochemical tool
(CV) was applied. A bare GCE exhibits a featureless CV curve
over the potential range from —0.6 to 0.8 V in the presence of
I-C dots (1 mL) as shown in Fig. S7A.T Faradaic or non-faradaic
reactions did not occur even when CVs were recorded over
a wide potential window (—0.6-1.3 V), revealing that the active
binding sites did not contribute to the electron transfer or
double layer capacitance. In a solution containing I-C dots and
Fe*" ions, oxidation or reduction peaks of Fe** ions were not
detected. After spiking Cu** ions (100 uM) into the solution, two
reduction peaks at ca. —0.1 and —0.31 V and one oxidation peak
atca. 0.1V appeared.® Peaks at —0.31 and 0.1 V are attributed to
the reduction and oxidation of Cu-histidine complexes,

B)
0.8
. s
0.6 3
=E - 0.4 =
< 0.4- ;I 2 ] 5
£ | 3 o
£
3 S "
0.2+ .®
$ S50 o5 1o 15 20 25 20
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O.C T T T T L L)
0 10 20 30 40 50

Concentration of Cu?* (uM)

Fig. 4 Selectivity (A) and sensitivity (B) of |-C dots towards Cu®* ions (100 uM) in phosphate buffer (20 mM, pH 3.0) containing 0.8 mM Nal and
1 mM citric acid. The concentrations of |-C dots in (A) and (B) are 0.01x and 0.001x, respectively. [rg and /¢ are the PL intensities of |-C dots at
505 nm in the absence and presence of Cu?*, respectively, when excited at 420 nm. The concentrations for the other metal ions are all 100 pM.
|-C dots were prepared from 0.63 M histidine solution at pH 9.0 containing 1 M Nal at 10 V for 2 h.
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respectively. Upon increasing Cu®* concentration, the reduction
peaks shifted to more negative potentials, revealing that Cu>*
ions were reduced to metallic copper (Cu®) at ca. —0.1 V. To
identify the interfacial changes during the formation of the
complex, EIS measurements were conducted. The Nyquist plot
of a bare GCE recorded in the presence of I-C dots with N,
purging is displayed in Fig. S7B.t The bare GCE exhibits a small
arc in the high frequency region due to strong adsorption of I-C
dots on the electrode surface. The arc diameter becomes
smaller in the presence of Cu®>* as a result of improved charge
transfer. CV and EIS results revealed the plausible binding sites
of Cu®" ions in I-C dots and the reduction of Cu®" ions to form
metallic copper, supporting our proposed sensing mechanism.
As shown in Table S1,t the oxygen content of I-C dots increased
significantly after reaction with Cu®" ions. As depicted in
Fig. $2,} the characteristic absorption peaks at 1640 cm ™" and
1596 cm™ ' disappeared after reaction with Cu®" ions, revealing
the oxidation of amide I groups on the surface of I-C dots.®> Two
new bands at 1289 and 2383 cm ™" are ascribed to the C-O and
CO, stretching vibrations, which revealed that the surface
functional groups of I-C dots were oxidized. The 2p;/, and 2p4,,
peaks at 932.3 and 952.1 eV in the Cu 2p spectrum are attributed
to the metallic copper, respectively (Fig. S31).%® There is a small
characteristic satellite peak around 942.0 eV for Cu 2p3/,, which
indicates that some unreacted copper ions were bound onto the
surface of I-C dots. All these results confirm that the I-C dots
were oxidized by the surface Cu®>" ions/complexes and metallic
copper was formed on the surface of I-C dots.

3.9 Real sample analysis

Practicality of the I-C dot probe was validated through the
determination of the concentrations of Cu®" ions in various real
samples, including tap water, lake water and sea water, using
a standard addition method. Fig. S8+ shows good linearity (R> =
0.98) of relative PL intensity [(Iro — I¢)/Iro] responses at 505 nm
toward spiked Cu®* ions over the concentration range from 0.3
to 3 uM. There was no obvious difference in the linearity and the
slope among the three samples, revealing negligible matrix
effects. Having high sensitivity and selectivity, this probe is
useful for quantitation of Cu”>* ions in water samples.

4. Conclusions

A simple and cost-effective electrochemical approach was
applied to prepare C dots from histidine under alkaline condi-
tions, which allows one to gain more information about the
formation of C dots. Upon increasing the reaction time, more C
dots were formed. Because the formation speed of C dots
increases upon increasing the electrolysis rate, larger amounts
of C-dots can be prepared in a short period of time from
precursors in high-conductivity media at a high voltage using
a large electrode. When compared to hydrothermal routes, this
electrochemical approach produces a much lower amount of
large particles. Halides induce surface defects, leading to
enhanced surface emission intensity, but they also cause PL
quenching through intersystem crossing. Having high
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sensitivity and selectivity, the I-C dot probe holds great poten-
tial for quantitation of Cu®" in complicated samples.
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