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a b s t r a c t   

Quantum dots (QDs) are intensively studied and developed for the detection of toxic heavy metal ions, 
notably Cd2+. However, a severe drawback is that the probing QDs themselves often are based on highly 
toxic elements, such as Pb or Cd. Here, we report on a one-step aqueous synthesis of more benign and 
hydrophilic AgInZnS QDs using 3-mercaptopropionic acid as a ligand with a high photoluminescence 
quantum yield of up to 41%, which were successfully employed as a fluorescent probe with a turn-on mode 
for detection of Cd2+ in aqueous solutions. Specifically, we determine that the effective detection range of 
Cd2+ in aqueous solution is 0.1–290 μM, with the lower limit of detection being 37.8 nM. We further es
tablish that the excellent turn-on detection of Cd2+ is due to that surface defects on the AgInZnS QDs are 
effectively passivated by the Cd2+, as verified by a prolonged fluorescent lifetime and an increased photo
luminescence quantum yield. We finally demonstrate that the AgInZnS QD probe is capable of detecting 
Cd2+ in lake water samples, and that it meets the WHO standard. 

© 2020 The Authors. Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Water contamination by heavy metals has turned into a global 
environmental problem, because it severely threatens important 
eco-systems and the health of human beings [1–3]. Cadmium ions 
(Cd2+) are one of the most common problematic water pollution 
sources, since it is a common and highly toxic constituent in, e.g., 
discarded batteries, e-waste and fuel combustion residues. Excessive 
intake of, or high exposure to, Cd2+ can result in high blood pressure, 
maladjustment of the kidney function, and several kinds of cancers  
[4,5]. For instance, the US National Toxicology Program and the In
ternational Agency for Research on Cancer [6–8] has listed cadmium 
as a carcinogenic element for humans beings, and the World Health 
Organization (WHO) has established that the maximum Cd2+ con
centration in bottled water is 40 nM [9]. Thus, it is paramount to be 
able to accurately detect the concentration of Cd2+ in drinking water 
and freshwater. 

Fluorescence spectroscopy has ignited the development of 
fluorescent probes for metal ion detection because of its high 

sensitivity, low cost, operational simplicity, and excellent selectivity  
[10–16], and several functional fluorescent probes based on organic 
fluorophores or quantum dots (QDs) for Cd2+ detection have been 
reported [17–23]. QDs exhibit numerous advantages over organic 
fluorophores in the form of a broad absorption spectrum, narrow 
emission spectrum, and easy tunability of the emission over a broad 
wavelength range [18,21,24–27]. The Cd2+ detection by QDs has also 
been widely studied. For instance, Banerjee and colleagues used 
CdS:Mn/ZnS QDs as a Cd2+ probe for fluorescence quenching de
tection by electron transfer [28]. Wang et al. reported hydrophilic 
CdTe QDs for detection of Cd2+ or Zn2+ in water by the formation of a 
passivation shell for enhanced fluorescence [22]. Wang and co- 
workers reported a ratiometric fluorescent probe for the detection of 
Cd2+ by the ratio of two different fluorophores [29]. Although these 
probes exhibited high sensitivity and good selectivity for the de
tection of the metal ion of interest, the constituent QDs contain 
highly poisonous Cd2+ [30], which limits their practical applications. 

