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Mechanism for sulfidation of silver nanoparticles
by copper sulfide in water under aerobic
conditions†
Xiaoxia Zhang,a Zhenlan Xu,b Andreas Wimmer,c Hangjun Zhang,d Jiaojiao Wang,d
Qibei Bao,e Zhouhang Gu,f Mei Zhu, a Lixi Zengg and Lingxiangyu Li *a
Silver nanoparticles (Ag-NP) can readily react with dissolved sulfides in anoxic waters to form silver sulfide
nanoparticles (Ag2S-NP) via a Ag–Ag2S core–shell pathway; however, the questions remain as to whether
and how Ag-NPs are transformed into Ag2S-NP by metal sulfides in water under aerobic conditions. We
thus adopted copper sulfide nanoparticles (CuS-NP) with different surface charges as a model metal sulfide
to coexist with Ag-NP in water under aerobic conditions. The Ag-NP underwent sulfidation by CuS-NP,
where Ag2S-NP were observed, along with measurable levels of dissolved copper but negligible SO42− in
water. The sulfidation of Ag-NP by CuS-NP was dependent on the molar Ag/S ratio and natural organic
matter and inorganic salts depressed Ag-NP sulfidation. Moreover, the oxygen-dependent dissolution of
Ag-NP was demonstrated to be very important for Ag-NP sulfidation. On the basis of experimental data,
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we propose that Ag-NP sulfidation by CuS-NP in water under aerobic conditions proceeds through the following reactions: oxygen-dependent dissolution releases silver ions, followed by cation exchange reactions
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with CuS-NP to form Ag2S-NP. This study illustrates the potential mechanism for Ag-NP sulfidation by
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CuS-NP in water under aerobic conditions and sheds light on potential transformations of Ag-NP in the
environment.

Environmental significance
Silver nanoparticles (Ag-NP) can readily react with dissolved sulfides in anoxic waters to form silver sulfide nanoparticles (Ag2S-NP) via a Ag–Ag2S core–shell
pathway; however, questions remain as to whether and how Ag-NPs transform into Ag2S-NP by metal sulfide in water under aerobic conditions. Herein, we
report that Ag-NP could undergo sulfidation by copper sulfide nanoparticles (CuS-NP) under aerobic conditions, wherein Ag2S-NP were observed, along with
measurable levels of dissolved copper but negligible SO42− in water. Sulfidation of Ag-NP by CuS-NP is dependent on the molar Ag/S ratio, and natural organic matter and inorganic salts depress Ag-NP sulfidation. On the basis of the data, we propose that Ag-NP sulfidation by CuS-NP under aerobic conditions
proceeds through the following reactions: oxygen-dependent dissolution releases silver ions, followed by cation exchange reactions with CuS-NP to form
Ag2S-NP. These findings have improved our understanding of Ag2S-NP formation in the environment.

a

School of Sciences, Zhejiang Sci-Tech University, Hangzhou 310018, China.
E-mail: lingxiangyu.li@zstu.edu.cn; Fax: +86 571 86843600;
Tel: +86 571 86843228
b
Agricultural Ministry Key Laboratory for Pesticide Residue Detection, Institute of
Quality and Standard of Agro-Products, Zhejiang Academy of Agricultural
Sciences, Hangzhou 310021, China
c
Department of Chemistry, Technical University of Munich, Garching 85748,
Germany
d
College of Life and Environmental Sciences, Hangzhou Normal University,
Hangzhou 310036, China
e
Ningbo Academy of Science & Technology for Inspection & Quarantine, Ningbo
315100, China
f
School of Life Sciences, Zhejiang Sci-Tech University, Hangzhou 310018, China
g
School of Environment and Guangdong Key Laboratory of Environmental
Pollution and Health, Jinan University, Guangzhou 510632, China
† Electronic supplementary information (ESI) available: Supplementary material
to this article can be found online. See DOI: 10.1039/c8en00651b

This journal is © The Royal Society of Chemistry 2018

1. Introduction
Nanotechnology has rapidly developed in recent years,
resulting in a dramatic increase in the application of
engineered nanomaterials (ENMs) in various sectors such as
medicine, agriculture, civil engineering and the chemical
industry.1–5 Among the various ENMs, silver nanoparticles
(Ag-NP) have been extensively used in a great number of commercial products due to their broad-spectrum antimicrobial
activity6,7 and as a result, they are released into the environment due to accidental and intentional discharge.8,9 It has
been extensively reported that Ag-NP can impose risks on the
ecological environment, organisms and human health
through the released silver ions or particulate silver even at
trace levels.10–15 Ag-NPs have the potential to disrupt basic
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metabolic functions and the enzymatic resource acquisition
of stream periphyton,16 and chronic exposure in the pg mL−1
range to Ag-NP would result in the transformation of cell
functionality.12 In this context, shape control, surface modification, adding complex matrices like natural organic matter
and chemical transformations have been reported to be able
to reduce the toxicity/risk of Ag-NP to organisms, environment and human health.17–20
Ag-NPs readily undergo transformations including aggregation, dissolution and sulfidation in the natural
environment.21–26 Among the chemical transformations, Ag-NP
sulfidation has attracted increasing attention since Lowry
et al.19 reported that sulfidation drastically decreased Ag-NP
toxicity to bacteria (e.g., Escherichia coli) and aquatic organisms
(e.g., zebrafish, killifish and least duckweed) due to the negligible dissolution of silver sulfide nanoparticle (Ag2S-NP).27,28 Laboratory and field studies have documented that Ag2S-NP formation via an Ag–Ag2S core–shell pathway mainly occurs in anoxic
processes of wastewater treatment systems as Ag-NP directly reacts with dissolved sulfide, especially bisulfide, which would be
readily oxidized under aerobic conditions.21,29–31 Under aerobic
conditions, high levels of dissolved sulfide, such as tens–hundreds (e.g., 18–156) mg L−1, showed the potential to transform
Ag-NP into Ag2S-NP through either the indirect formation of
Ag2S nanobridges between Ag-NPs or direct the conversion of
Ag-NP to Ag2S-NP.32–34
Besides high concentrations of dissolved sulfide, solid
metal sulfides such as CuS and ZnS can also serve as S2−
sources for Ag-NP sulfidation under aerobic conditions.35 In
the environment, CuS is expected to be one of the dominant
natural sulfides,36–38 showing high stability against oxidation.39,40 Thalmann et al. reported that citrate-stabilized AgNP underwent sulfidation in oxygenated aqueous solution
(pH 7.5) containing metal sulfides (CuS, ZnS), showing that
the sulfidation of Ag-NP followed pseudo-first-order kinetics.35 On the basis of TEM observation, they proposed that
patterns of Ag-NP sulfidation by metal sulfides were different
from core–shell structures reported for the sulfidation of AgNP with dissolved sulfides (e.g., HS−).35 Nevertheless, the role
of oxygen and further the potential mechanism of Ag-NP
sulfidation by CuS under aerobic conditions have not been
clear. Given the precautionary principles, some other uncertainties remain, such as whether the sulfidation is a case for
citrate-coated Ag-NP or a general phenomenon for Ag-NP. For
example, polyvinylpyrrolidone (PVP)-coated Ag-NP showed
high stability compared to citrate-coated Ag-NP.41 Another
concern is the effect of environmental matrices such as natural organic matter (NOM) and inorganic salts on the Ag-NP
sulfidation by CuS under aerobic conditions. These uncertainties are of importance to comprehensively understand
the transformations of Ag-NP in the environment.
Herein, we report the transformation of PVP-coated Ag-NP
exposed to CuS-NP with either negative or positive surface
charge in water under aerobic conditions, documenting that
PVP-coated Ag-NP underwent sulfidation by CuS-NP. To further shed light on the potential sulfidation mechanisms, the
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effects of molar Ag/S ratios, dissolved oxygen (DO), NOM and
inorganic salts on the Ag-NP sulfidation by CuS-NP were examined. We propose that Ag-NP sulfidation by CuS-NP under
aerobic conditions proceeded through the following reactions
on the basis of experimental data: Ag-NP underwent O2-dependent dissolution to release silver ions, followed by cation
exchange reactions (CERs) between the silver ions and CuSNP to form Ag2S-NP. Overall, this work illustrates how Ag-NPs
undergo sulfidation by CuS-NP instead of dissolved sulfide
under aerobic conditions, improving our understanding of
Ag-NP transformations in environmental water.

