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(K5S,04, 0.1 M) aqueous solution was freshly prepared using

PBS (pH 8.0, 0.1 M). Double distilled water was used throughout.

Apparatus

All electrochemical and ECL experiments were carried out in a
conventional three-electrode cell with a modified glassy carbon
working electrode (GCE, diameter 3 mm), a Pt wire counter
electrode and a saturated calomel electrode (SCE) as reference
electrode. Cyclic voltammetric experiments were performed with
a CHI 760C electrochemical workstation (CHI, USA). The ECL
intensities were measured with MPI-ECL Analyzer (Xi’an
Remax Electronic High-Tech Ltd). The photomultiplier tube
(PMT) was biased at 800 V in the experiments.'” '* Morphologies
of the C-dots and Ag-C-dots were characterized by transmission
electron microscopy (TEM, JEM-2100). UV-vis spectra were
recorded on a shimadzu UV-2450 spectrophotometer (Tokyo,
Japan). The fluorescence (FL) spectra were performed on a
fluoromax-4 fluorescence spectrofluorometer (Horiba, USA).

Synthesis of C-dots

C-dots with an average size of ~5 nm used in this work were
synthesized according to the literature.'® Briefly, 1.1 g AA was
dissolved in 25 mL deionized water and 25 mL ethanol to form a
homogeneous solution. Then, 25 mL as-prepared solution was
transferred into autoclave and heated at 180 °C for 4.5 h and then
cooled to room temperature naturally. The dark brown solution
was extracted with dichloromethane. The water phase solution
was dialyzed by employing ester dialysis membranes for three
days to remove all impurity molecules. At last, the solution was
centrifuged at 8,000 rpm for 30 min, a brown yellow C-dots
aqueous solution was obtained.

Preparation of Ag-C-dots composite

C-dots, obtained from the pyrolysis of AA, contained abundant
carboxylic moieties which were suitable for metal ion Ag'
bounding by ion exchange or coordination reactions.'” The
procedure of synthesizing Ag-C-dots composite is illustrated as
follows: the as-synthesized C-dots (10 mL, 1.8 mg mL™") were
mixed with aqueous AgNOj; solution (2.5 mL, 10 mM) for a few

minutes, followed by the addition of NaOH solution (50 puL, 1 M).

The reaction was conducted under vigorous stirring at 37 °C for
24 h to obtain the Ag-C-dots composite.

Electrode modification and detection of S* ion via ECL

The introduction of S* ions to Ag-C-dots was conducted by
adding various concentrations of S* ions into 100 pL of Ag-C-
dots (4 mg mL™) to generate dispersions of the Ag-C-dots-Ag,S
composite by a vortex mixer for a few seconds. The final volume
of the mixture was adjusted to 200 pL with double distilled water.
A droplet of C-dots, Ag-C-dots or Ag-C-dots-Ag,S dispersion
with the same amount of C-dots was dropped on GCE,
respectively, and dried at room temperature to prepare C-
dots/GCE, Ag-C-dots/GCE and Ag-C-dots-Ag,S/GCE modified
electrodes. The ECL signals of Ag-C-dots-Ag,S/GCE related to
the different concentrations of S* ions were measured. The whole
ECL sensing strategy for S* ions is shown in Scheme 1.

55

60

6!

5

7

S

75

80

) 25525

$2<100uM

= \ =

3} Q Q

= = =
$2:>100uM

_J
0 20 40 60 [ 20 40 60 0 20 40 60
Time/s Time/s Time/s
@ C-dots £) Ag-C-dots X s>

Scheme 1 Proposed graphic for the detection of S* ions with Ag-C-dots
nanomaterial.

Results and discussion
Characterization

UV-Vis and FL spectra were used to characterize the obtained
Ag-C-dots, respectively. Fig. 1A shows UV-vis spectra of (a) C-
dots (2 mg mL™), (b) Ag-C-dots (2 mg mL™), and (c) Ag-C-dots
(2 mg mL™) in the presence of $* ions (500 pM). Curve a is the
typical UV-Vis spectrum of C-dots with the maximum adsorption
peak located at ~ 260 nm.*° Comparing to C-dots, curve b
exhibits another adsorption peak at ~430 nm, which is attributed
to the surface plasmon resonance of nanoAg.'® Fig. 1B is FL
spectra of (a) C-dots and (b) Ag-C-dots. With the excitation
wavelength of 350 nm, which is consistent with the absorbance
peak of C-dots in the wavelength range from 300 to 400 nm
(Inset of Fig.1A), the emission wavelength locates at 425 nm,
which owes to C-dots fluorescence as reported previously.'” The
obvious quenching effect of transmission metals in FL spectra
(Fig. 1B, curve b) indicated the formation of Ag-C-dots
nanostructures successfully.'®
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Fig. 1 (A) UV-vis spectra of (a) C-dots, (b) Ag-C-dots, and (c) Ag-C-dots (2
mg mL™) in the presence of $” ions (500 uM). Inset: Amplification of UV-
vis spectrum of C-dots. (B) FL spectra of (a) C-dots and (b) Ag-C-dots.
Inset (from left to right): image of water dispersion of C-dots and Ag-C-
dots under visible light.

