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a  b  s  t  r  a  c  t

Many  applications  and  environmental  impact  of  silver-bearing  nanomaterials  critically  depend  upon  their
specific  reactivity,  which  is  still  poorly understood.  Here,  silver  nanoparticles  (Ag  NPs)  of about  3–5  nm
and 10–12  nm  in  diameter,  uncapped  and  capped  with  l-glucose  or citrate,  were  prepared,  characterized
using  UV–vis  absorption  spectroscopy,  SAXS,  TEM, and  their  (electro)chemical  oxidation  was examined
in  comparison  with  each  other  and  bulk  metal  applying  scanning  tunneling  microscopy  and  spectroscopy,
cyclic  voltammetry,  and  XPS.  A  resistive  switching  effect  was  found  in  the tunneling  spectra  measured
in  air  at the smaller  uncapped  Ag NPs  deposited  on  HOPG  and  was  interpreted  in terms  of  Ag transfer
esistive switching effect
-ray photoelectron spectroscopy

between  the  particle  and  the  probe.  The  anodic  oxidation  of  these  Ag NPs  in  1  M NaOH  yielded  3D  Ag2O,
while  only  a layer  of  “primary”  Ag(I)  oxide  emerged  on larger  uncapped  nanoparticles  during  the potential
sweep.  The  formation  of AgO  at higher  potentials  proceeded  readily  at the  “primary”  oxide  but  was
retarded  at  the  smaller  NPs. The  citrate-  and  glucose-capping  substantially  impeded  the  formation  both
of Ag2O and  AgO. The  findings  highlighted,  particularly,  a  non-trivial  effect  of  particle  size  and  transient
mobilization  of  Ag species  on  the reactions  of  silver  nanoparticles.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Silver nanoparticles have attracted a great deal of atten-
ion owing their applications in catalysis, sensors, electronics,
iomedicine and other fields [1–5], which are based on specific
roperties of nanoparticles and depend upon their size, shape, sta-
ilizing agents, aggregation, support, and so on. The oxidation of
g NPs in aqueous media affording silver oxides or dissolved metal

ons is also of considerable fundamental and practical interest for
nderstanding the biological activity and environmental impacts of
anosilver [6–9]. The O and Ag species on Ag NPs have been widely
xplored in relation to catalysis using X-ray and UV photoelec-
ron spectroscopy and other surface science techniques [10–14],
ainly at low oxygen pressure. The recent studies have employed
ynchrotron based near ambient pressure methods; in particular,
ocha et al. [14] have identified five atomic oxygen species in mbar
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169-4332/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2014.01.081
pressure range and temperatures up to 600 ◦C. Nevertheless, the
complex dynamic processes are far from being completely under-
stood even in the model systems.

The anodic oxidation of bulk silver has been extensively stud-
ied in alkaline solutions applying electrochemical, spectroscopic
and microscopic techniques [15–21]. The reaction is commonly
accepted to proceed in several stages involving underpotential
adsorption of OH− and then atomic oxygen species [18], the for-
mation of a monolayer of Ag(I) oxide or hydroxide, thin layer
of irregular “primary” Ag2O or undersurface atomic oxygen and
then 3D Ag2O having cuprite structure, with some amount of Ag
dissolving during the initial stages. Silver(II) oxide AgO (in fact,
Ag+Ag3+O2−x) arises from Ag2O phase at the solid-electrolyte inter-
face at higher potentials [16], with oxygen deficiency and a fraction
of Ag3+ depending on the electrode potential and oxidation time
[19,21]. The electrochemical oxidation of metal nanoparticles has

been studied in few works [22–27]. In particular, Ng et al. [24]
have observed enhanced stability of Ag clusters having a diame-
ter of 0.3−0.6 nm.  Ivanova and Zamborini [25] have reported that
the peak potential for oxidation of Ag0 to Ag shifts positive as the
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itrate-capped Ag NP diameter increases in the range 8–50 nm,  in
ine with the thermodynamic potential shift. A reversible oxidation
f about 4.5 nm adenosine triphosphate capped Ag NPs (forming a
ingle-layer film on a gold electrode) to silver halide NPs in aque-
us halide solutions and to Ag2O NPs in hydroxide solutions has
een suggested to occur via a redox-driven solid-state phase trans-
ormation, indicating complete oxidation and reduction of all Ag
toms in each NP [26,27].