2. Materials and methods
2.1 Materials
In this study, a PVP-coated Ag-NP dispersion (2000 mg L−1)
was purchased from Huzheng Nanotechnology, Shanghai,
and used as received. Ag-NP stock solution (100 mg L−1) was
prepared by diluting the 2000 mg L−1 Ag-NP dispersion in
ultrapure water (UPW). It should be noted that PVP-coated
Ag-NPs showed high stability compared to citrate- or PEGcoated Ag-NPs,41 so PVP-coated Ag-NPs were adopted as a
model to investigate the feasibility of Ag-NP sulfidation by
CuS-NP. CuS-NPs with different surface charges were prepared in the laboratory as outlined in the following section.
All chemical reagents except for ethanol and NOM were purchased from Sigma-Aldrich (St. Luis, U.S.A.); ethanol was
obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and NOM (2R101N) from the Suwannee River was
purchased from the International Humic Substance Society
(Denver, U.S.A.). UPW from a Direct-Q-system (Millipore, Billerica, U.S.A.) with a resistivity of 18.2 MΩ cm−1 was used for
the preparation of all samples.
2.2 Preparation of CuS-NPs with different surface charges
CuS-NPs with either negative or positive surface charge were
prepared in the laboratory according to methods developed
in our previous study.42 Briefly, 40 mg of copper oxide nanoparticles (CuO-NP, Sigma-Aldrich, U.S.A.) were added to 35
mL of aqueous NaNO3 (10 mM) solution, followed by
ultrasonication (KQ-600E, 40 kHz, 600 W) at 0 °C (ice–water
mixture) for 10 min. Afterward, 5 mL of aqueous Na2S solution (0.4 M) were added to the CuO-NP dispersion to yield
the molar S/Cu ratio of 4, at which CuO-NP could be
completely converted to CuS-NP.42 After stirring the solution
at 200 rpm for 24 h at room temperature, the solution was
centrifuged (Sigma 3 K15) at 9500 rpm for 30 min and
washed three times with UPW followed by washing one time
with ethanol. Afterward, the final deposit was dried at room
temperature to obtain CuS-NP with negative surface charge
(denoted as n-CuS-NP). Next, CuS-NP with positive surface
charge (denoted as p-CuS-NP) was prepared by spiking 40 mg
n-CuS-NP into a 40 mL cetyltrimethylammonium bromide solution (CTAB, 0.2 M),43 followed by stirring at 200 rpm for 24
h, then centrifugation, washing and drying, according to the
above-mentioned method. Finally, 100 mg L−1 of the purified
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n-CuS-NP or p-CuS-NP, as a stock solution, was prepared by
adding the corresponding NP into UPW.
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2.3 NPs characterization
NPs were characterized using a combination of dynamic light
scattering (DLS)/ξ potential (Malvern Zetasizer Nano Series),
UV-vis absorbance spectroscopy (Shimadzu UV-2600) and
high-resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100F) equipped with energy-dispersive X-ray
spectroscopy (EDS, Oxford Inca). DLS and ξ potential data
were obtained from solutions at a concentration of 5.0 mg
L−1 for Ag-NP or 17.8 mg L−1 for n-CuS-NP or p-CuS-NP by diluting stock solutions in UPW. For HRTEM-EDS analysis, 100
μL of each NP dispersion was deposited on a carbon-coated
nickel grid, followed by drying at room temperature overnight. The lattice fringe spacing was determined by using the
HRTEM instrument at 200 kV and the elemental mapping of
imaged NPs was characterized using the EDS detector.
Dissolved silver was collected using Amicon Ultra 3 kDa
MWCO centrifuge tubes (15 mL, 9000 rpm, 15 min), followed
by the measurement through inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo Scientific). To
validate the centrifugal filtration at 9000 rpm for 15 min, the
recovery efficiencies of 5.0 mg L−1 AgNO3 and CuSO4 solutions were 97.2 ± 1.3 and 94.9 ± 0.7%, respectively, suggesting
a negligible loss of analyte during the centrifugal filtration.
2.4 Ag-NP sulfidation by CuS-NP in water under aerobic
conditions
Various volumes of freshly prepared n-CuS-NP or p-CuS-NP
stock solutions (100 mg L−1) were added to 100 mL of a 5.0
mg L−1 Ag-NP aqueous solution, yielding molar Ag/S ratios
of 4, 1, 0.5 and 0.25 for CuS-NP concentrations of 1.1, 4.4,
8.9 and 17.8 mg L−1, respectively, followed by stirring (200
rpm) at room temperature. The pH of the aqueous solution
for experiments was 6.4 ± 0.1, which represents the typical
pH value for most environmental waters.44,45 It should be
noted that higher concentrations of Ag-NP and CuS-NP than
expected in the environment were used in this study because the characterization of NP at environmentally relevant
concentrations is challenging, and would readily result in
misinterpretation. A 10 mL sample was then collected from
every bottle at each time interval (e.g., 0, 5, 20, 45, 90, 180,
360, 720 and 1440 min). In addition, dissolved silver (from
AgNO3) instead of Ag-NP was also exposed to CuS-NP to
study the differences in sulfidation by CuS-NP between
dissolved silver and Ag-NP. Three replicate trials were
conducted in this study.
2.5 Measurement of Ag-NP depletion during sulfidation
Each 10 mL sample was divided into three subsamples: one
group of subsamples (4 mL) was directly treated by centrifugal filtration (Amicon Ultra-15, 3 kDa, Millipore) at 9000 rpm
for 15 min, followed by silver measurements using ICP-OES,
to show the concentration of dissolved silver (denoted as
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CAg
dissolved). The second group of subsamples (1 mL) was
treated with 10 mM H2O2 (3 mL) to effectively oxidize residual Ag-NP to silver ions, followed by centrifugal filtration (3
kDa, 9000 rpm, 15 min), since Ag2S-NP can resist oxidation
caused by 10 mM H2O2 but Ag-NP would be oxidized
completely.46,47 The filtrate was then analyzed using ICP-OES
to show the total concentration of silver ions and residual AgNP (denoted as CAg
(dissolved+NP)). Thus, the concentration of residual Ag-NP in the CuS-NP and Ag-NP mixture was calcuAg
lated by subtracting the CAg
dissolved from the 4·[C(dissolved+NP)],
considering the dilution factor of 4. The amount of Ag-NP depletion was calculated by subtracting the amount of residual
Ag-NP at 5, 20, 45, 90, 180, 360, 720 and 1440 min from the
amount of Ag-NP introduced at t = 0 min in the batch vessel.
The third group of subsamples (5 mL) was spectrophotometrically measured to determine the total dissolved copper concentrations, as described in the following section.
2.6 Measurement of total dissolved copper
Total dissolved copper, including free species and that probably adsorbed by NPs, was determined using UV-vis spectroscopy (Shimadzu UV-2600).48,49 In brief, sodium diethyldithiocarbamate (SDDTC, 10 mM, 100 μL), a special complex
agent for dissolved copper, was added to 2 mL of the sample
without centrifugal filtration at each time interval, and the
mixture showed a special peak (Atotal) at 440 nm for the UVvis measurement. Meanwhile, another 2 mL of sample, without spiking with SDDTC, was also spectrophotometrically
measured to show potential interferences in the absorbance
value (Ainterference) due to the presence of NPs. The net absorbance value of total dissolved copper was obtained by
subtracting Ainterference from Atotal. The values of absorption
scaled linearly with the concentrations of dissolved copper,
so the concentration of total dissolved copper could be calculated based on a calibration curve (Fig. S1 in the ESI†) with
known concentrations (0.05–5.0 mg L−1) of dissolved copper
(from CuSO4), confirmed by the ICP-OES.
2.7 Effects of NOM and inorganic salts on the Ag-NP
sulfidation by CuS-NP
In order to better mimic Ag-NP sulfidation by CuS-NP in environmental water, the effects of NOM and inorganic salts were
examined. A NOM stock solution (100 mg L−1 dissolved organic carbon) was prepared by dissolving the Suwanee River
NOM dry powder in UPW, followed by stirring (200 rpm) for
24 h in the dark and filtration using a 0.45 μm syringe membrane. The total silver and copper concentrations of NOM
stock solution were all below 0.1 μg L−1, based on the inductively coupled plasma mass spectrometry (ICP-MS, Agilent
8800, U.S.A.) measurement, confirming that there were no silver and copper impurities in the Suwanee River NOM. Stock
solutions of NaNO3, NaCl and CaCl2 were prepared by dissolving the corresponding inorganic salts in UPW at a concentration of 400 mg L−1. According to the desired dissolved
organic carbon (1, 4 and 10 mg L−1) or inorganic salt
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concentrations (10 and 100 mg L−1), various volumes of NOM
or inorganic salt stock solutions were added to the Ag-NP solution. Afterward, n-CuS-NP or p-CuS-NP stock solution (100
mg L−1) was added to the mixture, yielding a molar Ag/S ratio
of 0.5, followed by stirring (200 rpm), sampling (0, 5, 20, 45,
90, 180, 360, 720 and 1440 min) and measurement as mentioned above.
2.8 Role of oxygen in Ag-NP sulfidation by CuS-NP
To understand the potential pathways for Ag-NP sulfidation
by CuS-NP in water under aerobic conditions, experiments
using (99.999%) N2-purged deoxygenated UPW were
performed in a glove box with N2 headspace. The concentrations of Ag-NP and CuS-NP in aqueous solution were 5.0 and
8.9 mg L−1 respectively, which yielded a molar Ag/S ratio of
0.5. A 10 mL aliquot from an aqueous sample was collected
at intervals (e.g., 0, 5, 20, 45, 90, 180, 360, 720 and 1440
min). Each 10 mL sample was divided into two subsamples:
one group of subsamples was spectrophotometrically measured using the above-mentioned method, showing total
dissolved copper concentrations. The other group of subsamples was pretreated by centrifugal filtration (3 kDa, 9000 rpm,
15 min), followed by silver measurements through ICP-OES.
To further confirm the role of Ag-NP dissolution in the CERs
based sulfidation, dissolved silver (5.0 mg L−1 AgNO3) was
added to the Ag-NP solution in the presence of CuS-NP after
1440 min under deoxygenated conditions. Afterward, the
same process as the above-mentioned method was conducted
in the glove box with N2 headspace.

