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Abstract
The corrosion of silver nanoparticles (AgNPs) on exposure to ambient air was studied using imaging and analysis in the 
scanning transmission electron microscope (STEM). Secondary particles are formed on exposure to ambient air, and these 
are more numerous and more widely distributed as the relative humidity increases. Energy-dispersive X-ray analysis (EDS) 
confirms that the particles contain Ag and S. Electron energy loss spectra (EELS) in the valence part of the spectrum 
(< ~ 50 eV) identify the corrosion product as Ag2S on comparison with spectra from reference compounds. The EELS 
measurements also allow for a direct visualisation of the shift in the energy of the surface plasmon peak that occurs when 
the corrosion product is in contact with the particle. The experiments confirm that advanced electron microscopy methods 
have an important role in investigating corrosion of nanoparticulate systems.
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Introduction

Ag nanoparticles (AgNPs) are of significant technological 
interest for two quite distinct purposes: as an antibacterial 
(Alexander 2009; Barillo and Marx 2014); and for plasmon-
ics (Rycenga et al. 2011). AgNPs are also notable for under-
going rapid corrosion in ambient air which places constraints 
on the applications for which they are suitable (Elechiguerra 
et al. 2005; McMahon et al. 2005; Keast et al. 2016). Ag has 
been identified as the ideal material for plasmonics applica-
tions as it can sustain very strong plasmon resonances (Pas-
toriza-Santos and Liz-Marzan 2008; Rycenga et al. 2011). 
However, it has failed to capitalise on this promise in many 
plasmonic applications due to its very rapid corrosion and, 
consequently, Au remains the material of choice, despite 
being less suitable and more expensive. Furthermore, the 
release of Ag+ ions from AgNPs is an intrinsic aspect of 
both their antibacterial activity (Rizzello and Pompa 2014; 
Le Ouay and Sellacci 2015) and the mechanism by which 
the chemical transformations during corrosion occur (Gor-
ham et al. 2014; Yu et al. 2014). Therefore, investigations 
into the corrosion processes can assist in understanding the 

antibacterial activity. In addition, in some medical applica-
tions, corrosion of the AgNPs before their use may impact 
their antibacterial effectiveness.

In the case of bulk Ag, corrosion occurs by reaction with 
trace amounts of H2S and/or OCS in the atmosphere to pro-
duce Ag2S (Franey et al. 1985). The corrosion product forms 
as a discontinuous layer of spherical particles and the parti-
cles increase in size but not density over time (Bennett et al. 
1969). The rate of corrosion to Ag2S is dependent on the 
presence of water vapour (Pope et al. 1968; Bennett et al. 
1969; Graedel et al. 1985) and it is believed that the role of 
relative humidity (RH) is to provide an adsorbed layer of 
water on the surface which acts as a medium for the absorp-
tion and decomposition of atmospheric gases and for the dis-
solution of solid Ag into Ag+ ions. The presence of an oxi-
dising agent (e.g. O3, NO2) enhances the formation of Ag2S 
by promoting the dissolution of bulk Ag (Graedel 1992). 
Similarly, enhanced corrosion rates have been observed in 
the presence of aerial oxygen, when compared to a pure N2 
environment (Kleber et al. 2008). The corrosion products 
formed in various outdoor environments have been found to 
be more complex than indoor environments and may include 
Ag2O, AgO, AgCl and Ag2SO4 in addition to Ag2S (Lin 
et al. 2013; Sanders et al. 2015).

The first direct measurements of the corrosion product of 
AgNPs when exposed to air identified secondary Ag2S parti-
cles on the surfaces of the AgNPs and changes in the optical 

 *	 Vicki J. Keast 
	 vicki.keast@newcastle.edu.au

1	 School of Information and Physical Sciences, University 
of Newcastle, Callaghan, NSW 2308, Australia

http://orcid.org/0000-0003-4925-5875
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-022-02462-1&domain=pdf


