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Although many plasmonic nanosenosrs have been established for the detection of mercury(ll) (Hg"),
few of them is feasible for analyzing natural samples with very complex matrices because of insuffi-
cient method selectivity. To address this challenge, we propose an epitaxial and lattice-mismatch ap-
proach to the synthesis of a unique Au/Ag,S dimeric nanostructure, which consists of an Au segment
with excellent plasmonic characteristics, and a highly stable Ag,S portion with minimum solubility prod-
uct (Ksp(Ag,S)=6.3 x 107%). The detection relies on the chemical conversion of Ag,S to HgS when react-
ing with Hg?*, resulting in a red shift in the absorption band of the connecting Au NPs. The concurrent
color changes of the solution from gray purple to dark green and finally to navy correlate well with Hg?*+
concentration, thus enables UV-vis quantitation and a naked-eye readout of the Hg?* concentration. This
method exhibits superior selectivity towards Hg?* over other interfering ions tested because Hg?+ is the
only ion that can react with Ag,S to form HgS with even smaller solubility product (Ks,(HgS) =4 x 10-33).
The detection limit of this method is 1.21 umol/L, calculated by the signal-to-noise of 3. The practicability
of the method was verified by analyzing the Hg?" in sewage water samples without sample pretreatment
with satisfactory recoveries (93.1%-102.8%) and relative standard deviations (1.38%-2.89%). We believe this
method holds great potential for on-the-spot detection of Hg?* in environmental water samples with

complex matrices.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Environmental pollution and diseases caused by heavy metals
and their compounds have been one of the major global public
health concerns, especially mercury pollution [1-3]. Mercury is a
highly toxic pollutant, which can get into the body via skin contact
or diet and destroy the human central nervous system, immune
system, kidney function, etc. In the meantime, it can be enriched
and amplified in organisms through food chain [4,5]. Hence the
detection of the mercury content in environment is necessary for
protecting human health.

Conventional approaches for the detection of HgZt include
atomic absorption spectrometry [6], atomic fluorescence spec-
troscopy [7-9], inductively coupled plasma mass spectrometry
(ICP-MS) [10], and inductively coupled plasma atomic emission
spectrometry (ICP-AES) [11], etc. These methods are always sensi-
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tive and selective, and can satisfy the qualitative or quantitative
detection of mercury. However, most of them require costly and
cumbersome instruments, skilled technicians, and time-consuming
pretreatment processes, which greatly limits their application in
real-time and on-site detection.

Colorimetry has found broad application for on-the-spot de-
tection of a wide range of analytes, because of its simple op-
eration, visual readout and low instrument requirements [12]. In
addition to organic dyes applied in conventional colorimetric ap-
proaches, plasmonic nanoparticles (NPs) have been widely de-
signed as nanoprobes for colorimetric sensing, as a result of their
tunable localized surface plasmon resonance (LSPR) effects [13].
The intensity and frequency of LSPR are strongly associated with
the size, composition, morphology, the dielectric properties of the
nanoparticles, and dielectric environment, which offers an oppor-
tunity to design specific nanoprobes for target analytes [14]. A
common strategy is utilizing the analyte-induced assembly and
dispersion of nanoparticles, which always require ligand modifica-
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tion that can form hydrogen bonds, metal-ligand complexes, etc.
For example, a series of ligands containing thiols [15-17], DNA
[18,19], peptides [20,21], proteins [22] and others [23,24] have
been modified onto the surface of plasmonic nanoparticles to de-
velop Hg?* nanosensors. These methods often require additional
ligand synthesis, and most of them have insufficient selectivity
making it difficult for the detection of Hg2* in natural samples
with complex matrices.