3. Results and discussion
3.1 Characterization of Ag-NP and CuS-NP
The average size of Ag-NP used in this study was 13.6 ± 4.5
nm (Fig. S2A and B†), which was calculated based on 189 particles in TEM images. EDS analysis confirmed only elemental
silver in the particles (Fig. S2C†). The negatively-charged
(−9.7 ± 5.3 mV, 20 cycles) Ag-NP (5.0 mg L−1) possessed good
dispersion with a hydrodynamic size of 36.2 ± 2.7 nm (Table
S1 in the ESI†). Moreover, Ag-NP in aqueous solution gradually released silver ions as a function of time under aerobic
conditions (Fig. S3†), yielding the highest silver ions concentration of 0.90 ± 0.08 mg L−1 at the Ag-NP concentration of
5.0 mg L−1.
The morphology and EDS analysis of the prepared CuS-NP
were given in our previous study.42 The size of CuS-NPs was
not uniform, simulating the potential status of CuS-NPs in
the natural environment. The hydrodynamic sizes of n-CuSNP and p-CuS-NP were 525.9 ± 57.3 and 278.2 ± 31.9 nm, respectively, with corresponding ξ potentials of −39.7 ± 6.1 and
23.5 ± 7.3 mV (Table S1†). The differences in hydrodynamic
size between n-CuS-NP and p-CuS-NP might be associated
with their ξ potentials; low ξ potentials would likely result in
particle aggregation.50 Both n-CuS-NP and p-CuS-NP at a concentration of 17.8 mg L−1 showed negligible dissolution
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(<0.05 mg L−1) under aerobic conditions, which is consistent
with the very low solubility of CuS.39,40

