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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 SO4
2− 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,

we propose that Ag-NP sulfidation by CuS-NP in water under aerobic conditions proceeds through the fol-

lowing reactions: oxygen-dependent dissolution releases silver ions, followed by cation exchange reactions

with CuS-NP to form Ag2S-NP. This study illustrates the potential mechanism for Ag-NP sulfidation by

CuS-NP in water under aerobic conditions and sheds light on potential transformations of Ag-NP in the

environment.

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 com-
mercial products due to their broad-spectrum antimicrobial
activity6,7 and as a result, they are released into the environ-
ment 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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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 SO4

2− in water. Sulfidation of Ag-NP by CuS-NP is dependent on the molar Ag/S ratio, and natural or-
ganic 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.

Pu
bl

is
he

d 
on

 1
2 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 J
in

an
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

2/
26

/2
01

9 
6:

15
:3

2 
A

M
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c8en00651b&domain=pdf&date_stamp=2018-11-30
http://orcid.org/0000-0002-6075-9954
http://orcid.org/0000-0002-2611-380X
http://dx.doi.org/10.1039/c8en00651b
http://dx.doi.org/10.1039/c8en00651b
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN005012


2820 | Environ. Sci.: Nano, 2018, 5, 2819–2829 This journal is © The Royal Society of Chemistry 2018

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 modifi-
cation, 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, environ-
ment and human health.17–20

Ag-NPs readily undergo transformations including aggrega-
tion, 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 negligi-
ble dissolution of silver sulfide nanoparticle (Ag2S-NP).

27,28 Lab-
oratory and field studies have documented that Ag2S-NP forma-
tion via an Ag–Ag2S core–shell pathway mainly occurs in anoxic
processes of wastewater treatment systems as Ag-NP directly re-
acts 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–hun-
dreds (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 oxida-
tion.39,40 Thalmann et al. reported that citrate-stabilized Ag-
NP 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 kinet-
ics.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 Ag-
NP 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 uncer-
tainties 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 natu-
ral organic matter (NOM) and inorganic salts on the Ag-NP
sulfidation by CuS under aerobic conditions. These uncer-
tainties 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 fur-
ther shed light on the potential sulfidation mechanisms, the

effects of molar Ag/S ratios, dissolved oxygen (DO), NOM and
inorganic salts on the Ag-NP sulfidation by CuS-NP were ex-
amined. 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-de-
pendent dissolution to release silver ions, followed by cation
exchange reactions (CERs) between the silver ions and CuS-
NP 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 PEG-
coated 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 pre-
pared in the laboratory as outlined in the following section.
All chemical reagents except for ethanol and NOM were pur-
chased from Sigma-Aldrich (St. Luis, U.S.A.); ethanol was
obtained from Sinopharm Chemical Reagent Co. Ltd. (Shang-
hai, 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, Bil-
lerica, 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 nano-
particles (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 solu-
tion (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 so-
lution (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.

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 di-
luting 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 over-
night. 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 op-
tical 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 solu-
tions 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 be-
cause 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 centrifu-
gal 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

CAg
dissolved). The second group of subsamples (1 mL) was

treated with 10 mM H2O2 (3 mL) to effectively oxidize resid-
ual 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 Ag-
NP (denoted as CAg

(dissolved+NP)). Thus, the concentration of re-
sidual Ag-NP in the CuS-NP and Ag-NP mixture was calcu-
lated by subtracting the CAg

dissolved from the 4·[CAg
(dissolved+NP)],

considering the dilution factor of 4. The amount of Ag-NP de-
pletion 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 spectrophotomet-
rically measured to determine the total dissolved copper con-
centrations, as described in the following section.

2.6 Measurement of total dissolved copper

Total dissolved copper, including free species and that proba-
bly adsorbed by NPs, was determined using UV-vis spectro-
scopy (Shimadzu UV-2600).48,49 In brief, sodium diethyl-
dithiocarbamate (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 UV-
vis measurement. Meanwhile, another 2 mL of sample, with-
out spiking with SDDTC, was also spectrophotometrically
measured to show potential interferences in the absorbance
value (Ainterference) due to the presence of NPs. The net absor-
bance 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 calcu-
lated 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 envi-
ronmental water, the effects of NOM and inorganic salts were
examined. A NOM stock solution (100 mg L−1 dissolved or-
ganic 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 mem-
brane. The total silver and copper concentrations of NOM
stock solution were all below 0.1 μg L−1, based on the induc-
tively coupled plasma mass spectrometry (ICP-MS, Agilent
8800, U.S.A.) measurement, confirming that there were no sil-
ver and copper impurities in the Suwanee River NOM. Stock
solutions of NaNO3, NaCl and CaCl2 were prepared by dis-
solving the corresponding inorganic salts in UPW at a con-
centration 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 so-
lution. 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 men-
tioned 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 concentra-
tions 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 mea-
sured using the above-mentioned method, showing total
dissolved copper concentrations. The other group of subsam-
ples 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 par-
ticles 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 gradu-
ally released silver ions as a function of time under aerobic
conditions (Fig. S3†), yielding the highest silver ions concen-
tration 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-CuS-
NP and p-CuS-NP were 525.9 ± 57.3 and 278.2 ± 31.9 nm, re-
spectively, 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 con-
centration of 17.8 mg L−1 showed negligible dissolution

(<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 com-
posed of elemental silver and sulfur were observed after Ag-
NP 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 consis-
tent with the {121} planes of Ag2S,