Although the behavior in the aqueous environment of Ag NPs
anufactured using various synthetic protocols have been docu-
ented by many authors (see [6–8,28–40] and references herein),

xperimental data regarding the effect of size, shape, capping, etc.,
n the wet chemical oxidation and dissolution of colloidal and
upported Ag NPs are still fragmentary. For example, Ma  and co-
orkers [38] have reported that solubility of Ag NPs ranging from

 to 80 nm in diameter in 1 mM NaHCO3 (pH 8) increases for
maller particles but much less depends on polymer coating type
nd synthesis method. Liu and Hurt (2010) have found that disso-
ution of 1.5–7 nm citrate-stabilized nanosilver colloids decreases

ith increasing pH or addition of humic or fulvic acids, while sea
alts have only a minor effect. Sotiriou et al. [39] have revealed
hat only one to two surface silver oxide monolayers at Ag NPs
f 4–9 nm in diameter (without any protecting agents) supported
n nanostructured silica dissolve in water; when the oxide layers
re removed, Ag+ ion leaching and its antibacterial activity dras-
ically decreases. It is noteworthy that dissolved oxygen causes
issolution and re-crystallization of nanoparticles already during
heir synthesis [40,41]; researchers have pointed out a role of sol-
bilised Ag+ in transformations of Ag nanoparticles [37,39,41–43].

n general, however, specific mechanisms of the reactions are still
nsufficiently understood.

The aim of the current work was to study the behavior of Ag
Ps prepared by several different methods in aqueous media and

o gain insight into the reaction mechanisms involved, with empha-
is on the oxidation of nanoparticles simply deposited on an inert
ubstrate. We  report here that the size and capping shell influence
he reactions of Ag NPs, which do not form a continuous film on
ighly-oriented pyrolytic graphite (HOPG), in a rather complicated
anner, with intermediary mobile Ag species playing an important

ole in the oxidation pathway.

. Experimental

.1. Materials and synthetic procedures

Four types of silver nanoparticles without (uncapped, or
naked”) and with stabilizing coatings were synthesized using sim-
le procedures previously described in the literature [41,43,44]
nd somewhat modified here. All chemicals were analytical grade
nd used without further purification; double or triple distilled
ater was used throughout the experiments. Three types of Ag
Ps were prepared via reduction of silver nitrate solution with

odium borohydride. Uncapped Ag NPs having a nominal diameter
f about 12 nm or a bimodal size distribution with mean diameters
f about 3 nm and 10 nm (see below for detail) were manufactured
sing the initial molar ratios AgNO3 to NaBH4 of 1 and 10, respec-
ively. In typical experiments, 0.5 ml  of fresh ice-cooled 20 mM or

 mM sodium borohydride was added with vigorous agitation to
 mM AgNO3 solution (10 ml)  kept in a glass flask. The colloidal
olutions were stable for about 2 h; UV–vis spectra, SAXS patterns
ere measured and deposition experiments were conducted in
everal minutes after mixing the reactants. To produce about 12 nm
g NPs with citrate as a capping agent, 1 ml  of trisodium citrate
olution (34 mM)  was added to 0.5 ml  of 20 mM AgNO3, the mix-
ure was diluted under agitation with 98 ml  of water followed by
 Science 297 (2014) 75–83

injection of 0.5 ml  of 20 mM NaBH4, so the molar ratio of the AgNO3:
Na3cit: NaBH4 reactants was 1:3:1. The Ag NPs with a diameter of
2–5 nm stabilized with glucose molecules were prepared via addi-
tion of 50 mM l-glucose solution (10 ml)  to 2 mM AgNO3 (10 ml)
and boiling the reaction media at the water bath under microwave
irradiation for 10 min. The two sols of capped Ag NPs were stable for
several weeks at least; all the experiments were performed within
first hours after their preparation.

Specimens for XPS, scanning probe microscopy and elec-
trochemical experiments were prepared by drying a drop of
as-prepared Ag NP sols on freshly renewed surface of HOPG in air,
commonly followed by cautious rinsing with water.

