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Abstract. Our work contributes to a better understanding of interfacial
processes that lead to Ag and Au metal nanoparticle dissolution by repetitive
oxidative steps. According to literature studies, the adsorption of an electron donor
(nucleophile) such as I– to a metal nanoparticle raises the Fermi energy of the
electrons, and consequently, an electron is transferred from the nanoparticle to an
electrophilic species such as O2. As a result, a metal cation is formed at the surface of
the nanoparticle and subsequently dissolved into the solution; such repetitive
processes lead to the complete dissolution of the nanoparticle. In this study, we show
a remarkably simple method to increase the chemisorption rate of I– by generating
additional adsorption active sites via Mg2+ adsorbed ions (adions) and consequently
increasing the dissolution rate of metallic Ag nanoparticles (AgNPs). Thus, an
increase of the dissolution rate by 57% was estimated when supplementing the Ag
colloidal solution with I– and Mg2+, compared to the case when adding only I–. In
addition, the significant increase in the chemisorption rate of I–, mediated by Mg2+
adions, leads to a 16% faster decrease in AgNPs radius, due to their dissolution, as
probed by UV-Vis spectroscopy and by surface-enhanced Raman scattering (SERS).
Further, electron density increase in single Au nanoparticles (AuNPs) due to partial
charge transfer from chemisorbed I– ions, and subsequent AuNP dissolution, were
tracked through single particle dark-field scattering.
Key words: adion, adsorption active site, dissolution, gold, iodide, nanoparticle,
silver.

1. INTRODUCTION

Controlling the electron transfer at metal-molecule interfaces is of high
importance for technological advances in areas such as catalysis (e.g. for water
splitting) [1], energy storage (e.g. rechargeable batteries) [2, 3], photodetection
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(e.g. surface-enhanced Raman scattering (SERS)) [4–6], or optoelectronics (e.g.
photovoltaics) [7].
Usually, metal-molecule charge transfer processes are studied on macroscopic
electrodes, by controlling the electrode potential externally, with the help of a
potentiostat. However, the ability to control the electrochemical potential of
nanoparticles (NPs) could translate the charge transfer reactions performed on
conventional electrodes to nanoelectrodes, which take advantage of the unique
electronic and optical properties of metal NPs, as well as of their large surface-area-tovolume ratio. Thus, the property of light harvesting of plasmonic NPs such as Ag and
Au, whose electron density can couple with electromagnetic radiation from the visible
spectral range, can be used for energy conversion by optoelectronic processes [8].
The advantages of NPs as electron reservoirs were recognized in the early
90’s, most notably through the work of Henglein and collaborators, which showed
that metallic NPs in solution behave as nanoelectrodes [9–11]. Analogous to adjusting
the potential of conventional electrodes using a potentiostat, the electrochemical
potential of nanoelectrodes (i.e. metallic colloidal NPs) can be tuned in-situ, through
chemisorbed chemical species [9, 10].
Adsorption of ions or molecules with a high electron-donating character
(nucleophiles) raises the Fermi energy of the electrons in the NPs. Consequently,
the electrochemical potential of metallic NPs is increased through partial charge
transfer to the metal. In turn, electron-acceptors (electrophiles) can lower the Fermi
energy of metallic NPs by accepting electrons, thus oxidizing the NP. The shift in
the electrochemical potential of colloidal metallic NPs can be used for promoting
chemical reactions at the nanoscale. For instance, the reduction of methylviologen
was achieved through the chemisorption of nucleophilic CN– on silver nanoparticles
(AgNPs), the AgNPs acting as an electron reservoir [9, 11, 12].
However, despite extensive theoretical and experimental work on the interfacial
charge transfer processes in plasmonic nanostructures, the interactions at the interface
between the metal surface and adsorbed ions or molecules remains elusive. Quantum
nonlocal effects arise at the interface, representing the extension of the electron
density inside the metal beyond the physical edge of the NP [13], adding additional
complications to the understanding of the interfacial metal–molecule charge transfer.