One less toxic alternative to the Cd-based QDs is the ternary 
I–III–VI QDs. In particular, AgInS2 QDs have demonstrated great 
potential in fluorescent bio-imaging [31,32] and sensing [33]. Zn 
doping, or ZnS shell formation, will in addition significantly enhance 
the fluorescence of the ternary AgInS2 QDs (hereafter termed 
AgInZnS QDs) [34,35]. Oil-dispersible AgInZnS QDs can be synthe
sized with the hot-injection method and be transformed into being 
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aqua-dispersible via the oil-in-water phase transfer method. With 
this approach, we have synthesized aqua-dispersible AgInZnS QDs 
for Cu2+ detection with high selectivity [25] and potential real-time 
monitoring by combination with an optical fiber [36]. The AgInZnS 
QDs can be also synthesized with a more facile, environmentally 
friendly, and cost-effective aqueous synthesis route. The photo
catalytic activity for rhodamine degradation of these AgInZnS QDs 
through a one-step synthesis using glutathione as a stabilizing agent 
under nitrogen protection at 95 °C was measured under ultraviolet 
irradiation [37]. Zheng and coworkers reported on the aqueous 
synthesis of highly fluorescent AgInZnS QDs in the presence of 
polyacrylic acid and mercaptoacetic acid for biological labeling of 
baculoviral vectors [38]. We also note a few studies on the use of 
AgInZnS QDs as a Cd2+ probe. Wei et al. developed a Cd2+ probe 
based on the aggregation-induced fluorescence enhancement of 
thioacetamide (TAA) capped AgInZnS QDs, with a detection range 
from 0.025 mM to 2 mM and a limit of detection (LOD) of 1.56 μΜ  
[39]. Although the detection range was wide, the LOD was sig
nificantly above the WHO standard. Therefore, the challenge of ac
curately detecting small concentrations of toxic Cd2+ in an eco- 
friendly manner remains. 

Herein, we report on the facile synthesis of highly fluorescent 
AgInZnS QDs in water, and on the application of the as-synthesized 
QDs as a fluorescent turn-on probe for the detection of Cd2+ in 
aqueous solution. The presence of Cd2+ in the water solution results 
in a significant increase of the fluorescence from the AgInZnS QD 
probe through the passivation of surface defects on the AgInZnS QDs. 
The probe is capable of accurately measuring the concentration of 
Cd2+ ions within a range from 0.1 μM to 290 μM and with a LOD of 
37.8 nM, and it exhibits a relative standard deviation (RSD) of 1.38% 
and an excellent selectivity to Cd2+. We further demonstrate the 
merit of the AgInZnS QD probe through its successful high-accuracy 
and high-consistency detection Cd2+ ions in lake water samples. 

2. Experiment 

2.1. Synthesis of the hydrophilic AgInZnSQDs 

The AgInZnS QDs were synthesized using a previously published 
method [40]. In a typical run, 0.2 mL AgNO3 (≥99.999%, Sigma-Al
drich) at a concentration of 0.2 M in deionized water (DIW), 2 mL 
indium acetate (99.99%, Sigma-Aldrich) at a concentration of 0.05 M 
in DIW, 1 mL zinc acetate (99.99%, Sigma-Aldrich) at a concentration 
of 0.05 M in DIW, and 5 mL 3-mercaptopropionic acid (MPA, ≥99%, 
Sigma-Aldrich) at a concentration of 0.2 M in DIW were added in a 
100 mL two-neck flask. After the mixture was vigorously stirred for 
10 min to obtain homogeneous solution, 1 mL NaOH (≥99.99%, 
Sigma-Aldrich) at a concentration of 1 M was dropped until the pH 
became 9.5. Then, 2 mL Na2S·9H2O (99.99%, Sigma-Aldrich) at a 
concentration of 0.2 M in DIW was quickly injected into the solution, 
which was heated to 100 °C with reflux for 4.5 h. After two-time 
centrifugation and washing using ethanol and DIW, the AgInZnS QDs 
with a concentration of 10 g/L in DIW or dried powder were obtained 
for further usage. All the chemicals were directly used in the ex
periments without further special treatment. 

2.2. Characterization 

The transmission electron microscopy (TEM) images were re
corded with a thermal field emission TEM (ZEISS LIBRA 200 FEG). 
The Fourier transform infrared (FTIR) spectra were measured by 
Nicolet IS5 FTIR. The fluorescence spectra were recorded using a 
fluorescence spectrophotometer (Cary Eclipse G9800A). The re
ference Cd2+ concentration was measured by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES, Shimadzu). The 
quantum yield (QY) and the fluorescence lifetime of the AgInZnS 

QDs in DIW were obtained by fluorescence spectroscopy (FLS-980, 
Edinburgh). The zeta potential of the AgInZnS QDs was measured 
with Malvern Zetasizer Nano-ZS. 