3.2 Ag-NP sulfidation by CuS-NP in water under aerobic
conditions
On the basis of EDS elemental mapping analysis, NPs composed of elemental silver and sulfur were observed after AgNP reacted with n-CuS-NP in water under aerobic conditions
(Fig. 1A–E). Moreover, the lattice fringe spacing of ∼2.67 Å
was observed for these NPs (Fig. 1F and G), which is consistent with the {121} planes of Ag2S,51,52 suggesting the formation of Ag2SNP in Ag-NP solution containing n-CuS-NP. Additionally, the size of Ag2S-NP was larger than that of the
parent Ag-NP, This is different from the finding in previous
work on Ag-NP sulfidation by dissolved sulfide under anoxic
condition, which showed sulfidized Ag-NP of roughly the
same size and shape of the parent Ag-NP.32 The weak signal
of elemental copper was also observed for partial NPs
(Fig. 1D), which might be ascribed to adsorption of dissolved
copper by these NPs, since concentrations of free copper ions
passing through 3 kD membrane (9000 rpm, 15 min) were
lower than those of total dissolved copper. Also, we observed
the occurrence of Ag2S-NP in the Ag-NP solution with p-CuSNP through HRTEM and EDS analysis (Fig. S4†). These results suggest that PVP-coated Ag-NP could readily react with
both n-CuS-NP and p-CuS-NP to form Ag2S-NP in water under
aerobic conditions, even though PVP-coated Ag-NP showed
high stability compared to citrate-coated Ag-NP in water.41
This also indicates that sulfidation by CuS-NP may be a general phenomenon for Ag-NP and surface coating would probably not inhibit the Ag-NP sulfidation, improving our understanding of Ag-NP transformations in environmental water.
Moreover, given that the sizes of both n-CuS-NP and n-CuSNP were not uniform, we proposed that the size of CuS-NP
may not be a key factor for Ag-NP sulfidation. In order to determine the Ag-NP sulfidation caused by CuS-NP, we further
investigated the interactions between Ag-NP and CuS-NP as a
function of molar Ag/S ratio.
Compared to Ag-NP alone, Ag-NP exposed to n-CuS-NP
showed a great extent of Ag-NP depletion (Fig. 2A), implying
that Ag-NP readily underwent transformations by n-CuS-NP.
Moreover, the extent of Ag-NP depletion increased with the
decreasing molar Ag/S ratio (Fig. 2A). For example, at a molar
Ag/S ratio of 4, Ag-NP concentration decreased by 0.77 mg L−1
within 180 min, while a 0.93 mg L−1 of decrease was observed
at a molar Ag/S ratio of 0.25.
In contrast to n-CuS-NP, p-CuS-NP depressed Ag-NP depletion and the amount of Ag-NP depletion decreased with the
decreasing molar Ag/S ratio (Fig. 2B); i.e., an increasing
amount of p-CuS-NP would depress Ag-NP transformations.
This might be associated with particle hetero-aggregation
caused by the strong electrostatic interactions between negatively charged Ag-NP and positively charged p-CuS-NP, as hydrodynamic sizes of the mixture containing Ag-NP and pCuS-NP increased with decreasing molar Ag/S ratios (Fig.
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Fig. 1 Identification of NPs after sulfidation of Ag-NP (5.0 mg L−1) exposed to n-CuS-NP (4.4 mg L−1) in water under aerobic conditions. (A) TEM
image. (B) EDS analysis. (C–E) EDS elemental mappings of the NPs shown in Fig. 1A. (F) HRTEM image of the NPs named F in Fig. 1A, showing a lattice spacing of 2.67 Å. (G) HRTEM image of NPs named G in Fig. 1A, showing a lattice spacing of 2.67 or 2.70 Å.

S5†). A previous study has documented that aggregation
would affect the NP's surface area and further moderate their
transformations.53 Taken together, the amount of Ag-NP depletion through reactions with CuS-NP was highly dependent
on the nature, particularly the surface charge, of CuS-NP.
The concentrations of total dissolved copper were measured as a function of time, showing measurable levels of
dissolved copper in the Ag-NP solution with coexisting CuSNP under aerobic conditions (Fig. S6†). Nevertheless, negligible levels (ICS-1100, Dionex, 20 μg L−1 limit of detection under 25 μL injection) of SO42− were observed in these samples,
suggesting that the occurrence of dissolved copper would not
be attributed to CuS-NP oxidation under aerobic conditions,
as oxidation of metal sulfide would form SO42− even though
sulfide transformed into sulfate very slowly.35,54,55 As shown
in Fig. S6,† it shows a similar phenomenon when Ag-NP was
exposed to either n-CuS-NP or p-CuS-NP: the concentrations
of total dissolved copper remained constant after an initial
increase within the first 90 min, indicating that Ag-NP
sulfidation by CuS-NP would likely reach a reaction equilibrium. This might be related to the limited amount of

This journal is © The Royal Society of Chemistry 2018

dissolved silver in the solution, as previous studies have documented that the dissolution of Ag-NP would reach an equilibrium within a certain time.56,57 Also, the extent of CuS-NP
depletion due to Ag-NP sulfidation increased with the decreasing molar Ag/S ratio (Fig. 2C and D). Clearly, the extent
of p-CuS-NP depletion was much less than that of n-CuS-NP,
which is consistent with the trend of dissolved copper ions,
observed in Fig. S6.†