Furthermore, the different adsorption regime of chemical species, i.e. physisorption
and chemisorption, only adds to the issue since the strong coupling (chemisorption)
leads to the formation of hybridized metal-molecule electronic orbitals, yielding
new optical resonances and new frontier orbitals [14]. Due to the complexity of
metal-molecule strong coupling, theoretical models struggle to account for all the
experimental observations, but a clear model is still missing.
In this study, we show that adsorbed Mg2+ ions (adions) promote the strong
coupling of I–, thus considerably increasing the chemisorption rate of I– to the AgNP
surface, and consequently catalyzing the dissolution of AgNPs.
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This work is in line with our previous SERS-based studies, where we showed
that cationic adions such as Ag+, Mg2+, Ca2+, Al3+, Pb2+ promote the chemisorption
of anionic species such as Cl–, Br–, I–, or several organic acids [4, 5, 15], as
described in our proposed adion-specific adsorption model [5].
2. EXPERIMENTAL METHODS

All reagents were of analytical grade. All solutions were prepared in ultrapure
water with a resistivity higher than 18 MΩ, obtained from a Millipore Direct-Q3
UV purification system.
AgNPs synthesis. The AgNPs were synthesized at room temperature by a
simple photoreduction method, recently introduced by our group [15]. Briefly,
400 µL NaCl (1 M), 180 µL NaOH (1%), 300 µL H2O2 (10%) and 400 µL AgNO3
(0.1 M) were added in 40 mL ultrapure water. A white flocculate, AgCl, can be
observed right after adding the AgNO3 solution. After this, the solution was
exposed to the radiation emitted by a commercial LED bulb (23 W, 6500 K, cool
white, 2452 lm), under constant magnetic stirring (400 rotations/min). The
obtained AgNPs have an average diameter of 60 nm (±20 nm) and a zeta potential
of –11 mV, indicating the stability of the colloidal solution.
Au nanoparticles (AuNPs) synthesis. The AuNPs were synthesized by
borohydride reduction of Au3+. For this, 400 µL HAuCl4 2% were mixed with
100 mL ultrapure water and 10 mg NaBH4 were added to the HAuCl4 solution at
room temperature. The solution was mixed under constant magnetic stirring and
boiled for 1 h to reduce the excess BH4– in the solution. The formed Au colloidal
solution was further stirred for 10 min.
Single NP dark field spectroscopy (DFS). For monitoring single AuNP
dissolution by DFS, a Cytoviva Vis-NIR hyperspectral microscope was used to
acquire the dark field scattering of individual AuNPs. The white light from a
halogen lamp was directed through an inverted condenser (oil immersion, 1.5 NA)
to the sample, under a dark field illumination set-up. An air microscope objective
(Olympus, 10 × 0.25 NA) was used for acquiring the scattering spectrum in each
pixel in the 400–1000 nm range.
For sample preparation, 2 mL of colloidal AuNPs were washed by centrifuging
the colloidal solution at 7300 g for 15 min, followed by resuspension of AuNPs in
2 mL ultrapure water. After that, the AuNPs were diluted 1:1000 in ultrapure water
for single particle measurements.
The AuNPs were drop-casted under mild heating (around 50oC) on a 2-chamber
microscope slide (Lab Trek), placed under the microscope. The slide chamber was
filled with ultrapure water (2 mL), and the scattering spectra of 20 to 30 AuNPs
were averaged. Subsequently, 10 mM KI (final concentration) was added to the
AuNPs and the scattering spectra of 20 to 30 AuNPs were recorded and averaged at
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4 and 24 h after the addition of KI. The microscope slide remained fixed in the same
position throughout the experiment, so that the same 20 to 30 individual AuNPs
could be probed at three different timepoints. For the quantitative analysis of scattering
intensity, the spectra were normalized to the halogen source spectrum.
The representative dark-field optical image of AuNPs, drop-casted and dried
on a microscope slide, was obtained with an oil immersion microscope objective
(Olympus, 60 × 1.25 NA).