2.3. Procedures and optimization for Cd2+ detection 

The influence of the pH on the fluorescence intensity of the 
AgInZnS QDs was established with the following procedure. 
Typically, 0.04 mL of the as-prepared AgInZnS QD-in-DIW solution 
(10 g/L) and 1 mL phosphate buffer salines (PBS, Sigma-Aldrich) with 
different pH were mixed with DIW into a total volume of 4 mL. The 
final pH values of the mixtures range from 5.6 to 11.5 depending on 
the type of added PBS, and the corresponding fluorescence spectra 
revealed the ideal pH value. 

For the detection of Cd2+, 0.04 mL of the as-prepared AgInZnS 
QD-in-DIW solution (10 g/L) and 1 mL PBS (pH=7.4), and the same- 
volume of Cd2+ stock solution with different concentration were 
added into test tubes, which were then diluted with DIW to a total 
volume of 4 mL. The type PBS was selected to make the pH value of 
the sensing system being 7.4. After 8-min vortex to guarantee the 
complete reaction between AgInZnS QDs and Cd2+, the fluorescence 
spectra were recorded. To investigate the time response of the 
AgInZnS QDs to the existence of Cd2+, fluorescence spectra of the 
mixture were measured under the same condition. Note that the 
Cd2+ stock solutions with different concentrations were prepared by 
dispersing CdCl2 (99.99%, Sigma-Aldrich) in DIW, and that the other 
metal ion stock solutions were prepared by dispersing the corre
sponding chloride salts in DIW. For the selectivity experiments, the 
procedures are the same as that of Cd2+, except for the usage of 
different stock solutions. 

To test the practical application of the probe, the Cd2+ con
centrations in the lake water sample were measured with both the 
present method and with ICP-AES as a reference. The sample pre
paration followed the same procedure as above, with the exception 
of that DIW was not needed. 

3. Results and discussion 

3.1. AgInZnS QD characterization 

The MPA capped AgInZnS QDs were synthesized in water using 
the method outlined in the Experimental section. The morphology of 
the AgInZnS QDs was investigated by TEM (Fig. 1a), which shows 
that the AgInZnS QDs feature a spherical shape with an average 
diameter of about 4 nm, and that no signs of aggregation can be 
observed. Fig. 1b shows the FTIR spectrum of the AgInZnS QD 
powder, which reveals information as regards to the surface ligands. 
The broad vibration peak at 3400 cm−1 corresponds to the –OH 
stretching vibration, while the band at ~2900 cm−1 is due to CH2 

stretching. The two absorption bands at 1397 cm−1 and 1559 cm−1 

are assigned to the −COO− carboxyl group. More importantly, the 
absence of a vibration band at 2570 cm−1, corresponding to the –SH 
group, shows that the thiol covalent bond in MPA has been broken 
during the formation of the AgInZnS QDs [40,41]. 

Now we turn our attention to the optical properties of the 
AgInZnS QDs in solution. Fig. 1c shows the UV–vis absorption and 
fluorescence spectra, from which we can draw three conclusions: (i) 
The AgInZnS QDs feature no distinct absorption peak in the mea
sured range of 300–700 nm. (ii) The full width at half maximum of 
the fluorescence spectrum is very broad at ~110 nm, which we assign 
to an inhomogeneous composition of the QDs [42,43]. (iii) The 
Stokes shift is large at >  125 nm, which is assigned to intra-band-gap 
emission of donor-acceptor-pair recombination and surface-state 
recombination; more discussion on this topic can be found in an 
earlier publication [40]. We note that these are common character
istics of quarternary AgInZnS QDs, which are consistent with earlier 
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reports [44–47]. The hydrophilic AgInZnS QDs show strong yellow 
emission when illuminated by ultraviolet light (inset of Fig. 1a), and 
QD solution features a high QY of up to 41%, which is comparable to 
the QY of the hydrophobic AgInZnS QDs synthesized by the hot-in
jection method [35,48]. Nevertheless, the less-than-unity QY means 
that non-radiative or poorly emissive recombination pathways exist  
[49], and it is plausible that surface defects can be passivated by 
introduction of foreign species. In such a scenario, the hydrophilic 
AgInZnS QDs can function as a fluorescent turn-on probe. The sto
rage stability of the AgInZnS QDs was measured by monitoring the 
time evolution of the peak fluorescence intensity at 556 nm (Fig. S1), 
and we find that the fluorescence is essentially unchanged after a 
three-month storage under ambient. This is indicative of an ex
cellent stability, which is a critical parameter in metal detection 
applications. 