3.3 Effects of NOM and inorganic salts on the Ag-NP
sulfidation
As shown in Fig. 3A and B, Ag-NP depletion drastically decreases in the presence of NOM. Moreover, Ag-NP depletion
decreased with the increasing concentration of NOM: in particular, at a NOM concentration of 10 mg L−1, negligible AgNP depletion was observed (Fig. 3A and B). This indicates
that Ag-NP sulfidation by CuS-NP could be depressed by
NOM, which would tightly wrap the NPs due to their high affinity for NOM,57,58 and the dissolution of Ag-NP would be
depressed by NOM.17,59 In contrast, the sulfidation of Ag-NP
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Fig. 2 The effects of molar Ag/S ratios on the Ag-NP or CuS-NP depletion during the sulfidation of Ag-NP by CuS-NP under aerobic conditions.
Here, Agt or Cut represents the residual concentration of Ag-NP or CuS-NP in the solution at a certain time, which could suggest the depletion of
Ag-NP or CuS-NP. (A) Residual Ag-NPs accounting for the initial concentration of Ag-NP (5.0 mg L−1) as a function of time in the Ag-NP solution
with coexisting n-CuS-NP. (B) Residual Ag-NP accounting for the initial concentration of Ag-NP (5.0 mg L−1) as a function of time in the Ag-NP solution with coexisting p-CuS-NP. (C) Residual CuS-NP accounting for the initial concentration of CuS-NP as a function of time in the Ag-NP solution with coexisting n-CuS-NP. (D) Residual CuS-NP accounting for the initial concentration of CuS-NP as a function of time in the Ag-NP solution
with coexisting p-CuS-NP.

through reactions with bisulfide (HS−) was accelerated by
adding humic acid (HA, Sigma Aldrich, lot: #STBD5313V) into
a Ag-NP solution with bisulfide, which might be explained by
the adsorption of HA onto the Ag-NP surface, facilitating the
access of HS− to the particle surface.60
Besides NOM, inorganic salts such as NaNO3, NaCl and
CaCl2 could affect the Ag-NP sulfidation by CuS-NP since AgNP depletion decreases in the presence of inorganic salts regardless of the concentration (at 10 or 100 mg L−1,
Fig. 3C and D). This suggests that inorganic salts are important environmental factors that affect Ag-NP sulfidation by
CuS-NP in water. Compared to NaNO3, both NaCl and CaCl2
showed strong suppression, which might be attributed to the
formation of AgCl (Ksp: 1.8 × 10−10) precipitates resulting
from silver ions released from Ag-NP and the abundant levels
of Cl− in the solution.61 A similar phenomenon was also observed in the environmental water (river water and lake water); Ag-NP depletion and an increase in the concentration of
dissolved copper was observed, although both of them were
minor, which might be due to the complex environmental

2824 | Environ. Sci.: Nano, 2018, 5, 2819–2829

matrices, since NOM and inorganic salts depressed Ag-NP
sulfidation by CuS-NP under aerobic conditions (Fig. 3).

3.4 Pathway for Ag-NP sulfidation by CuS-NP in water under
aerobic conditions
We observed the occurrence of Ag2S-NP in the Ag-NP solution
containing either n-CuS-NP or p-CuS-NP under aerobic conditions where no dissolved sulfide was used in this study. This
suggests that CuS-NP can serve as S2− storage for Ag-NP
sulfidation in water under aerobic conditions. Also, measurable levels of dissolved copper were observed, while the
corresponding SO42− concentrations were negligible,
suggesting that dissolved copper released from CuS-NP could
not be attributed to CuS-NP oxidation. Given these results,
we postulated that cation exchange reactions (CERs) between
either dissolved silver or Ag-NP and CuS-NP may occur,
resulting in Ag-NP sulfidation in water. Previous studies documented that CERs could likely occur when there were great
differences in the solubility of different metal complexes.62–65
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Fig. 3 The effects of NOM and inorganic salts on the Ag-NP depletion during the sulfidation of Ag-NP by CuS-NP under aerobic conditions. (A)
The effect of NOM on the Ag-NP depletion with coexisting n-CuS-NP. (B) The effect of NOM on the Ag-NP depletion with coexisting p-CuS-NP.
(C) The effect of inorganic salts on the Ag-NP depletion with coexisting n-CuS-NP. (D) The effect of inorganic salts on the Ag-NP depletion with
coexisting p-CuS-NP.

For example, ultrasensitive speciation analysis of Ag+ and AgNP was developed by using the cation exchange reaction between Ag+ and CdSe quantum dots.62 In this study, the solubility of Ag2S (Ksp = 8 × 10−51) was far lower than that of CuS
(Ksp = 8 × 10−37), so CERs between dissolved silver or Ag-NP
and CuS-NP are theoretically feasible. Moreover, Ag2S is more
thermodynamically stable than CuS, which has a formation
energy of −0.256 eV per atom compared to the lower formation energy of Ag2S (−0.278 eV). Clearly, it is a thermodynamic driving force that induces the sulfidation of Ag-NP by
Cu2S-NP through CERs in water. Since the occurrence of
dissolved copper was due to CER, the concentration of
dissolved copper as a function of time could represent the kinetics of CER for Ag-NP sulfidation by CuS-NP. For example,
at a molar Ag/S ratio of 1, the reaction rate constant of pCuS-NP depletion was 0.077 min−1, which is far lower than
that of n-CuS-NP (0.360 min−1) (Table S2†). Also, both rate
constants were far greater than that of Ag-NP dissolution
(0.15–1.24 d−1) observed by Peretyazhko et al.,56 indicating
that sulfidation was fast compared to dissolution.
In order to examine the importance of oxygen in the AgNP sulfidation by CuS-NP, Ag-NP exposed to CuS-NP was in-

This journal is © The Royal Society of Chemistry 2018

vestigated under deoxygenated conditions. This experiment
showed no changes in the CuS-NP concentration as a function of time (Fig. 4A), suggesting the importance of oxygen
during the sulfidation of Ag-NP by CuS-NP. The dissolution
of Ag-NP was also negligible under deoxygenated conditions
(Fig. S7†). Taken together, we propose that dissolved silver
may be involved in the Ag-NP sulfidation. In order to confirm
the essential involvement of dissolved silver in Ag-NP
sulfidation, we added dissolved silver (AgNO3) to the deoxygenated aqueous solution containing Ag-NP and CuS-NP after
1440 min (Fig. 4A). Indeed, CuS-NP depletion was observed
when an extra amount of dissolved silver was added to the
solution after 1440 min, suggesting that dissolved silver
rather than Ag-NP reacted with CuS-NP. In general, Ag-NP
dissolution was dependent on dissolved oxygen,56 and the
dissolved oxygen was also of importance for the sulfidation
of Ag-NP by CuS-NP.
In addition, we found that CERs between dissolved silver
and CuS-NP occurred quickly; the concentration of dissolved
silver rapidly decreased within 5 min, along with a rapid increase in dissolved copper concentration (Fig. 4B and C),
when dissolved silver (AgNO3) instead of Ag-NP was mixed
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Fig. 4 (A) The role of adding dissolved silver (5.0 mg L−1 AgNO3) to the Ag-NP (5.0 mg L−1) solution with CuS-NP (2.2 mg L−1) under deoxygenated
condition. The rapid decrease in CuS-NP concentration could be attributed to the CER with dissolved silver to form Ag2S-NP. (B) The concentrations of dissolved silver and copper as a function of time in the dissolved silver (5.0 mg L−1) solution with n-CuS-NP (2.2 mg L−1) under aerobic conditions. (C) The concentrations of dissolved silver and copper as a function of time in the dissolved silver (5.0 mg L−1) solution with p-CuS-NP (2.2
mg L−1) under aerobic conditions. (D) CuS-NP (2.2 mg L−1) depletion caused by CERs with dissolved silver (5.0 mg L−1 AgNO3) under aerobic
conditions.