2.2. Characterization of Ag NPs

The colloidal solutions were characterized using UV–vis absorp-
tion spectroscopy, SAXS and dynamic light scattering (DLS). The
UV–vis spectra were recorded on Specol 1300 (Analytik Jena)
spectrophotometer in the 300–850 nm range using 1 cm quartz
cuvette. The DLS data were collected using 90Plus spectrome-
ter (Brookhaven Inst.). Small-angle X-ray scattering patterns were
acquired from the sols loaded in standard X-ray quartz capillaries
(1.5 mm)  with Kristalloflex-805 (Siemens) and S3-MICRO (Hecus)
devices applying Cu K irradiation (� = 0.154 nm). The SAXS patterns
were corrected for X-ray absorption, collimation, and background
scattering, particle size distribution functions were calculated for
spherical nanoparticles using the indirect Fourier transform algo-
rithm implemented in the optimization program [45].

JEM-2010 and JEM-2100 transmission electron microscopes
(JEOL) operating at 200 kV were used for TEM and selected area
electron diffraction (SAED) characterization of the products. Sam-
ples were prepared by placing a droplet of a colloidal solution on
a carbon coated copper grid and allowing the solvent to evaporate
at room temperature. The particle size distribution was  estimated
from micrographs for a minimum of 200 particles.

Tapping-mode atomic force microscopy (AFM) and scanning
tunneling microscopy and spectroscopy (STM/STS) investigations
were conducted in air (the relative humidity was  about 60%) apply-
ing a multimode Solver P47 device equipped with a 14 mm scanner
(NT-MDT, Russia). Silicon cantilevers with a typical force constant
of 5 N m−1 (resonant frequencies of about 150 kHz) were employed
in AFM. STM and STS measurements were made with a mechani-
cally sharpened wire (90% Pt, 10% Ir) as a probe; positive voltage
was defined as a positive potential on the sample with respect to
the tip. The current vs voltage (I–V) curves were measured using
a fixed tip-sample separation by breaking the feedback circuit for
a 0.1 s. All curves represent reproducible measurements without
changing the lateral position and the tip-sample distance.

X-ray photoelectron spectra and X-ray excited Ag MNN  Auger
spectra were taken with a SPECS instrument equipped with a PHOI-
BOS 150 MCD  9 hemispherical analyzer at electron take-off angle
90◦ with the pass energy of 8 eV for high-resolution spectra and
20 eV for survey spectra. The Mg K� line (1253.6 eV) of a dual anode
X-ray source was  used for excitation. The pressure in an analytical
chamber was in the range of 10−8 Pa. A low-energy electron flood
gun was  employed, when necessary, to eliminate inhomogeneous
electrostatic charging of the samples. Sample etching with Ar+ ions
was performed using a scanning ion source operated at an acceler-
ating voltage of 5 kV and Ar+ emission current of 30 �A. The spectra
were fitted using Gaussian–Lorentzian peak profiles after Shirley
background subtraction with CasaXPS software.

Electrochemical experiments were carried out using HOPG plate

with immobilized Ag NPs described above as a working elec-
trode connected with a spring-loaded contact to a potentiostat
P-30SM (Elins, Russia) in a three-department glass cell in atmo-
sphere at 20 ◦C. The counter and reference electrodes were Pt wire
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ig. 1. UV–vis absorption spectra of silver hydrosols prepared using (1)
gNO3/NaBH4 = 1, (2) AgNO3/NaBH4 = 10, (3) AgNO3/Na3cit/NaBH4, and (4)
gNO3/glucose.

nd saturated Ag/AgCl electrode, respectively; all potentials are
iven with respect to the latter. The reference electrode was  placed
n a separate compartment connected via a Luggin capillary in
he main cell chamber through a closed wet ground-glass stop-

ock to prevent contamination of the electrolyte (1 M NaOH) by
hloride-ions.

XPS, STM/STS, electrochemical experiments were repeated at
east 5–6 times with the freshly prepared Ag NP colloidal solutions.

ig. 2. Typical TEM micrographs and particle size distribution histograms for silver NPs pr
nd  (d) AgNO3/glucose.
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The spectra, curves, etc., shown below are the most typical ones;
although they may  slightly vary (for example, photoelectron spec-
tra having a spatial resolution less than 2 mm differ a little for
various points on HOPG), the regularities reported here are fully
reproducible.