51,52 suggesting the forma-
tion of Ag2SNP in Ag-NP solution containing n-CuS-NP. Addi-
tionally, 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-CuS-
NP through HRTEM and EDS analysis (Fig. S4†). These re-
sults 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 gen-
eral phenomenon for Ag-NP and surface coating would prob-
ably not inhibit the Ag-NP sulfidation, improving our under-
standing of Ag-NP transformations in environmental water.
Moreover, given that the sizes of both n-CuS-NP and n-CuS-
NP were not uniform, we proposed that the size of CuS-NP
may not be a key factor for Ag-NP sulfidation. In order to de-
termine 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 deple-
tion 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 nega-
tively charged Ag-NP and positively charged p-CuS-NP, as hy-
drodynamic sizes of the mixture containing Ag-NP and p-
CuS-NP increased with decreasing molar Ag/S ratios (Fig.
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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 de-
pletion 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 mea-
sured as a function of time, showing measurable levels of
dissolved copper in the Ag-NP solution with coexisting CuS-
NP under aerobic conditions (Fig. S6†). Nevertheless, negligi-
ble levels (ICS-1100, Dionex, 20 μg L−1 limit of detection un-
der 25 μL injection) of SO4

2− 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 SO4

2− 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 equilib-
rium. This might be related to the limited amount of

dissolved silver in the solution, as previous studies have doc-
umented that the dissolution of Ag-NP would reach an equi-
librium within a certain time.56,57 Also, the extent of CuS-NP
depletion due to Ag-NP sulfidation increased with the de-
creasing 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 de-
creases in the presence of NOM. Moreover, Ag-NP depletion
decreased with the increasing concentration of NOM: in par-
ticular, at a NOM concentration of 10 mg L−1, negligible Ag-
NP 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 af-
finity for NOM,57,58 and the dissolution of Ag-NP would be
depressed by NOM.17,59 In contrast, the sulfidation of Ag-NP

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 lat-
tice 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.
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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 Ag-
NP depletion decreases in the presence of inorganic salts re-
gardless of the concentration (at 10 or 100 mg L−1,
Fig. 3C and D). This suggests that inorganic salts are impor-
tant 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 ob-
served in the environmental water (river water and lake wa-
ter); 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

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 condi-
tions 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, measur-
able levels of dissolved copper were observed, while the
corresponding SO4

2− 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 doc-
umented that CERs could likely occur when there were great
differences in the solubility of different metal complexes.62–65

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 so-
lution 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 solu-
tion 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.
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For example, ultrasensitive speciation analysis of Ag+ and Ag-
NP was developed by using the cation exchange reaction be-
tween Ag+ and CdSe quantum dots.62 In this study, the solu-
bility 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 forma-
tion energy of Ag2S (−0.278 eV). Clearly, it is a thermody-
namic 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 ki-
netics of CER for Ag-NP sulfidation by CuS-NP. For example,
at a molar Ag/S ratio of 1, the reaction rate constant of p-
CuS-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 Ag-
NP sulfidation by CuS-NP, Ag-NP exposed to CuS-NP was in-

vestigated under deoxygenated conditions. This experiment
showed no changes in the CuS-NP concentration as a func-
tion 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 deoxy-
genated 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 in-
crease in dissolved copper concentration (Fig. 4B and C),
when dissolved silver (AgNO3) instead of Ag-NP was mixed

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.
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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 imply-
ing that CERs could indeed occur within a short time, as was
observed in this study. In addition, the extent of CuS-NP de-
pletion caused by dissolved silver through CERs was affected
by the surface charge of CuS-NP. Compared to p-CuS-NP, n-
CuS-NP depletion occurred to a large extent within the same
time (Fig. 4D), which might be attributed to the great interac-
tions between the positively charged dissolved silver and neg-
atively charged n-CuS-NP due to their strong electrostatic at-
tractions.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 lat-
tice spacings of 2.67 and 3.20 Å were observed after dissolved
silver was directly mixed with n-CuS-NP in water under aero-

bic conditions, corresponding to Ag2S and CuS respec-
tively,51,52,68 which was further supported by the EDS elemen-
tal analysis (Fig. 5C–E). Moreover, the morphology of Ag2S-NP
was similar to that of parent n-CuS-NP (Fig. 5F and G). Con-
sidering that the CERs pathway would probably not change
the morphology of the parent NP,67 we propose that the for-
mation 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 wa-
ters 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, Ag-
NP sulfidation by CuS-NP is attributed to CERs between
dissolved silver and CuS-NP (Fig. 6), which may generally pro-
ceed through the following reactions on the basis of the over-
all findings of this work:

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 concentra-
tions 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 con-
ditions. (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.
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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-

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 im-
portance to understand Ag-NP transformations in environ-
mental water, since Ag-NPs, even in the ng L−1 range, can af-
fect 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 or-
ganisms due to the negligible dissolution of Ag2S-NPs. In pre-
vious studies, Ag-NP sulfidation was primarily observed in an-
aerobic 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 ma-
jority of organisms live. This provides a new pathway for
Ag2S-NP formation in natural waters and sheds light on the

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.

Fig. 6 A pictorial summary of the proposed pathway for Ag2S-NP
sulfidation by CuS-NP in water under aerobic conditions.
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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 compo-
nents in the natural environment, restricting the sulfidation
of Ag-NP by CuS-NP in eutrophic waters and seawater. In to-
tal, 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.
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