with CuS-NP in water. A recent study operated by Huang
et al. reported that dissolved silver could exchange with Cd2+
in CdTe particles within 1 min at room temperature,66 implying that CERs could indeed occur within a short time, as was
observed in this study. In addition, the extent of CuS-NP depletion caused by dissolved silver through CERs was affected
by the surface charge of CuS-NP. Compared to p-CuS-NP, nCuS-NP depletion occurred to a large extent within the same
time (Fig. 4D), which might be attributed to the great interactions between the positively charged dissolved silver and negatively charged n-CuS-NP due to their strong electrostatic attractions.67 For example, the concentrations of dissolved
silver exposed to n-CuS-NP and p-CuS-NP decreased from 5.0
mg L−1 to 3.6 and 3.9 mg L−1 within 5 min, respectively, while
the corresponding concentrations of dissolved copper were
0.37 and 0.31 mg L−1 (Fig. 4B and C).
Ag2S-NP were observed in the aqueous solution with
dissolved silver and CuS-NP. As shown in Fig. 5, NPs with lattice spacings of 2.67 and 3.20 Å were observed after dissolved
silver was directly mixed with n-CuS-NP in water under aero-

2826 | Environ. Sci.: Nano, 2018, 5, 2819–2829

bic conditions, corresponding to Ag2S and CuS respectively,51,52,68 which was further supported by the EDS elemental analysis (Fig. 5C–E). Moreover, the morphology of Ag2S-NP
was similar to that of parent n-CuS-NP (Fig. 5F and G). Considering that the CERs pathway would probably not change
the morphology of the parent NP,67 we propose that the formation of Ag2S-NP might proceed through CERs between
dissolved silver and CuS-NP. The CERs pathway of Ag-NP
sulfidation by CuS-NP in water under aerobic conditions is
different from the Ag-NP sulfidation that occurs in anoxic waters through reactions with dissolved sulfide, in which Ag2S
occurs at the surface of Ag-NP, forming an Ag-Ag2S core–shell
structure.32
Taken together, we propose that the transformations of
Ag-NP exposed to CuS-NP in water under aerobic conditions
primarily include dissolution and sulfidation. Moreover, AgNP sulfidation by CuS-NP is attributed to CERs between
dissolved silver and CuS-NP (Fig. 6), which may generally proceed through the following reactions on the basis of the overall findings of this work:

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Identification of NPs after dissolved silver (5.0 mg L−1 AgNO3) reacted with n-CuS-NP (4.4 mg L−1) under aerobic conditions. (A) TEM image.
(B) EDS analysis. (C–E) EDS elemental mappings of the NPs shown in Fig. 5A. (F) HRTEM image of NPs named F in Fig. 5A, showing a lattice spacing
of 2.67 Å. (G) HRTEM image of NPs named G in Fig. 5A, showing a lattice spacing of 3.2 Å.

4Ag0 + 4H+ + O2 → 4Ag+ + 2H2O

(1)

2Ag+ + CuS → Ag2S + Cu2+

(2)

Ag-NP dissolution was initiated by O2 in water, releasing
silver ions into solution (eqn (1)), which had been docu-

Fig. 6 A pictorial summary of the proposed pathway for Ag2S-NP
sulfidation by CuS-NP in water under aerobic conditions.

This journal is © The Royal Society of Chemistry 2018

mented in previous studies.69,70 The silver ions would react
with CuS-NP through CERs to form Ag2S-NP (eqn (2)).

4. Conclusion
Ag-NPs have been widely detected in environmental matrices,
although their environmental concentrations are primarily in
the range from ng L−1 to μg L−1.8,9,71 Nevertheless, it is of importance to understand Ag-NP transformations in environmental water, since Ag-NPs, even in the ng L−1 range, can affect cell functionality, posing potential risks to
environmental and human health.12 Sulfidation has been
considered as a natural antidote for Ag-NP, particularly when
sulfidation largely reduces the toxicity of Ag-NP to aquatic organisms due to the negligible dissolution of Ag2S-NPs. In previous studies, Ag-NP sulfidation was primarily observed in anaerobic waters through reactions with dissolved sulfides such
as bisulfides.31 Here, the Ag-NP could undergo sulfidation by
CuS-NP in water under aerobic conditions where the vast majority of organisms live. This provides a new pathway for
Ag2S-NP formation in natural waters and sheds light on the
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comprehensive understanding of transformations of Ag-NP in
the environment.
In addition, Ag-NP sulfidation by CuS-NP could be affected
by NOM and inorganic salts, which are ubiquitous components in the natural environment, restricting the sulfidation
of Ag-NP by CuS-NP in eutrophic waters and seawater. In total, our findings have documented that Ag-NPs, even under
aerobic conditions, can be sulfidized through reactions with
metal sulfides like CuS-NP, implying that the risks of Ag-NP
to organisms could be moderated in the natural
environment.

Conflicts of interest
There are no conflicts of interest to declare.

Acknowledgements
We thank the Zhejiang Province of Natural Science Foundation (LQ16B070003, LY18B070011), the Guangdong Provincial
Key Laboratory of Environmental Pollution and Health
(GDKLEEH201803), the National Natural Science Foundation
of China (21806141, 21806143) and the Science Foundation
and Top Discipline A Mathematics of Zhejiang Sci-Tech University (ZSTUM17C03, 17062003-Y) for financial support. The
authors thank Miss Fanglan Geng (Research Center for EcoEnvironmental Sciences, Chinese Academy of Sciences) for
EDS elemental mapping analysis. The authors also thank the
anonymous reviewers for their valuable comments and suggestions on this work.