Janus nanoparticles are a special class of particles with asym-
metric structures and compositions. The two sides of nanoparti-
cles have different properties, resulting in interface electron trans-
fer and synergistic effects. They have found extensive applica-
tions in biomedicine [25], catalysis [26], biosensing [27], and other
fields. Among numerous Janus nanoparticles, bimetallic nanopar-
ticles with noble metal (Au and Ag) or metallide at its dimeric
structure are considered to be ideal candidates as colorimetric
nanoprobes, because their two active centers are both exposed,
and their LSPR effect is more sensitive to the changes in morphol-
ogy, size, composition and other properties [28]. Thus, engineering
bimetallic nanoparticles with desirable dimeric structures is sup-
posed to be essential for improving the sensitivity and selectivity
of colorimetric method [28,29].

In this work, we attempted to develop a high-performance
Hg2+ nanosensor by constructing an Au/Ag,S dimeric structure,
which is composed of an Au core with tunable LSPR effect, and
an Ag,S portion having exclusive response towards Hg2t. Ag,S is
a stable and insoluble sulfide precipitate with minimum solubil-
ity product (Ksp (Ag,S)=6.3 x 10->%), making it highly inert to-
wards all anions. Theoretically, only Hg* can react with Ag,S to
form HgS (Ksp (HgS)=4 x 107>3). When Au/Ag,S NPs are exposed
to Hg+, Ag,S will be transformed to HgS, leading to the changes
in the composition of the shells, thereby changing the LSPR effect.
So the color and absorption changes which are associated with the
Hg2+ concentration can be observed by naked eyes or monitored
by UV-vis spectroscopy (Fig. 1). Thus, a naked-eye readout and
spectral quantitation for Hg2* concentration can be obtained. The
specificity of the method was validated by successfully analyzing
raw sewage samples without any pretreatment.

Tetrachloroauric acid, trisodium citrate, silver nitrate, iodine,
and all the other inorganic compounds were bought from
Sinopharm Chemical Reagent Co., Ltd. The silver ammonia solution
(0.03mol/L) was obtained by blending AgNO3; (0.1 mol/L, 6 mL),
NH3-H,0 (25%-28%, 1240 pL), and NaOH (3 mol/L, 650 pL). Stock
solution of Hg(NO3), (1000 mg/L) was provided by TanMo Quality
Testing Technology Co., Ltd. (Beijing, China). Sewage and tap water
samples were collected from a sewage disposal exit in our cam-
pus and the lab, respectively. Deionized water was used for all ex-
periments. UV-vis spectra were acquired from a spectrophotome-
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Fig. 1. Scheme of the method for the detection of Hg?* using Au/Ag,S dimeric NPs.
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ter (UV-2450, Shimadzu). Transmission electron microscopy (TEM)
images were captured by a JEM 1400 microscope (JEOL). High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM), high-resolution transmission electron microscopy
(HRTEM), and energy dispersive X-ray (EDX) elemental mapping
measurements were conducted on a Tecnai F30 microscope. Pow-
der X-ray diffraction (XRD) was measured by a X'Pert diffractome-
ter (PANalytical).

Citrate-stabilized Au NPs with the diameter of 13nm were
synthesized using a standard citrate method. Briefly, 10mL of
trisodium citrate (38.8 mmol/L) was injected into the boiling wa-
ter (100 mL) containing 5 mL of HAuCl, (24.28 mmol/L). After heat-
ing for 15min, the faint yellow solution turned wine-red, which
suggested Au NPs (13-nm diameter) had been successfully synthe-
sized. Then, using the pre-made Au NPs as seeds, Au@Ag core-
shell NPs were prepared via the epitaxial deposition of Ag on Au
surface. In brief, 13nm Au NPs (2mL) were added into the mix-
ture containing silver ammonia solution (0.3 mL), formaldehyde
(HCHO) (0.48 mL, 0.01 mol/L) and ultrapure water (7.22mL) and
stirred for 10min at 25 °C. During the reaction, the colloid color
gradually turned from wine-red to orange, suggesting the genera-
tion of Au@Ag core-shell NPs. To synthesize Au@Ag core-shell NPs
which have different shell thicknesses, we can alter the ratio be-
tween HCHO and silver ammonia solution. Hence, we chose to
fix the amount of HCHO, and adjusted the concentration of sil-
ver ammonia solution to alter the ratio. Afterwards, 0.5mL of I,
was titrated into Au@Ag core-shell NPs (4 mL) and the mixture was
stirred for 5min, during which the colloid color varied from or-
ange to purple-red. By changing the amount of I, Au/Agl NPs with
different Agl thickness were prepared to explore the influence on
detection effect. Finally, Au/Ag,S NPs were acquired via the mix
of Na,S (1.5mL) and Au/Agl NPs (4.5mL), whose color changed
from purple-red to gray purple. After stirring for 10 min, a certain
amount of PVP was added to reduce the risk of agglomeration. The
supernatant was removed by centrifuging at 12,000 rpm for 10 min,
redispersed in water. By varying Na,S concentration, the thickness
effect of Ag,S on method sensitivity was studied.