1860	 Applied Nanoscience (2022) 12:1859–1868

1 3

response of the particles in response to light (Elechiguerra 
et al. 2005; McMahon et al. 2005). There have been other 
subsequent studies identifying the corrosion product of 
AgNPs on exposure to ambient air as being Ag2S (Cao 
and Elsayed-Ali 2009; Wang et al. 2011; Keast et al. 2016; 
Scuderi et al. 2016). That Ag predominantly corrodes to a 
sulfide is distinct from most other metals where the corro-
sion products on exposure to ambient air are usually oxides. 
In a number of the studies of corrosion of AgNPs, an a pri-
ori assumption was made that the corrosion product was an 
oxide and the possibility of Ag2S as an explanation for the 
observed results do not appear to have been considered (Cai 
et al. 1998; Qi et al. 2010; Kuzma et al. 2012; Grillet et al. 
2013). However, oxidation of AgNPs can be promoted using 
ozone concentrations greater than normal atmospheric levels 
(Qi et al. 2010; Han et al. 2011).

In contrast to other studies, an X-ray photoelectron spec-
troscopy (XPS) analysis of a 5 nm Ag film after exposure to 
laboratory air found predominantly only O on the surface, 
not S, with the exception of a film intentionally exposed to a 
high S environment (Oates et al. 2013). However, the RH of 
the laboratory environment was not reported, and a low RH 
can suppress Ag corrosion. Furthermore, XPS only reports 
the composition and valence of the top few atomic layers and 
the observations may represent adsorbed oxygen contain-
ing species on the surface, or the monolayer of AgO that 
is proposed to be associated with the dissolution of Ag in 
aqueous environments (Johnston et al. 2019). A similar XPS 
study on a Ag film observed the present of O, rather than S 
(Wang et al. 2017) but then assumed the observed corrosion 
product of AgNPs was an oxide without performing a direct 
verification. As the corrosion of AgNPs to Ag2S is strongly 
enhanced when compared to bulk, this assumption may not 
be warranted. However, it cannot be excluded that in these 
two studies an unusually low concentration of H2S and OCS 
in the ambient air inhibited the formation of Ag2S.

Three possible routes, as illustrated in Fig. 1, have been 
identified for the conversion of AgNPs to Ag2S in ambient 
air (Glover et al. 2011; Liu et al. 2011; Keast et al. 2016):

(1) direct conversion to Ag2S;
(2) oxidative dissolution of Ag to Ag+ followed by pre-

cipitation as Ag2S; and
(3) oxidative dissolution of Ag to Ag+ followed by pre-

cipitation as nanoparticulate Ag, then followed by conver-
sion to Ag2S.

Which of these processes dominate is likely to be deter-
mined by factors in the local environment such as: the RH 
(resulting in an adsorbed water layer); the presence of oxi-
dative species; the concentration of sulfur containing gases 
such as H2S and OCS; and exposure to light. The role of 
light may be to promote the photo-reduction of the Ag+ spe-
cies, present in the adsorbed water layer, to secondary Ag 
nanoparticles (Yu et al. 2014).

Although most evidence in the literature points to the cor-
rosion product on the exposure of AgNPs to ambient air as 
being Ag2S, there is sufficient ambiguity that development of 
additional methods to unequivocally identify Ag corrosion 
products is warranted. Electron energy loss spectroscopy 
(EELS) in the scanning transmission electron microscope 
(STEM) is a characterisation technique that can investigate 
the composition of nanostructured materials. In particular, 
the valence part of the spectrum (< ~ 50 eV) has a high 
interaction cross-section allowing high-quality spectra to 
be acquired relatively quickly. However, the shape of the 
valence EEL spectrum depends on the dielectric function of 
the material being studied and is thus an indirect measure 
of composition.