3.2. Optimization of experimental conditions 

We evaluated the effect of pH on the fluorescence capacity of the 
AgInZnS QD solution (4 mL of 0.1 g/L in DIW, hereafter termed the 
probe) in order to identify the optimum detecting condition. Fig. 2a 
shows the peak fluorescence intensity as a function of pH for the 
probe. We find that an increase in pH from 5.6 to 7.4 results in a 
consistent increase of the fluorescence intensity, but that even 
higher values for the pH (in the range from 7.4 to 11.5) leaves the 
fluorescence capacity essentially intact. The lower fluorescence in
tensity under acidic condition is attributed to the protonation of the 
thiolate and carboxyl groups on the MPA capped AgInZnS QDs  
[50,51]. Neutral and basic conditions, on the other hand, promote the 

deprotonation of the –SH group, which strengthens the interaction 
between the QD core and the MPA ligand and contributes to the 
passivation of surface defects on the QDs surface [50]. In con
sideration of the goal of measurements in physiologically and en
vironmentally relevant solutions, and the potential formation of Cd 
(OH)2 precipitates under strongly basic condition, a pH value of 7.4 
was employed in the present study. We also note that the fluores
cence from earlier MPA-capped QDs is reported to be more sensitive 
to changes in pH [17,52,53], which is in line with the different syn
thetic condition and the differences in composition and ligand-core 
interaction [54,55]. 

In many practical applications the response time of the probe is 
important. Fig. 2b presents the time evolution of the QD fluores
cence intensity following the addition of 250 μM Cd2+, and we find 
that the fluorescence intensity gradually increases during the first 
8 min, and then is kept constant during the remainder of the ex
periment (up to 45 min). This response of the probe is faster than in 
earlier reports on Cd2+ probes based on ZnSe [50] and CdTe/CdS [56]. 
In subsequent experiments, the QD solution was stirred for 8 min in 
order ensure a complete reaction between the QDs and the Cd2+. 

3.3. Cd2+ detection 

After having optimized the experimental conditions, we now 
move to the Cd2+ detection. Fig. 3a shows the dependence of the 
fluorescence spectrum and the intensity of the probe on the [Cd2+] 
range of 0–290 μM, and Fig. S2 presents the corresponding fluores
cence response in the lower [Cd2+] concentration range of 0–2.5 μM. 
We call attention to that the presented [Cd2+] is the actual Cd2+ 
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Fig. 1. (a) TEM micrograph of a AgInZnS QD film formed by drop-casting an AgInZnS QD-in-DIW solution on a carbon grid. The circumferences of the AgInZnS QDs were marked 
with dashed circles on the basis of the QDs being crystalline while the background is amorphous. (b) FTIR spectrum of the AgInZnS QD powder. (c) The absorption and 
fluorescence spectra of the AgInZnS QDs in DIW with a concentration 0.1 g/L. The inset photograph shows the same AgInZnS QD-in-DIW solution in a cuvette under UV irradiation 
(365 nm). 

Fig. 2. (a) pH effect on fluorescence of the probe. (b) Time response of the probe in the presence of 250 μM Cd2+ ions. In both (a) and (b) fluorescence intensity at 556 nm of the 
probe was recorded. 
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concentration in the probe. The fluorescence spectrum is invariant to 
the [Cd2+], whereas the intensity is gradually increasing within the 
[Cd2+] range from 0.1 to 290 μM. However, it should be noted that the 
fluorescence intensity remains constant when the [Cd2+] is larger 
than 290 μM (data not shown). The photographs in the inset of  
Fig. 3a show the UV-illuminated probe in the presence of 
290 μM Cd2+ (right) is much brighter than that in the absence of Cd2+ 

(left), as is also evidenced by the increased QY to 49% from 41% by 
290 μM Cd2+. To quantitatively depict the relation between the probe 
and the (Cd2+) quencher, we fitted two linear equations to the low- 
concentration and high-concentration experimental data using Eqs. 
(1) and (2), respectively: 

= + +I/I 1.00 64270.00*[Cd ]0
2 (1)  

= + +I/I 1.17 2950.00*[Cd ]0
2 (2)  