The Hg?*+ standard solutions of different concentrations in the
range of 0-154 pmol/L were mixed with the prepared Au/Ag,S NPs
in a ratio of 1:9, and the UV-vis spectrophotometer was used for
spectral determination. For assessing the practicability of Au/Ag,S
NPs for natural water sample analysis, recovery experiments were
carried out for detecting tap water and sewage samples. Firstly,
we determined the Hg?* concentrations in water samples. Then,
known amounts of Hg?* at different concentrations (30.81, 61.61
and 77.02 pmol/L) were spiked into these samples. Each sample
was tested three times. According to the working curve equation,
the Hg?* content in different samples was obtained, and then the
recovery rate and relative standard deviation (RSD) were calculated
to evaluate the practicability of the method. The recovery was cal-
culated by the formula R=(C-Cy)/Cs x 100%, where C; is the ana-
lytical result of the spiked sample, Cy is the result before spiking
of the sample, and Cs is the amount of constituent added to the
sample.

Au NPs with a diameter of 13 nm were prepared by the stan-
dard citrate method, and then Ag shells were epitaxially grown
onto the surface of Au NPs by silver mirror reaction. The uniform
morphology could be observed on the basis of the analysis of the
TEM image and the histogram of size distribution of Au@Ag core-
shell NPs (Fig. S1 in Supporting information), and the average size
is 21.3 £1.9nm. After that, I, was added to oxidize the Ag shell
to generate Au/Agl dimeric NPs. It can be seen from Figs. 2a and b
that Au/Agl NPs have a dimeric structure, which consists of Au cen-
ters with dark contrast and Agl shells with light contrast. HAADF-
STEM and EDX elemental maps were utilized to characterize the
chemical components and distribution of nanoparticles. Figs. 2c-f
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Fig. 2. (a) TEM image, (b) HRTEM image, (c, d) HAADF-STEM image, (e, f) EDX elemental maps of Au/Agl NPs. Orange line in (c) represents the EDX line scan shown in (f).
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Fig. 3. (a) TEM image, (b) HRTEM image, (c) HAADF-STEM image, (d) EDX elemen-
tal maps of Au/Ag,S NPs.

depict that Ag and I mostly overlap to form the Agl shell, and the
shell mostly coated on the side of the Au core and only a thin layer
on the other side, which further confirms the proposed dimeric
structures. It is worth noting that Agl is susceptible to high volt-
ages, making them easily decompose during the STEM test. There-
fore, the mapping result shows partial aggregation. Such a dimeric
nanostructure was formed due to the lattice-mismatch between Au
and Agl as reported previously [28].

To obtain the Au/Ag,S dimeric NPs, Na,S was used to etch and
precipitate Agl shell into Ag,S. Typical TEM and HRTEM images in
Figs. 3a and b illustrate that the resulting nanoparticles still main-
tain the dimeric structure, consisting of a dark Au core and an
Ag,S attachment. The HAADF-STEM image and the EDX elemental
maps (Figs. 3¢ and d) further confirm that the generated nanopar-
ticles have the dimeric structure and the Au primarily located in
the core, while Ag,S predominantly located at the side.