UV-Vis spectroscopy measurements. For tracking the dissolution of
AgNPs by conventional UV-Vis spectroscopy, 10 mM KI (final concentration) and
0.1 mM MgSO4 (final concentration) were added to 1 mL of colloidal AgNPs. The
samples were kept in dark and 100 µL aliquots were diluted to 1 mL in ultrapure
water and analyzed by UV-Vis spectroscopy at different timepoints within 48 h.
The UV-Vis spectra were acquired in a quartz cuvette with an optical path
length of 1 cm, by using a Jasco V630 spectrophotometer. The experiments regarding
colloidal AgNPs dissolution monitored by UV-Vis spectroscopy were performed in
triplicate, and the results are presented as mean spectrum ± standard deviation (SD).
SERS measurements. SERS spectra were acquired using a Raman spectrometer
(Renishaw), coupled to an upright microscope (Leica). After recording the blank
SERS spectrum of the as-synthesized AgNPs, the AgNPs were mixed with 10 mM KI
(final concentration) and then, subsequently, with 0.1 mM MgSO4 (final concentration).
SERS spectra were recorded after each step.
For SERS measurements, a drop of 10 μL from the sample was deposited
onto an aluminum foil-covered microscope slide. The 785 nm laser (approximately
180 mW power) was focused on the drop using a 5 × (0.12 NA) objective. The
resulted SERS spectra represent an average of 4 acquisitions (4 s each).
3. RESULTS AND DISCUSSION

Mechanism of metallic NP dissolution. The dissolution of metallic NPs is
closely linked to the chemisorption of strong nucleophiles such as I–, SH–, CN– on
the surface of the NPs through uncoordinated surface atoms and formation of
surface complexes [9, 10, 16].
Figure 1 shows schematically the mechanism of AuNPs dissolution after I–
chemisorption, as described in literature studies [9, 10, 16], with the mention that
the mechanism can also apply to other metallic NPs such as AgNPs [16].
In the first step, I– chemisorbs to the AuNP through an uncoordinated surface
Au ion, forming a surface complex. Afterwards, a partial charge transfer from the
chemisorbed I– ion to the NP occurs, leaving the interior of the NP negatively
charged. Due to the partial charge transfer to the metal, the Fermi energy (EF) of
the AuNP is raised to a higher values and the NP becomes more reactive, i.e. more
likely to be oxidized [9].
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Fig. 1 – Schematic illustration of the mechanism of AuNP dissolution through electron density
increase due to I– chemisorption, followed by charge transfer to an oxygen molecule
and subsequent release of a gold iodide complex into the bulk solution.

In the second step, electrophilic species, such as the oxygen molecule, can
extract the extra charge from the NP, thus oxidizing the NP. Afterwards, the last
step in the dissolution process consists in the separation of an Au+I– surface complex,
which is solved into the bulk solution [17]. Thus, through repeated oxidative
processes, the NP is completely dissolved [9, 10, 16]. The rate limiting step of the
dissolution reaction is the chemisorption rate of I–.
DFS tracking of single AuNP dissolution. The increase in electron density
due to I– chemisorption and subsequent oxidation and dissolution was monitored at
single AuNP level by DFS, which allows the detection of the scattered light due
to surface plasmon resonance (SPR), characteristic to plasmonic nanostructures.
Figure 2A shows a typical dark-field image of AuNPs, drop-casted on a
microscope slide, showing both individual AuNPs and AuNP aggregates.
Figure 2B depicts the dissolution of the single AuNP shown in Fig. 2C, at 4
and 24 h after the addition of 10 mM KI (final concentration), tracked through the
decrease and blue-shift of the scattering spectrum maximum intensity. The initial
SPR spectrum of the single AuNP shows a peak at 517 nm, characteristic to a
spherical AuNP with a diameter of 40–50 nm [18]. Within 24 h after KI addition to
the colloidal solution, the initial scattering intensity halves from approximately 620
to 310 counts, and the maximum of the scattering spectrum appears blue-shifted by
10 nm; both effects indicate a decrease in the AuNP size [18].