The as-synthesized Ag-C-dots could be further confirmed by
electrochemistry. Comparing with no oxidative-reduction current
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peaks in the CV of C-dots modified electrode (Fig. 2, curve a),
the CV of Ag-C-dots modified electrode in 0.1 M PBS (pH 7)
within the potential range of -0.1~0.5 V exhibits a typical pair of
oxidative-reduction peaks of nanoAg (Fig. 2, curve b), indicating
the existence of nanoAg on Ag-C-dots composite.
To observe the morphologies of the prepared C-dots and Ag-C-
dots, TEM was performed. TEM images show that the C-dots are
mostly of spherical shape and dispersed rather evenly on the grid
surface with the average diameter of ca. 5 nm (Fig. 3, a). The
10 presence of carboxylic groups on the surface of C-dots was
supported by the FT-IR spectrum (data not shown). Ag ions are
easily bound to the peripheral carboxylic moieties of C-dots by
ion exchange or coordination reactions.'® After reduced by NaOH,
the color of the solution gradually changed from light brown to
1s dark red (the inset of Fig. 1B), which demonstrated the formation
of Ag nanostructures in the C-dots solution. Meanwhile, it is
worth noticing that no nanoAg was observed at the above
reaction system in absence of C-dots. Furthermore, it could be
observed that C-dots were obviously gathered around nanoAg
20 structure from the TEM image of Ag-C-dots composite (Fig. 3, b),
which suggests that C-dots not only take the responsibility to
enrich Ag ions to facilitate the reduction reaction, but also act as
protective coatings to ensure the production of nanoAg.
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25 Fig. 2 CV of C-dots (a) and Ag-C-dots (b) modified electrodes in 0.1M PBS
(pH 7.0).

Fig. 3 TEM images of C-dots (a) and Ag-C-dots (b).

30 ECL behaviors of C-dots/GCE and Ag-C-dots/GCE

The electrochemical and ECL behaviors of C-dots/GCE and Ag-
C-dots/GCE were investigated by CV. Fig. 4A shows the ECL
intensities vs. potential curves for C-dots/GCE and Ag-C-
dots/GCE in 0.1 M PBS (pH 8) without and with 0.1 M K,S,0s,
35 respectively, at a scan rate of 50 mV s™! within the scan range
from 0 to -2.0 V. As expected, no obvious ECL emissions can be
observed on both of C-dots/GCE (curve a, Fig. 4A) and Ag-C-
dots/GCE (curve b, Fig. 4A) in the absence of K,S,0g as co-

reactant. After the addition of 0.1 M K,S,0sg, an ECL emission of
40 peak potential located at -1.93 V appeared on C-dots/GCE with
the onset potential of -1.26 V (curve c, Fig. 4A). Meanwhile, a
stronger ECL emission with of potential located at -1.87 V was
obtained on Ag-C-dots/GCE with the onset potential of and -0.76
V (curve d, Fig. 4A).
4s The ECL intensity of Ag-C-dots/GCE was 12.8-fold higher than
that of C-dots/GCE with the positive shifts of onset voltages and
ECL peak potentials, which are attributed to the better
conductivity of nanoAg and more compact film formed by the
cross-linking between nanoAg and C-dots. It was reasonable that
so nanoAg could act as a conducting bridge between C-dots and the
electrode to increase the conductivity, thus enhancing the ECL
intensity effectively. The ECL emission mechanism was caused
by electron transfer annihilation between an anionic quantum dot
radical (R™) and the electrogenerated SO, "."* The corresponding
ss ECL processes are described as follows:

Ag-C-dots + ne — nAg-C-dots - ° (1)
S,05 +e - — SO~ + S0, - Q)
nAg-C-dots -~ + SO, - ~ — Ag-C-dots* + SO~ (3)
Ag-C-dots* — Ag-C-dots + v 4)