Fig. 1   Schematic of different possible corrosion processes for 
AgNPs. a Direct conversion to Ag2S, b dissolution of Ag to Ag+ fol-
lowed by precipitation as Ag2S. c dissolution of Ag to Ag+ followed 
by precipitation as nanoparticulate Ag then conversion to Ag2S
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Despite considerable investigation into the corrosion of 
AgNPs, a consistent picture of their corrosion processes has 
not yet emerged. The role of environmental aspects, such as 
relative humidity (RH), the details of the atmospheric com-
position and exposure to light require further investigation. 
Further understanding of the corrosion behaviour would 
be advantageous to design approaches to address the rapid 
corrosion of AgNPs and to expand their range of applica-
tions. The aim of this work was to use electron microscopy 
imaging and analysis to investigate the early stages of AgNP 
corrosion under different conditions. Valence EELS has not 
previously been applied to the study of corrosion products 
in nanoparticle systems, and offers advantages in collection 
efficiency. This article will also report on the suitability of 
valence EELS to identify the corrosion products of Ag.

Methods

The AgNPs studied in this work were commercially avail-
able particles (Sigma-Aldrich catalogue number 758329) 
with a range of particle sizes under 100 nm in size, capped 
with polyvinylpyrrolidone (PVP) and dispersed in ethylene 
glycol at 5 wt.%. Samples for imaging and analysis in the 
STEM were further diluted in ethanol and deposited on a 
lacy carbon film supported on a copper grid. Each grid was 
then placed on filter paper in a small plastic petri storage 
container with a loose-fitting lid. The samples were stored 
in indoor environments for time periods varying from 24 h to 
29 days. To investigate the role of RH, a set of samples were 
placed in secondary, non-airtight containers, with either an 
open container of water (to increase the RH), with silica 
desiccant (to decrease the RH) or alone. The effect of expo-
sure to light was investigated by wrapping the petri storage 
container in Al foil.

STEM analysis was performed using a probe-corrected 
JEOL-ARM 200F STEM, operated at 200 kV with a probe 
size of ~ 0.1 nm. Bright field (BF) and annular dark field 
(ADF) images were acquired at a range of magnifications. 
Compositional analysis using X-ray energy dispersive spec-
troscopy (EDS) was performed using a JEOL Centurio SDD 
detector with 100 mm2 detection area. EDS spectrum images 
were acquired using rapid raster acquisition with a cumula-
tive dwell time per pixel of ~ 5 ms. Spectra from selected 
regions of the area mapped were extracted during post-pro-
cessing. Acquisition and processing were performed using 
Thermo-Scientific NSS Software Version 4.0.

EELS was performed with a Gatan GIF Quantum spec-
trometer. The energy resolution for the EELS measurements 
was improved to around 0.5 eV by decreasing the extraction 
voltage on the cold field emission gun, giving a beam cur-
rent of ~ 15 pA. EEL spectrum images were acquired with an 
energy dispersion of 0.05 eV per channel. Acquisition times 

at each pixel were typically around 0.1–0.2 s. After acquisi-
tion, Gatan’s dark-current correction and energy drift correc-
tion routines were applied. The convergence and collection 
angles of the beam were ~ 24.9 mrad and ~ 8.8 mrad respec-
tively. To map out the different components in the valence 
EELS spectrum, a multiple linear least squares fit (MLLS) 
to internal reference spectra of Ag, Ag2S and C was made. 
This was followed by Gaussian peak fitting to the peaks in 
residual spectrum that corresponded to the surface plasmon 
peaks. Mapping composition with EELS using the S and 
Ag M ionisation edges was found to not offer any benefits 
over EDS due to the more complex processing required to 
extract elemental information, the presence of the C support 
film increasing the background signal, and the deleterious 
effects of C contamination on signal to background in EEL 
spectra. Plasma cleaning has been found to alter AgNPs and 
so cannot be used to reduce contamination rates in these 
experiments.

Valence EEL reference spectra were acquired from a 
range of materials representing possible corrosion products 
(AgO, Ag2O, Ag2S, Ag2SO4 and Ag2CO3) to facilitate iden-
tification of the corrosion product. These experimental spec-
tra were compared to simulations using density functional 
theory (DFT) and in the random phase approximation (RPA) 
as implemented in the WIEN2k code (Blaha et al. 2001) and 
methods described previously (Keast 2013).