Herein, I and I0 are the peak fluorescent intensity at 556 nm of 
the probe with and without Cd2+, respectively. Both fits exhibit a 
high coefficient of determination (R2 > 0.99). In the low [Cd2+] range 
of 0.1–2.5 μM, the probe has higher sensitivity (64,270.00/M) in 
comparison to the lower sensitivity (2950.00/M) in the higher [Cd2+] 
range of 2.5–290 μM. We suggest, in line with earlier reports [20,57], 
that the lower sensitivity in the higher-concentration regime is due 
to steric/charge shielding processes, which reduces the access to 
sites on the QD surface for Cd2+. We further find that the lower LOD 
of Cd2+ is 37.8 nM calculated according to 3σ/S, where σ is the 
standard deviation of blank samples (n = 10) and S is the sensitivity 
of the probe in the low detection range (0.1–2.5 μM). Table 1 sum
marizes data from a number of recent publications on QD fluor
escent probes for Cd2+ detection, and it is clear that the probe in this 
study features the lowest value for the LOD. We also note that this 
implies that the probe fulfills the WHO standard as mentioned in the 

introduction [9]. We further establish that the RSD for six separate 
replicate experiments with 290 μM Cd2+ is 1.38% (See Table S1), 
which demonstrates that the probe exhibits good repeatability. We 
finally wish to call attention to that the turn-on detection in the 
present study is more practical than a turn-off detection, because of 
its effective elimination of false positives [58]. 

3.4. Detection mechanism 

To obtain information and understanding on the mechanism for 
the probe turn-on, we performed fluorescence decay time mea
surements. Fig. 4 presents the fluorescence transients of the probe in 
the absence and presence of Cd2+. Both transients can be well fitted 
by the double-exponential function: 

= +exp expI(t) A –
t

A –
t

1
1

2
2 (3)  

Herein, 1 and 2 are the lifetimes of two different fluorescent 
emission pathways, while A1 and A2 represent their respective re
lative weights at t = 0. For the AgInZnS QDs in this study, the slower 
decay time ( )2 can be ascribed to the emission of donor-acceptor- 
pair recombination. The faster decay time ( )1 corresponds to the 
recombination of surface trap states, which originate from vacancies 
or dangling bonds, whose occurrence signifies the existence of sur
face defects in the QDs [45,63,64]. Table S2 shows the fitting results, 

Fig. 3. (a) Fluorescence spectrum dependence of the probe on [Cd2+]; inset shows photographs of the probe without (left) and with (right) of 290 μM Cd2+ under UV irradiation. (b) 
The fitting plots for the probe as the function of [Cd2+] at a low concentration range (0.1–2.5 μM, red line marked with a red square) and a high concentration range (2.5–290 μM, 
green line marked with a green upper triangle); inset shows the enlarged fitting graph corresponding to the low concentration range; I and I0 are the peak fluorescence intensities 
at 556 nm of the probe with and without Cd2+, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.) 

Table 1 
Summary of previous publications of various QD fluorescent probe for Cd2+ detection.      

QDs Range (μM) LOD (μM) Ref.  

CuInS2 0.8–7.2 0.19 [17] 
InP 0.2–100 0.10 [28] 
CdTe 1.3–25 0.5 [59] 
CdS:Mn/ZnS 0–1000 μM range [22] 
CdSe/ZnS 0–50 0.15 [60] 
Zn:CdS 0.3–6.0 0.1 [61] 
Anthral tetra acid μM range μM range [62] 
TAA–AgInZnS 25–2000 1.56 [39] 
MPA–AgInZnS 0.1–290 0.0378 This work 
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Fig. 4. Fluorescence decay profiles of the probe without Cd2+ (solid black squares) and 
with Cd2+ (red solid circles). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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where the average lifetimes were calculated with the equation 
= A A/av i i i i

2 [65]. The average lifetime of the probe is found to 
increase from 262.55 to 292.33 ns following the introduction of 
290 μM Cd2+. Moreover, the fitting analysis reveals that the fraction 
of emissive short-lived surface trap states decreases from 11.00% to 
5.24% while the long-lived donor-acceptor pair emission becomes 
even more dominant (increasing from 89.00% to 94.76%). Besides, 
the introduction of 290 μM Cd2+ increases the QY of the probe from 
41% to 49%. Fig. S3 also shows that the Zeta potential of the AgInZnS 
QDs in solution is − 44.3 mV. 