Figure 2D depicts the average scattering intensity decrease in time due to the
dissolution of the single AuNPs. The average scattering intensity of 20–30 single
AuNPs decreases within 24 h by 28%, from 450 to 320 counts, due to the
dissolution of the AuNPs in the presence of I–. Although the colloidal AuNP
solution drop casting can result in AuNPs aggregates (Fig. 2A), leading to a
polydisperse distribution and coupled SPR modes, we included only single,
isolated particles (20 to 30 AuNPs) in our analysis. The SPR wavelength of these
NPs was between 510–580 nm (corresponding to the green points in Fig. 2A),
characteristic to single, spherical AuNPs with a 40–80 nm diameter [18].
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Fig. 2 – Electron density increase in AuNPs due to I– chemisorption and subsequent oxidation and
dissolution, monitored through dark field spectroscopy (DFS) at single AuNP level: A) typical darkfield image of AuNPs, drop-casted on a microscope slide; B) scattering spectra of the particle shown
in (C) at 0, 4 and 24 h after KI addition; C) representative dark field image of a single AuNP, showing
a decrease of the scattering intensity in the timeframe 0–24 h; D) average and standard deviation
of scattering intensity obtained from the same 20–30 isolated AuNPs at three timepoints after
10 mM KI (final concentration) addition, as mentioned in the inset.

Mg2+ adion mediated I– chemisorption. The dissolution of metal NPs starts
only after the raising of the Fermi energy such that electrophilic species, like O2,
can accept an electron from the NP. Therefore, the rate limiting step for the NP
dissolution is determined by the rate of I– chemisorption to the metal NP.
According to literature, chemical species are chemisorbed on metallic NPs only
at specific adsorption active sites (often identified as surface defects) [19]. Thus, even
if the I– ions concentration exceeds the monolayer concentration, the I– adsorption is
still limited by the number of adsorption active sites on the NP surface. Therefore, the
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number of chemisorbed I– and consequently the NP dissolution rate can be controlled
by adjusting the number of active sites for chemisorption on the surface.
In our previous SERS studies, we showed the possibility to control in a
specific manner the number of active sites for the chemisorption of anionic and
cationic analytes. As described in our proposed adion-specific adsorption model
[5], cationic adions such as Ag+, Mg2+, Ca2+, Al3+, Pb2+ promote the chemisorption
of anionic species such as Cl–, Br–, I– or organic acids [4, 5, 15].
The SERS spectra presented in Fig. 3 show the increase of I– chemisorption
to AgNPs, mediated by Mg2+ adions. We used colloidal AgNPs capped only by Cl–,
synthesized through a simple photoreduction method, the physisorbed Cl– assuring
a ‘clean’ SERS substrate [6].

Fig. 3 – SERS spectra of as-synthesized colloidal AgNPs (capped with Cl–), after addition of 10 mM
I– (final concentration) and after subsequent addition of 0.1 mM Mg2+ (final concentration),
as indicated in the inset. The Raman spectrum of water is also shown in red.

In SERS spectroscopy, only the Raman signal of chemical species chemisorbed
to plasmonic NPs is enhanced [4, 15]. The higher chemisorption rate of I– promoted
by Mg2+ adions is shown in Fig. 3 by the increase of the Ag-I vibration intensity at
131 cm–1.
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The SERS spectrum of the as-synthesized AgNPs shows a weak band at 238
cm assigned to the Ag-Cl vibration band. Despite the high concentration (10–2 M)
of Cl– surfactant, which was added during the synthesis, only a few Cl– are
chemisorbed onto the Ag surface, a weak coupling (i.e. physisorption) for most Cl–
being assumed [15]. The subsequent addition of 10 mM I– (final concentration) to
the Ag colloid, leads to the appearance of the specific Ag-I vibration band at 131
cm–1. The disappearance of the Ag-Cl band (238 cm–1) and appearance of the Ag-I
band is explained by the higher affinity of I– to the NP surface compared to Cl–.
Thus, I– replaces Cl– at the adsorption active sites on the AgNP surface.