Results

Figure 2a–c shows images of AgNPs freshly deposited onto 
the lacey carbon film demonstrating that, as-deposited, 
they are free of any secondary particles attached to or in 
the vicinity of the otherwise pristine particles. Figure 2d–f 
shows representative images of particles after 24 h exposure 
to ambient air and Fig. 2g–i after 4 days exposure. Within 
24 h secondary particles have appeared, and in general, 
these are larger after 4 days exposure although particles 
with a range of sizes have been observed for all exposure 
times. Contrary to expectation, no notable differences 
were observed between particles kept in the dark and those 
exposed to light. Many, but not all, of the secondary parti-
cles display a distinctive two-phase appearance of which 
examples are shown at higher magnifications in Fig. 2. The 
observed morphologies are consistent with previous work 
(Keast et al. 2016) where similar bimodal particles were 
associated with corrosion of triangular AgNPs. These were 
previously identified as having Ag and Ag2S components, 
on the basis of the lattice images, and here that identifica-
tion has been supported using EDS as shown in Fig. 3. As 
expected, the brighter regions in the ADF image are associ-
ated with predominantly Ag and the darker regions with a 
higher S content.
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Figure 4 shows the comparison between particles exposed 
to ambient air for 4 days (Fig. 4a) and 22 days (Fig. 4b) to 
that of particles stored in a low humidity environment with 
silica desiccant for 4 days (Fig. 4c) and 22 days (Fig. 4d). 
Fewer secondary particles are formed at low RH and those 
that do are attached to or close to the AgNPs. After 22 days 
in low RH the corrosion product, while still particulate in 
nature, has formed a shell around the original AgNPs, as 
opposed to the more dispersed distribution for exposure in 
ambient air. When exposed to the high RH environment a 
large number of secondary particles are formed over the 
entire support film and these secondary particles are com-
posed of Ag and S, as shown in Fig. 5.

The small size of the secondary particles meant that 
valence EELS spectra were dominated by the substrate 
spectrum and it was not possible to reliably extract spectra 
representative of the particles alone. This was not improved 
when using Si3N4 membranes as a support film instead of 
lacey C. Therefore, EEL analysis was instead performed on 
particles with longer exposure times where a substantial 
amount of corrosion product had formed. Figure 6 shows 
results obtained from an AgNP exposed to ambient air for 

29 days where the particle is suspended over a hole in the C 
support film. Three phases are observed: the AgNP; the cor-
rosion product; and the C support film. In addition, surface 
plasmon peaks are observed with a higher energy plasmon 
peak at 2.8 eV, associated with the AgNP free of corrosion 
product, and a lower energy plasmon, at 2.1 eV, found at the 
edges of the corrosion product. This shift in the plasmon 
peak with corrosion is consistent with the observed plas-
monic behaviour of AgNPs on exposure to air (McMahon 
et al. 2005). The reference spectra shown in Fig. 7 confirm 
that Ag2S is the most probable candidate for the corrosion 
product, as expected based on the compositional data.

Discussion

The results presented here confirm that the corrosion prod-
uct of AgNPs on exposure to ambient air is Ag2S and that 
the corrosion process is mediated by the generation of sec-
ondary particles. The RH plays an important role with the 
number and spread of the secondary particles increasing 
with RH. The results demonstrate that the role of RH in 

Fig. 2   a, b BF and c ADF 
images of as deposited AgNPs. 
d, e BF and f ADF images after 
24 h of exposure to ambient air. 
g, h BF and i ADF images after 
4 days of exposure to ambient 
air. The particles shown in e,f 
are those indicated by the box in 
(d) and the particle shown in h, 
i is the particle indicated by the 
box in (g)
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the corrosion process is to allow dispersion of Ag+ ions 
through the adsorbed water layer, providing a larger num-
ber of secondary particles which will accelerate corrosion 
rates. The observations reported here are consistent with 
the formation of secondary particles on bulk Ag (Glover 
et al. 2011) and the role of RH. In contrast, no difference 
was observed between AgNPs kept in the dark and those 
exposed to light. However, it is possible that the nuclea-
tion of the small nanoparticles occurred during sample 

preparation during the evaporation of the solution after 
deposition on the carbon film.