For revealing the colorimetric detection mechanism, the UV-
vis spectra of the synthesized products in each step and the fi-
nal detection products were characterized. As displayed in Fig. 4a,
the LSPR band of Au NPs was centered at 520nm and the solu-
tion was wine-red. Upon the addition of silver ammonia solution
and HCHO, the absorption peak of sliver shell appeared at 392 nm,
and the peak of Au blue-shifted from 520nm to 494nm due to
the shielding effect by Ag [30]. Simultaneously, the colloid color
turned to orange. Then, I, was added in, and the solution grad-
ually varied from orange to purple-red. A new band appeared at
421 nm, and it can be regarded as the band gap absorption of Agl
[31]. Simultaneously, the absorption band of Au returned to 521 nm
again, indicating that the shielding effect of sliver shell was weak-
ened owing to the formation of Au/Agl NPs. This is in accordance
with the characterization results in Fig. 2. Following the addition of
Na,S to form Au/Ag,S dimeric NPs, the solution turned gray purple
and the LSPR band at 421 nm vanished while the band at 521 nm
moved to 562nm. Such a redshift alludes to the transformation
from Agl to Ag,S, giving rise to the enhancement in the refractive
index of the media around the Au NPs [28,32-34]. When a cer-
tain concentration of Hg2+ was mixed with the nanoprobes, a color
change from gray purple to dark green and finally to navy occurred
and the peak redshifted to 569nm. The red-shift of spectrum
can be attributed to the transformation of the composition from
Ag,S to HgS with increasing refractive index from ~2.2 to ~2.9
[33-36].

To reveal the composition transformation, TEM and HAADEF-
STEM were utilized to characterize the nanoparticles generated
from the reaction between Au/Ag,S dimeric NPs and Hg?*. Figs.
4b-d show that the generated products also possess a dimeric
structure analogous to that of Au/Ag,S NPs. By means of lattice
fringe analysis, we found (111) HgS with lattice spacing of 3.4A
and (111) Au with lattice spacing of 2.4A in a single particle. To
further figure out their elemental distribution, EDX elemental map-
ping measurements were employed. According to Fig. 4e, it can be
seen that Au, as the core of the nanostructure, has a regular spheri-
cal shape, while S and Hg are basically in the same position, which
can be inferred to form HgS and accumulate on the side of the
core. Fig. 4f shows that Hg and S appeared simultaneously before
Au in the line scan direction. Thus, the shell layer was transformed
from Ag,S to HgS to form the Au/HgS dimeric NPs. In addition,
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Fig. 4. (a) UV-vis spectra of Au NPs (1), Au@Ag NPs (2), Au/Agl NPs (3), Au/Ag,S NPs (4), and Au/Ag,S NPs+Hg?+ (5). The inset is photograph of corresponding solutions.
(b) TEM image, (c) HRTEM image, (d) HAADF-STEM image, (e, f) EDX elemental maps of Au/Ag,S NPs + Hg?*. Red line in d represents the EDX line scan shown in (f).
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Fig. 5. XRD results of (a) Au@Ag NPs, (b) Au/Agl NPs, (c) Au/Ag,S NPs, (d) Au/HgS
NPs.

Fig. 5 presents the XRD results of Au@Ag core-shell NPs, Au/Agl
dimeric NPs, Au/Ag,S dimeric NPs, and Au/HgS dimeric NPs. These
results validate the transformation of Ag, Agl, Ag,S and HgS in or-
der.

The above results elucidate that the colorimetric detection
mechanism depends on the fact that Hg?t can react with Ag,S
to constitute HgS, thereby varying the components and morphol-
ogy of the nanomaterials and eliciting obvious spectral and color
changes. The reaction between Au/Ag,S dimeric NPs and Hg?t is
shown below:

Ag>S + Hg?* = HgS + 2Ag*, K° = 1.575 x 103 (1)

On account of the low solubility product of Ag,S, Au/Ag,S NPs
are resistant to reacting with most interfering compounds, sug-
gesting the great feasibility and high specificity of the colorimetric
method for HgZ+ detection.