By subsequent addition of 0.1 mM Mg2+ (final concentration) to the
previously analyzed mixture (AgNPs modified with KI), the Ag-I vibration band at
131 cm–1 doubles in intensity (from ~3 × 104 to ~6 × 104 counts, Fig. 3), indicating
an increase in the chemisorption rate of I–, evidencing thus the role of Mg2+ adions
in forming additional active sites for the chemisorption of I– to the AgNP surface.
The increase of the chemisorption rate of I– is in line with our previous
SERS results [4, 5, 15], which highlights the specific chemisorption of anionic
analytes by Ag+, Mg2+, Ca2+, Al3+, or Pb2+ adions. Therefore, we suppose that other
cationic adions, beside Mg2+, can also promote the chemisorption of I–.
Catalyzed dissolution of AgNPs by Mg2+ adions. An increased dissolution
rate of I– modified colloidal AgNPs is observed when supplementing the solution
with Mg2+, as illustrated in Fig. 4. The higher I– chemisorption rate, due to
additional adsorption active sites promoted by Mg2+ adions, leads to a higher rate
of partial charge transfer from the chemisorbed I– to the AgNP.
Since spherical AgNPs show a SPR band around 400 nm, we could not use
DFS, which acquires the scattering spectra above 400 nm. Thus, we tracked the
time-dependent dissolution of colloidal AgNPs by conventional UV-Vis spectroscopy.
Figure 4A shows the dissolution of the AgNPs triggered by the adsorption of
I–, monitored through the decrease in the SPR band intensity. For the assynthesized Ag colloid, a slight decrease can be observed in the intensity of the
SPR band in the timeframe of 48 h. In comparison, for the two colloidal solutions
supplemented with 10 mM I–, and 10 mM I– together with 0.1 mM Mg2+, a
significant decrease in the SPR band intensity and a blue-shift can be observed in
the timeframe of 48 h, both evidencing the higher dissolution rate of AgNPs
supplemented with I– and Mg2+ [18].
For a quantitative approximation of the decrease of the NPs radius due to
their dissolution, based on their UV-Vis spectrum, we can use the fact that the
scattering cross section of NPs, and thus their scattering intensity increases linearly
with the radius of the NPs [20]. In case of colloidal AgNPs, the absorbance is
negligible compared to the scattering intensity, thus we assume that only the
scattering contributes to the extinction of the AgNPs. Thus, based on the linear
relationship between the scattering intensity and the radius of the AgNPs, we can
directly correlate the decrease in the extinction intensity with the decrease of the
AgNPs radius.
–1
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Fig. 4 – Dissolution of AgNPs in the presence of 10 mM I–, and in the presence of 10 mM I–
and 0.1 mM Mg2+: A) time-evolution of the SPR band of control AgNPs, AgNPs supplemented
with I– and AgNPs supplemented with I– and Mg2+; B) average extinction spectra of the unmodified
Ag colloid, of the colloidal AgNPs 48 h after supplementing with 10 mM I–, and of the colloidal
AgNPs 48 h after supplementing with 10 mM I– and 0.1 mM Mg2+. Shadow area corresponds
to standard deviation.

For the Ag colloid modified only with I–, the SPR extinction intensity of AgNPs
decreases from an initial 0.48 to 0.22 absorbance units (approximately 54%) in the
timeframe of 48 h (Fig. 4). In the case of I– and Mg2+ modified Ag colloid, the SPR
intensity decreases from 0.48 to 0.14 absorbance units (approximately 70%). Thus,
a 16% faster decrease of the AgNPs radius due to their dissolution is achieved
through the generation of supplementary chemisorption sites by Mg2+ adions.
In another approximation of AgNPs dissolution based on their extinction (E)
maximum, the dissolution rates were found to approximately fit first order kinetics
(i.e., E = E0e−kt) [21]. Accordingly, the first order rate constant k can be determined
by plotting ln(E0/E) vs. time (t). Consequently, for the AgNPs SPR extinction intensity
decrease from 0.48 to 0.22 and from 0.48 to 0.14 absorbance units (Fig. 4), the
calculated kt values are 0.78 and 1.23, respectively. Thus, for the two modified
colloids, the ratio of the dissolution rates kI,Mg/kI = 1.57, indicating an increase of
the dissolution rate by 57% when supplementing the Ag colloidal solution with I–
and Mg2+ compared to the case when supplementing only with I–.