A limitation of this study is that the effect of environ-
mental variables was only studied qualitatively. Future 
experiments with more careful quantitative control of RH 
and H2S levels are desirable. Whilst RH can be controlled 
experimentally relatively readily, the typical concentration 
of H2S in the atmosphere are in the parts per billion (ppb) 
range (Pope et al. 1968; Rice et al. 1981; Chou 2003) and 

Fig. 3   a BF and b ADF images of AgNP particles after 4 days exposure to laboratory air. Corresponding EDS maps of c S K counts and d Ag L 
counts. e EDS spectra extracted from the regions indicated in a. Spectra have been rescaled to the Ag L peak
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Fig. 4   BF STEM images of 
AgNPs exposed to ambient air 
for a 4 days and b 22 days. BF 
STEM images of AgNPs stored 
in a low humidity environment 
with silica desiccant for c 4 days 
and d 22 days

Fig. 5   a BF STEM images of AgNP particles after 4 days exposure to a high RH environment. b EDS spectra extracted from an AgNP and c 
EDS spectra from a region of the support film and secondary particles. Spectra have been rescaled to the Ag L peak
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these are very challenging to both measure and control. For 
this reason, many prior experiments of Ag corrosion were 
conducted with much higher H2S concentrations. However, 
the corrosion processes in these accelerated environments 
may not reflect those in typical environmental conditions.

The DFT calculations of the valence EELS show general 
agreement with the overall experimental spectral shapes. 
The zero-loss-peak has not been extracted from the experi-
mental spectra accounting for the difference at low energies. 
Some peaks at high energies are more intense in the calcu-
lated spectra due to the influence of local field effects (Vast 
et al. 2002). More sophisticated approaches can be used to 
address local field effects as well as many-body interactions, 
but these are significantly more computationally demanding 
(Onida et al. 2002). The DFT results presented here are suf-
ficient to confirm that the experimental spectra correspond 
to what is expected for these reference compounds.

These results demonstrate that valence EELS can be used 
to identify the spectral signature of the corrosion product 
and this can be mapped at the nanometre scale. However, 
interference from the substrate and the plasmonic response 
of AgNPs make this challenging for very small particles. 
Ultrathin carbon or graphene substrates are recommended 
for the study of smaller particles. By comparison with refer-
ence spectra, the corrosion product can be unambiguously 
identified as Ag2S and so using this approach may be useful 
for wider studies of corrosion products both in the nano-
particle and bulk forms. Such an approach may be useful 

for the study of copper corrosion in outdoor environments 
where many different corrosion products may form (Graedel 
1987). In addition, this is the first direct observation at the 
nanoscale on the alteration to the surface plasmon as a con-
sequence of the formation of a corrosion product. It has been 
well established from optical spectra that the effect of cor-
rosion is the dampen and shift the energy of the plasmon 
resonance, but the spatially resolved nature of the EELS 
measurements presented here demonstrate that the plasmon 
resonance occurs at the edge of the corrosion product, not at 
the interface between the AgNP and the corrosion product.

Conclusions

We have examined the role of environmental variables on 
the corrosion of AgNPs and found RH plays an important 
role on the number and distribution of corrosion products. 
On exposure to ambient air AgNPs produce secondary par-
ticles and these particles corrode to Ag2S. In low RH the 
particles are clustered around and attached to the parent 
nanoparticles but higher RH allows released Ag+ ions to 
migrate across the substrate and secondary particles can 
be found at significant distances away. Storing AgNPs at 
low RH can be expected to extend their life. Valence EELS 
offers a useful approach to identify the corrosion product 
and can also reveal the impact of the corrosion product 
on the surface plasmon properties. Although extracting 

Fig. 6   a ADF image of AgNP particle after 29 days exposure to ambient air. b–d EELS phase maps generated using internal reference spectra. 
e, f Maps of surface plasmon peaks. g Internal reference spectra extracted from the regions indicated in a and used to generated the phase maps
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the different components contributing to the valence EEL 
spectrum can be challenging, the technique offers the 
opportunity to acquire various types of information within 
a single spectrum image.
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