On the basis of the above detection mechanism, the method
sensitivity is highly relevant with the morphology and size of

Au/Ag,S NPs. In order to obtain high detection efficiency, the core-
to-shell proportion of Au@Ag NPs, the amount of I, and the con-
centration of S~ were optimized.

The concentration ratio between sliver ammonia solution and
HCHO determines the core-to-shell proportion of Au@Ag NPs,
which can further impact the shell thickness of Au/Ag,S NPs.
Herein, we fixed the concentration of HCHO (0.01 mol/L), and var-
ied the concentration of [Ag(NHs),]* from 0.06, 0.12, 0.24, 0.48,
0.72 to 0.96 mmol/L. When the concentration of [Ag(NH3),]* was
low, the generated Ag shell was thin and the final Ag,S shell was
also thin. After the addition of Hg?*, the spectral changes were mi-
nor and the sensitivity was low (Fig. S2 in Supporting information).
For comparison, when the [Ag(NH;3),]* with a higher concentra-
tion was added, a thicker Ag shell was generated, which had a
greater shielding effect on the Au core. This led to a narrow range
of spectral variations, which was also not conducive to visual ob-
servation and spectral analysis (Figs. S2c-f). Fig. S2b shows the re-
sultant nanomaterials exhibited the highest sensitivity as the con-
centration of [Ag(NH3),]* is 0.12 mmol/L.

Another crucial factor is the amount of I, because it impacts on
the conversion efficiency of Ag to Agl. Au/Agl NPs acquired by dif-
ferent amounts of I, (0, 200, 500 and 700 pL) were used to form
Au/Ag,S NPs for Hg?+ detection. Figs. S3a and b (Supporting in-
formation) demonstrates that insufficient I, caused a narrow de-
tection range of Hg?* for the final synthetic Au/Ag,S NPs. This is
probable due to the fact that insufficient I, cannot completely ox-
idize Ag shell and the nanoparticles were still core-shell structure,
which produced deficient Ag,S shell for Hg2t sensing. Excessive
I, produced thick Agl shell, which had a strong shielding effect
and reduced the synergistic effect, and compromised the sensitiv-
ity (Fig. S3d in Supporting information). Therefore, as displayed in
Fig. S3c (Supporting information), we selected 500 pL I, to obtain
the nanoprobes.

The influence of Ag,S attachments thickness on detection effect
was also explored by transforming Agl to Ag,S with different S2—
concentration (0, 0.2, 0.5, and 0.7 mmol/L). Based on the results
provided in Fig. S4 (Supporting information), a small amount of
$2- added caused inadequate conversion from Agl to Ag,S and af-
fected the detection of Hg2*. While adding a large amount of $%-,
the spectrum become irregular. Finally, we chose 0.2 mmol/L Na,S
to synthesize Au/Ag,S NPs for Hg2t detection.
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Table 1
Analysis of Hg2* in natural water samples.
Water Samples Detected (pmol/L) Spiked (pmol/L) Found (pmol/L) Recovery (%) RSD (%)
Tap water 0 30.81 30.96 100.5 2.56
77.02 79.14 102.8 2.89
Sewage 15.40 30.81 43.01 93.1 2.28
61.61 74.95 97.3 1.38
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Fig. 6. (a) Photographs and (b) UV-vis spectra of Au/Ag,S NPs reacting with various
Hg?+ concentrations. (c) The linear relationship between decreased absorbance at
550nm and Hg?* concentrations.
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Fig. 7. The AAssq of Au/Ag,S NPs reacting with Hg* or interfering compounds (K*,
Na*, 30mmol/L; Ca**, Zn?*, Ba**, Cd?+, Cu?*, Sn?*, Ni2*, Mn?*, Co?*, 2mmol/L;
Cr3+, Pb?+, AI¥*, 1.5mmol/L; Fe3*, 1Tmmol/L) (a) and (NaCl, CI-, HCO3~, CO3%,
50 mmol/L; HCl, HNOs3, H,0,, 1052-, Br—, I-, OH-, 25mmol/L; ClO-, F~, PO43-,
€104, S,052, 12.5mmol/L; SO52-, BrOs~, 5mmol/L) (b).