References
1 A. N. Garcia, H. K. Boparai and D. M. O'Carroll, Environ. Sci.
Technol., 2016, 50, 5243–5251.
2 Y. Lao, K. K. L. Phua and K. W. Leong, ACS Nano, 2015, 9,
2235–2254.
3 Q. Li, S. Mahendra, D. Y. Lyon, L. Brunet, M. V. Liga, D. Li
and P. J. J. Alvarez, Water Res., 2008, 42, 4591–4602.
4 G. Lofrano, M. Carotenuto, G. Libralato, R. F. Domingos, A.
Markus, L. Dini, R. K. Gautam, D. Baldantoni, M. Rossi,
S. K. Sharma, M. C. Chattopadhyaya, M. Giugni and S.
Meric, Water Res., 2016, 92, 22–37.
5 L. Zhao, C. Ortiz, A. S. Adeleye, Q. Hu, H. Zhou, Y. Huang
and A. A. Keller, Environ. Sci. Technol., 2016, 50, 9697–9707.
6 G. Brunetti, E. Donner, G. Laera, R. Sekine, K. Scheckel, M.
Khaksar, K. Vasilev, G. De Mastro and E. Lombi, Water Res.,
2015, 77, 72–84.
7 S. Eckhardt, P. S. Brunetto, J. Gagnon, M. Priebe, B. Giese
and K. M. Fromm, Chem. Rev., 2013, 113, 4708–4754.
8 T. M. Benn and P. Westerhoff, Environ. Sci. Technol.,
2008, 42, 4133–4139.
9 S. Wagener, N. Dommershausen, H. Jungnickel, P. Laux, D.
Mitrano, B. Nowack, G. Schneider and A. Luch, Environ. Sci.
Technol., 2016, 50, 5927–5934.
10 C. Beer, R. Foldbjerg, Y. Hayashi, D. S. Sutherland and H.
Autrup, Toxicol. Lett., 2012, 208, 286–292.

2828 | Environ. Sci.: Nano, 2018, 5, 2819–2829

Environmental Science: Nano

11 B. P. Colman, L. F. Baker, R. S. King, C. W. Matson, J. M.
Unrine, S. M. Marinakos, D. E. Gorka and E. S. Bernhardt,
Environ. Sci. Technol., 2018, 52, 10048–10056.
12 K. K. Comfort, L. K. Braydich-Stolle, E. I. Maurer and S. M.
Hussain, ACS Nano, 2014, 8, 3260–3271.
13 P. Mantecca, K. Kasemets, A. Deokar, I. Perelshtein, A.
Gedanken, Y. K. Baha, B. Kianfar and J. Wang, Environ. Sci.
Technol., 2017, 51, 9305–9317.
14 B. Nowack, H. F. Krug and M. Height, Environ. Sci. Technol.,
2011, 45, 1177–1183.
15 Y. Yue, R. Behra, L. Sigg, M. J. F. Suter, S. Pillai and K.
Schirmer, Environ. Sci.: Nano, 2016, 3, 1174–1185.
16 C. Gil-Allué, K. Schirmer, A. Tlili, M. O. Gessner and R.
Behra, Environ. Sci. Technol., 2015, 49, 1165–1172.
17 B. Collin, O. V. Tsyusko, D. L. Starnes and J. M. Unrine,
Environ. Sci.: Nano, 2016, 3, 728–736.
18 D. E. Gorka, J. S. Osterberg, C. A. Gwin, B. P. Colman, J. N.
Meyer, E. S. Bernhardt, C. K. Gunsch, R. T. DiGulio and J.
Liu, Environ. Sci. Technol., 2015, 49, 10093–10098.
19 C. Levard, E. M. Hotze, B. P. Colman, A. L. Dale, L. Truong,
X. Y. Yang, A. J. Bone, G. E. Jr. Brown, R. L. Tanguay, R. T.
Di Giulio, E. S. Bernhardt, J. N. Meyer, M. R. Wiesner and
G. V. Lowry, Environ. Sci. Technol., 2013, 47, 13440–13448.
20 X. Yang, C. Jiang, H. Hsu-Kim, A. R. Badireddy, M. Dykstra,
M. Wiesner, D. E. Hinton and J. N. Meyer, Environ. Sci.
Technol., 2014, 48, 3486–3495.
21 R. D. Kent, J. G. Oser and P. J. Vikesland, Environ. Sci.
Technol., 2014, 48, 8564–8572.
22 M. L. Nguyen, J. A. Murphy, L. C. Hamlet and B. L. T. Lau,
Environ. Sci.: Nano, 2018, 5, 1090–1095.
23 J. T. K. Quik, I. Velzeboer, M. Wouterse, A. A. Koelmans and
D. van de Meent, Water Res., 2014, 48, 269–279.
24 V. K. Sharma, J. Filip, R. Zboril and R. S. Varma, Chem. Soc.
Rev., 2015, 44, 8410–8423.
25 A. Wimmer, A. Kalinnik and M. Schuster, Water Res.,
2018, 141, 227–234.
26 C. Zhang, Z. Hu and B. Deng, Water Res., 2016, 88, 403–427.
27 C. Levard, S. Mitra, T. Yang, A. D. Jew, A. R. Badireddy, G. V.
Lowry Jr. and G. E. Brown, Environ. Sci. Technol., 2013, 47,
5738–5745.
28 B. C. Reinsch, C. Levard, Z. Li, R. Ma, A. Wise, K. B. Gregory,
G. E. Jr. Brown and G. V. Lowry, Environ. Sci. Technol.,
2012, 46, 6992–7000.
29 P. L. Breuer, M. I. Jeffrey and D. M. Hewitt, Miner. Eng.,
2008, 21, 579–586.
30 R. Kaegi, A. Voegelin, B. Sinnet, S. Zuleeg, H. Haegendorfer,
M. Burkhardt and H. Siegrist, Environ. Sci. Technol.,
2011, 45, 3902–3908.
31 R. Kaegi, A. Voegelin, C. Ort, B. Sinnet, B. Thalmann, J.
Krismer, H. Hagendorfer, M. Elumelu and E. Mueller, Water
Res., 2013, 47, 3866–3877.
32 C. Levard, B. C. Reinsch, F. M. Michel, C. Oumahi, G. V.
Lowry and G. E. Jr. Brown, Environ. Sci. Technol., 2011, 45,
5260–5266.
33 J. Liu, K. G. Pennell and R. H. Hurt, Environ. Sci. Technol.,
2011, 45, 7345–7353.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Published on 12 October 2018. Downloaded by Jinan University Library on 2/26/2019 6:15:32 AM.