0 The ECL behavior by S* ions effect

Fig. 4B shows the ECL behaviors of solid-state Ag-C-dots after
the introduction of S* ions. It is very interesting to observe that
the ECL intensity increased (curve b) after the introduction of
small amount of S* ions (less than 100 pM), but further addition
os of S* ions leads to the ECL intensity decreasing (curve c). The
phenomenon is proposed to be related to the synergetic effects of
nanoAg functions in Ag-C-dots-Ag,S system. In fact, nanoAg has
two reverse aspects to affect C-dots ECL behaviors. In one aspect,
nanoAg can act as a conducting bridge between C-dots and the
70 electrode to increase the conductivity, thus enhancing the ECL
intensity effectively. On the other hand, nanoAg can quench the
excited state of C-dots by electron transfer, thus decreasing the
ECL intensity, which is similar as its FL quenching effect as
shown in Fig. 1B.
7s The surface of the Ag-C-dots possess a small amount of Ag
cations/atoms, which have strong and specific interactions with
S* ions.?' With the addition of S* ions, Ag,S should be produced
immediately to cover nanoAg. The formation of Ag,S coating
causes the decreasing of conductivity due to the semiconductor of
50 Ag,S. At the same time, the formation of Ag,S on the surface of
the Ag-C-dots could effectively weaken Ag-C-dots bonding to
rescue the excited state of the C-dots. To further improve the
above suggestions, the optical properties of Ag-C-dots were
performed after the introduction of S* ions. Firstly, UV-Vis
ss spectra were used to monitoring the interaction. It could be
observed that the characteristic surface plasmon resonance band
of nanoAg centered at ~430 nm was gradually disappeared with
the consecutive addition of S* ions, and that a broad absorbance
band for the Ag,S appeared from the UV-vis spectra (Fig. 4C),
o0 confirming the existence of Ag,S formation.?? Likewise, the FL
intensity (Fig. 4D) gradually increased as the concentration of S*
ions increased, and tended to level off at 100 pM of the S% ions,
indicated that the formation of Ag,S on the surface of the Ag-C-
dots could effectively weaken Ag-C-dots bonding to rescue the
os FL of the C-dots, and which are consistent with the ECL behavior
(Fig. 4B).
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Fig. 4 (A) ECL vs. potential curves of Ag-C-dots/GCE (a, d) and C-dots/GCE
(b, c) in 0.1M PBS (pH 8.0) without (a, b) and with 100 mM K;S,0s (c, d).
Inset: the corresponding CV curves, scan rate: 50 mV st (B) ECL vs.
potential curves of (a) Ag-C-dots, (b) Ag-C-dots with 100 uM S> and (c)
with 500 pM S” ions on GCE in 0.1 M PBS (pH 8.0) with 100 mM K;S,0s.
(C) and (D) The UV-vis and FL spectra of Ag-C-dots for the different
concentrations of S” ions.

The detection of S* ions by ECL

As discussed above, the detection of S* ions based on the ECL of
Ag-C-dots-Ag,S/GCE includes two linear correlations as the
concentration of S* ions increased. When the concentration of $*
ions below 100 uM, the ECL intensity of the Ag-C-dots gradually
increased as the concentration of S* ions increased, but the
concentration of S* ions above 100 pM, the ECL intensity of the
Ag-C-dots gradually decreased as the concentration of S*
increased.

Under the optimized conditions, a semi-logarithmic dependence
was obtained between the ratio of the ECL change and S* ions
concentration (Fig. 5A, 5B). The ECL intensity varies linearly
with the concentration of S* ions in two concentration regions,
one from 0.05 to 100 uM, another from 100 to 500 uM and the
limit of detection (LOD) for $* ions, at a signal-to-noise ratio of
3, was estimated to be 0.027 uM (~1 ppb), which was much
lower than the maximum level of S* ions in drinking water
permitted by the World Health Organization (WHO), namely 15
1M (500 ppb).> This approach provided a high sensitivity that
was much better than those reported for S ions sensors based on

optical sensors.'” 2+
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Fig. 5 (A) and (B) the linear relationship between the degree of ECL
intensity change and S* jons concentration.

Considering the promise of the Ag-C-dots sensor system for

35 application in biological and environmental fields, the selectivity

of the sensor for S” ions was evaluated. The high specificity of
Ag'~S?% interactions”' provided the excellent selectivity of this
method towards detecting S* ions over other environmentally
relevant metal ions. Under the optimal conditions, a series of

40 anions were investigated under similar conditions for the

detection of S* ions (500 uM), such as SCN’, Ac, PO,*, NO;,
CO+%, F, CI, T, ClOy, SO5%, and SO4* (each 1000 uM), and Br’
was 700 uM. As shown in Fig. 6, S* ions showed a significant
quenching ECL intensity of the Ag-C-dots, while other anions

45 presented only a slight quenching effect.

The significant interference from I' may be attributed to the
formation of the Agl, which its K, is 8.3 X 107 M22¢ To
minimize the interference from I ions, further investigation
demonstrates that S,05> as a I masking agent is able to capture I’

so from the Agl precipitation, and I” reacted with S,0¢% to form I,

and SO,.*" As expected, the interference from I ions for the Ag-
C-dots probe toward S* ions is negligible in the presence of
S,04> (Fig. 6). The above results validate that the method meets
the selectivity requirements of the S> ions assay in environmental

ss fields.
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Fig. 6 Selectivity of the ECL assay for S ions over other substances.

Conclusion

In summary, the Ag-C-dots composite has been prepared using a

e simple method of direct alkaline reduction in C-dots and AgNO;

mixed solution. The obtained Ag-C-dots nanomaterial exhibit
good dispersion and can increased ECL intensity compared with
C-dots. The ECL intensity of Ag-C-dots is much changed through
the interaction between S* ions and the Ag atoms/ions on the

os surface of the Ag-C-dots. Therefore, a sensitive ECL sensing

platform to detect S* ions was fabricated based on the above
mechanism. The immobilized technique and the detection
methodology is stable, versatile, and rapid, which can be further
developed for other environment assays.
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