Figure 4B illustrates the average scattering spectra after 48 h of the as
synthesized Ag colloid, of the I–, and the I– and Mg2+ modified colloidal AgNPs.
Beside the decrease in intensity of the scattering spectra discussed above, the shift
of the SPR band to higher energies also indicates a decrease in size of the AgNPs
[18]. Compared to the extinction maximum at 428 nm of the as-synthesized Ag
colloid, the I– modified Ag colloid shows a shift of the extinction maximum at
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412 nm, whereas the I– and Mg2+ modified colloid shows an extinction maximum at
408 nm, indicating NPs with a smaller average diameter, due to their dissolution [18].
The aggregation of the colloidal solution is excluded since no extinction
increase is observed at higher wavelengths (Fig. 4B). Additionally, aggregation
would lead to a red-shift of the SPR band, whereas, we observed a blue-shift in our
experiments, corresponding to a decrease in the AgNPs size.
4. CONCLUSIONS AND OUTLOOK

Mg2+ adions form additional adsorption active sites, which promote the
strong coupling of I– to the metal surface. Thus, a remarkably simple method is
proposed to increase the chemisorption rate of I– and consequently to catalyze the
oxidative dissolution of AgNPs. The higher I– chemisorption rate leads to a higher
rate of partial charge transfer from chemisorbed I– to the AgNPs, leading to a 16%
faster decrease of AgNPs radius. The ratio of the dissolution rates kI,Mg/kI = 1.57
indicate an increase of the dissolution rate by 57% when supplementing the Ag
colloidal solution with I– and Mg2+ compared to the case when supplementing only
with I–. Additionally, the higher dissolution rate of AgNPs in the colloidal solution
supplemented with 10 mM I– and 0.1 mM Mg2+, compared to the AgNPs modified
only with I–, is shown by the 20 nm blue shift compared to the 16 nm blue shift of
the SPR maximum position in the timeframe of 48 h.
By modifying the AuNPs with KI (10 mM), DFS showed a decrease in the
scattering intensity of individual, single AuNPs by 28% within 24 h. The size
decrease of the AuNPs is shown also by the 10 nm blue shift of the scattering
maximum after 24 h, indicating, as well the dissolution of the AuNP.
SERS proved the generation of additional adsorption active sites on AgNPs
via Mg2+ adions, doubling the intensity of the Ag-I band, as compared to the same
band recorded in the absence of Mg2+.
The role of Mg2+ adions in mediating the chemisorption of I– can be extended
to other cationic adions, and the mechanism can be extended to other metals,
besides Ag and Au. The generation of additional adsorption active sites on metallic
NPs could improve the control over interfacial charge transfer processes by tuning
the NPs’ electrochemical potential.
The physisorption or chemisorption (weak or strong coupling) interaction
mode of nucleophiles at the metal surface is determinant for the charge transfer at
the interface. In our experiments, the partial charge transfer to the metal and
subsequent dissolution takes place only through the chemisorption of I–. I– could be
physisorbed, however, this would not lead to partial charge transfer to the metal
and consequent dissolution, since the formation of surface Ag+I– complexes is
necessary. Therefore, our experimental observations suggest that Mg2+ controls the
specific I– adsorption (i.e. chemisorption or strong coupling) and not a non-specific
I– adsorption, characteristic to physisorption.
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This study on nanosurfaces can be extended to macroscopic surfaces with
the aim to understand why corrosion of metals is more pronounced in natural
aqueous media, especially in saline water, compared to air environments. Natural
water contains a variety of cations and anions. Thus, cations such as Ca2+ or Mg2+
favor the chemisorption to the metal surface of nucleophiles such as Cl–, which
increase the metal Fermi energy. Natural occurring O2 is then able to accept an
electron from the metal; subsequently, a metal cation from the metal surface is
released into the bulk solution, as described in this study. Thus, the dissolution of
the metal occurs via such repetitive oxidative processes.
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