In combination, these results suggest that the Cd2+ ions are ad
sorbed onto the negatively charged AgInZnS QDs via electrostatic 
interactions, and that this adsorption effectively passivates the sur
face trap states of the QDs. This in turn lowers the (poorly emissive 
and short lived) surface-state recombination pathway and boosts the 
(highly emissive and long-lived) donor-acceptor pair recombination. 
As a consequence, the fluorescence signal and QY are enhanced, and 
the fluorescence lifetime is elongated. These observations are con
sistent with other QD-based Cd2+ probes [14,19,24], which find that 
the fluorescence signal increases as the [Cd2+] increases, but then 
levels off due to the complete passivation of the surface defects [66]. 

3.5. Selectivity and practical applications 

The selectivity of the probe for Cd2+ detection was investigated 
by measuring the fluorescence response of the probe for a large 
number of other metal ions, including Ni2+, Zn2+, Na+, Mn2+, Cu2+, 
Fe3+, Fe2+, Mg2+, Hg2+, K+, Ag+, and Pb2+. Fig. 5 shows the relative 
fluorescence intensity change I/I0 of the probe following the addition 
of different metal ions into the probe solution at the same con
centration of 290 µM. I and I0 represent the measured peak fluor
escence intensity at 556 nm of the probe with and without the metal 
ion, respectively. To our satisfaction, we find that it is only the ad
dition of Cd2+ that results in an enhancement of the fluorescence 
signal, while the addition of the other cations resulted in an intact or 
slightly lowered fluorescence signal. Thus, the probe features an 
excellent selectivity for Cd2+ detection. 

We assign the unique fluorescence-enhancement capacity of the 
Cd2+ to two factors: (i) its 4d10 valence electron configuration pro
hibits fluorescence-quenching energy and electron transfer process 
because of the lack of low energy metal-centered or charge-sepa
rated excited states on Cd [67]; (ii) it can effectively passivate the 
(poorly emissive) surface detects on the QDs, so that the emission 
instead can take place from the (highly emissive) donor-acceptor- 
pair recombination. In this context, we mention that Zn2+ also ex
hibits a similar 3d10 valence electron configuration, and speculate 
that its weak influence on the fluorescence capacity of the probe is 
due to a weak affinity for Zn2+ to the surface ligands of the probe  
[14,19,24]. 

The practical potential of the probe for Cd2+ detection in real- 
world applications was investigated by measurements on a number 
of lake water samples after spiked with the Cd2+. Table 2 shows that 
the probe is capable of accurately determining a wide variety of 
concentrations of Cd2+ in such lake-water samples, and that it in fact 
performs on par with the standard detection method of ICP-AES. 

4. Conclusions 

We report on a facile one-step aqueous synthesis of benign and 
hydrophilic AgInZnS QDs with a high QY up to 41%, which were 
successfully employed as a fluorescent turn-on probe for detection 
of Cd2+ in aqueous solutions. Specifically, we determine that the 
effective detection range of Cd2+ in water solution is 0.1–290 μM, 
with the lower LOD being 37.8 nM. We further establish that the 
excellent turn-on detection of Cd2+ is due to that surface defects on 
the AgInZnS QDs are effectively passivated by the Cd2+, as verified by 
a prolonged fluorescent lifetime and an increased QY. We finally 
demonstrate that the AgInZnS QD probe is capable of detecting Cd2+ 

in lake water samples, and that it meets the WHO standard. 
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Table 2 
Cd2+ detection in lake water samples by our probe and ICP-AES.       

Method Added (μM) Measured (μM) Recovery (%) RSD (%) (n = 3)  

Our probe  0.5  0.48  96.0  3.2  
5.0  5.1  102  2.8  

50  48.8  97.6  3.5  
200  204.8  102.4  2.9 

ICP-AES  0.5  0.51  102  3.1  
5.0  4.8  96  3.2  

50  49.1  98.2  2.7  
200  194.8  97.4  3.6 
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