Environmental Science: Nano

34 J. M. Pettibone and J. Liu, Environ. Sci. Technol., 2016, 50,
11145–11153.
35 B. Thalmann, A. Voegelin, B. Sinnet, E. Morgenroth and R.
Kaegi, Environ. Sci. Technol., 2014, 48, 4885–4892.
36 K. C. Bowles, M. J. Ernste and J. R. Kramer, Anal. Chim. Acta,
2003, 477, 113–124.
37 I. Myagkaya, E. V. Lazareva, M. Gustaytis and S. M.
Zhmodik, J. Geochem. Explor., 2016, 160, 16–30.
38 K. Sukola, F. Wang and A. Tessier, Anal. Chim. Acta,
2005, 528, 183–195.
39 M. Bhagat, J. E. Burgess, A. P. M. Antunes, C. G. Whiteley
and J. R. Duncan, Miner. Eng., 2004, 17, 925–932.
40 Z. Wang, A. von dem Bussche, P. K. Kabadi, A. B. Kane and
R. H. Hurt, ACS Nano, 2013, 7, 8715–8727.
41 M. Tejamaya, I. Römer, R. C. Merrifield and J. R. Lead,
Environ. Sci. Technol., 2012, 46, 7011–7017.
42 L. Li, L. Hu, Q. Zhou, C. Huang, Y. Wang, C. Sun and G.
Jiang, Environ. Sci. Technol., 2015, 49, 2486–2495.
43 J. M. Burns, P. L. Pennington, P. N. Sisco, R. Frey, S.
Kashiwada, M. H. Fulton, G. I. Scott, A. W. Decho, C. J.
Murphy, T. J. Shaw and J. L. Ferry, Environ. Sci. Technol.,
2013, 47, 12844–12851.
44 M. Aleksić, H. Kušić, N. Koprivanac, D. Leszczynska and
A. L. Božić, Desalination, 2010, 257, 22–29.
45 M. Gmurek, M. Foszpańczyk, M. Olak-Kucharczyk, D. Gryglik
and S. Ledakowicz, Chem. Eng. J., 2017, 318, 240–246.
46 Z. Tan, J. Liu, X. Guo, Y. Yin, S. K. Byeon, M. H. Moon and
G. Jiang, Anal. Chem., 2015, 87, 8441–8447.
47 G. Z. Tsogas, D. L. Giokas and A. G. Vlessidis, Anal. Chem.,
2014, 86, 3484–3492.
48 S. B. Cheknev, E. E. Babaeva, E. A. Denisova, U. A. Vorob'eva
and E. M. Mongush, Bull. Exp. Biol. Med., 2006, 142, 710–713.
49 M. N. Uddin, M. S. Salam and M. A. Hossain, Chemosphere,
2013, 90, 366–373.
50 K. A. D. Guzman, M. P. Finnegan and J. F. Banfield, Environ.
Sci. Technol., 2006, 40, 7688–7693.
51 C. Chen, Y. Xie, G. Ali, S. H. Yoo and S. O. Cho, Nanoscale
Res. Lett., 2011, 6, 462.
52 S. Xiong, B. Xi, K. Zhang, Y. Chen, J. Jiang, J. Hu and H.
Zeng, Sci. Rep., 2013, 3, 2177.
53 S. K. Misra, A. Dybowska, D. Berhanu, S. N. Luoma and E.
Valsami-Jones, Sci. Total Environ., 2012, 438, 225–232.

This journal is © The Royal Society of Chemistry 2018

Paper

54 L. Li, Q. Zhou, F. Geng, Y. Wang and G. Jiang, Environ. Sci.
Technol., 2016, 50, 13342–13350.
55 G. W. Luther III, A. J. Findlay, D. J. MacDonald, S. M.
Owings, T. E. Hanson, R. A. Beinart and P. R. Girguis, Front
Microbiol., 2011, 2, 1–9.
56 T. S. Peretyazhko, Q. Zhang and V. L. Colvin, Environ. Sci.
Technol., 2014, 48, 11954–11961.
57 T. Zhang, D. Lu, L. Zeng, Y. Yin, Y. He, Q. Liu and G. Jiang,
Environ. Sci. Technol., 2017, 51, 14164–14172.
58 A. C. Mensch, R. T. Hernandez, J. E. Kuether, M. D. Torelli,
Z. V. Feng, R. J. Hamers and J. A. Pedersen, Environ. Sci.
Technol., 2017, 51, 11075–11084.
59 I. L. Gunsolus, M. P. S. Mousavi, K. Hussein, P. Bühlmann
and C. L. Haynes, Environ. Sci. Technol., 2015, 49,
8078–8086.
60 B. Thalmann, A. Voegelin, E. Morgenroth and R. Kaegi,
Environ. Sci.: Nano, 2016, 3, 203–212.
61 A. M. El Badawy, T. P. Luxton, R. G. Silva, K. G. Scheckel,
M. T. Suidan and T. M. Tolaymat, Environ. Sci. Technol.,
2010, 44, 1260–1266.
62 K. Huang, W. Deng, R. Dai, X. Wang, Q. Xiong, Q. Yuan, X.
Jiang, X. Yuan and X. Xiong, Microchem. J., 2017, 135, 74–80.
63 A. E. Powell, J. M. Hodges and R. E. Schaak, J. Am. Chem.
Soc., 2016, 138, 471–474.
64 D. H. Son, S. M. Hughes, Y. Yin and A. P. Alivisatos, Science,
2004, 306, 1009–1012.
65 S. Wark, C. Hsia and D. H. Son, J. Am. Chem. Soc., 2008, 130,
9550–9555.
66 K. Huang, K. Xu, J. Tang, L. Yang, J. Zhou, X. Hou and C.
Zheng, Anal. Chem., 2015, 87, 6584–6591.
67 Z. V. Feng, I. L. Gunsolus, T. A. Qiu, K. R. Hurley, L. H.
Nyberg, H. Frew, K. P. Johnson, A. M. Vartanian, L. M.
Jacob, S. E. Lohse, M. D. Torelli, R. J. Hamers, C. J. Murphy
and C. L. Haynes, Chem. Sci., 2015, 6, 5186–5196.
68 S. S. Kalanur and H. Seo, RSC Adv., 2017, 7, 11118–11122.
69 J. Liu and R. H. Hurt, Environ. Sci. Technol., 2010, 44,
2169–2175.
70 J. Liu, D. A. Sonshine, S. Shervani and R. H. Hurt, ACS Nano,
2010, 4, 6903–6913.
71 L. Li, M. Stoiber, A. Wimmer, Z. Xu, C. Lindenblatt, B.
Helmreich and M. Schuster, Environ. Sci. Technol., 2016, 50,
6327–6333.

Environ. Sci.: Nano, 2018, 5, 2819–2829 | 2829