The performance of the developed method including limits of
detection, reproducibility, linearity and selectivity was researched
under the optimized conditions. As demonstrated in Fig. 6a, with
increasing amount of Hg2*, an obvious color change from gray
purple to dark green and finally to navy took place. Fig. 6b fur-
ther shows that with Hg?* concentration increasing from 0 to
100 pmol/L, the LSPR band red-shifted and the intensity showed
a regular increase trend at 550 nm, which can be ascribed to
the gradual conversion of Ag,S to HgS [35-37]. Fig. 6¢c shows
that the variation of the peak intensity at 550nm (AAssg) var-
ied linearly with the concentration of Hg2t and the equation
is AA (550 nm)=0.0041 x C[Hg?"| (nmol/L)+0.0167 (R? =0.9894).
The limit of detection (LOD) is 1.21 pmol/L, calculated by the
signal-to-noise of 3. The reproducibility of this method was vali-
dated by testing six replicates of standard solutions with HgZ+ con-
centration of 30.8 pmol/L, and the RSD was 0.12%.

To study the specificity of the proposed approach for Hg2+ de-
tection, a number of anions and metal ions were detected under
the parallel experimental conditions (Fig. 7). For the HgZt detec-
tion, the absorbance at 550 nm increased obviously with the color
change from gray purple to dark green and finally to navy. While
the addition of other compounds, even at the concentration of 25
to 1250 times of Hg2*, cannot produce apparent spectral and color
change. It is worth noting that S,052~, I= and Br— have inten-
sive coordination capability and usually corrode Ag with the aid
of oxygen, so they may interfere with the detection. Nevertheless,
the results show that Au/Ag,S NPs exhibit a minimal response to-

ward these ions, indicating this method has high selectivity and
anti-interference ability. As mentioned before, such high selectiv-
ity is attributed to the extremely low solubility product of Ag,S
and low reactivity with those interferents. Compared to other re-
ported nanoprobes for HgZ+ detection shown in Table S1 (Support-
ing information), the proposed method shows comparable sensitiv-
ity and linear response range, but has better selectivity and elim-
inates the needs for surface modification, making it viable in the
direct analysis of Hg?* in complex samples. To evaluate the via-
bility of Au/Ag,S NPs in natural water samples analysis, recovery
tests were carried out for detecting tap water and sewage samples.
As summarized in Table 1, the HgZ* concentration in tap water
was lower than the LOD of the approach, and the Hg?* concen-
tration in sewage samples was calculated as 15.40 pmol/L. The re-
coveries ranged from 100.5% to 102.8% and 93.1% to 97.3% in tap
water and sewage samples, respectively, with RSDs in the range of
1.38%—2.89%, indicating the viability of the proposed method for
Hg2t in natural water samples. It should be emphasized that the
sewage sample was directly analyzed without any sample pretreat-
ment, indicating the high selectivity of the method.

To summarize, we proposed a rapid and highly specific colori-
metric method for Hg2t detection based on Au/Ag,S dimeric NPs.
We synthesized Au/Ag,S dimeric nanoparticles via the epitaxial
and lattice-mismatch process, which had an Au core with excel-
lent optical properties and an Ag,S portion with exclusive response
towards Hg?*. The sensing mechanism is attributed to the precip-
itation conversion of Ag,S with Hg2* to generate more stable HgS.
This alters the components and structure of the nanoparticles, fur-
ther causing the change of the LSPR effect, and the color and spec-
trum will also change accordingly. Due to the minimum solubility
product of Ag,S, Au/Ag,S dimeric NPs have a minimal response to
common interferents, so this method has high selectivity towards
HgZ*. Finally, the practicability of the method was validated by an-
alyzing the raw sewage sample with satisfactory recoveries. This
work not only provides a highly specific colorimetric method for
on-site detection of Hg?*, but also offers an insight to the design
of specific plasmonic nanostructures as unique optical nanoprobes.
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