3. Results and discussion

3.1. Characterization of synthesized silver nanoparticles

Fig. 1 represents UV–vis absorption spectra of four silver
hydrosols afforded via different procedures. The solutions prepared
using sodium borohydride without stabilizing molecules exhibit
wide surface plasmon resonance (SPR) maxima at 410–420 nm
and strong absorption at longer wavelengths, indicating consid-
erable aggregation of Ag NPs [43]. This is consistent with DLS
results showing that the apparent hydrodynamic diameter of the
“naked” Ag NPs increases with time up to several hundred nm
(not in figures). The UV–vis spectra of colloidal solutions obtained
via citrate/borohydride- and glucose-assisted reactions have rather
narrow SPR peaks centered at 400 nm and 390 nm,  respectively,
typical for capped Ag NPs [1].

TEM images reveal associated quasi-spherical nanoparticles

with a mean diameter about 12 nm assembled in submicrometer
structures with thinner nanobelts, possibly formed ex situ, in case
of the AgNO3/NaBH4 = 1 product (Fig. 2a), while isolated particles of
about the same size were manufactured when sodium citrate was

epared using (a) AgNO3/NaBH4 = 1, (b) AgNO3/NaBH4 = 10, (c) AgNO3/Na3cit/NaBH4,
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ig. 3. Volume particle distribution functions derived from X-ray small-
ngle scattering for silver hydrosols prepared using (a) AgNO3/NaBH4 = 1, (b)
gNO3/NaBH4 = 10, (c) AgNO3/glucose.

dded as stabilizing agent (Fig. 2c). A big number of 2–5 nm clus-
ers along with larger aggregated particles of 10–30 nm in diameter
re seen in the TEM micrographs of the product obtained with a
maller concentration of the reducing agent (AgNO3/NaBH4 = 10)
Fig. 2b). In situ SAXS analysis (Fig. 3b) suggests that, in contrast to
he higher content of borohydride, nanosilver in the solution com-
rises a fraction of the small particles. The formation of these tiny
g NPs at a low concentration of NaBH4 can be explained in terms
f crystallization of Ag0 clusters after partial dissolution of initially
ormed metal particles [41]; on the other hand, the larger parti-
les may  form via aggregation of the smaller ones. Although about
0 nm Ag NPs seemingly prevail in the volume, the smaller parti-
les appear to determine the exposed surface area and so reactivity
f the sample as it follows from their XPS and physicochemical
roperties described below. The glucose-assisted synthesis yields

ndividual Ag NPs of 3–5 nm in diameter together with minor larger
articles and their associates, although the size distribution func-
ions determined from TEM images (Fig. 2d) and SAXS (Fig. 3c) are
lightly different.

.2. Supported Ag nanoparticles

.2.1. Tunneling spectroscopy
HOPG was chosen as a support because of its chemical inert-
ess, metallic electrical conductivity, atomic-scale smoothness and
ther properties suitable for electrochemical, AFM, STM/STS and
PS experiments; HOPG has been often used as a model substrate

or metal nanoparticles including in catalysis [24,46–49]. STM and
 Science 297 (2014) 75–83

AFM images (Fig. 4 and Supplementary data) demonstrate that Ag
NPs don’t form a continuous film on HOPG but are largely arranged
in associates up to 100 nm in size. At the same time, individual
Ag NPs detected by TEM may  be poorly seen due to insufficient
resolution and/or brushing the nanoparticles away by a probe [46].

An interesting effect was observed in tunneling spectra of the
uncapped Ag NPs prepared with AgNO3/NaBH4 = 10 and deposited
on HOPG, where STM maps numerous 3–5 nm,  some larger Ag NPs
and their associates (Fig. 4a). The I–V curves acquired at the parti-
cles are typical for a material having metallic conductivity (Fig. 4b);
similar curves were recorded at other types of Ag NPs prepared by
different methods. After several measurement cycles, a surge in the
current (restricted by the current cut-off of the amplifier) occurs at
a small negative bias in the negative-going potential sweep after
the positive one. As the number of cycles increases, sharp current
changes arise also at positive biases (Fig. 4d). Such features are char-
acteristic of resistive switching phenomena, which are now under
intense scrutiny due to potential application in the next-generation
non-volatile memory [50–52]. The switches consist of a metal oxide
or a metal sulfide, including silver oxide [53], or organic molecules
sandwiched between two  metal electrodes, or two  metal electrodes
separated by approximately 10 nm with no material between the
electrodes [54]. The resistance switching has been reported for
arrays of Ag nanoparticles [55], however, at a voltage threshold
much higher than in the current research.

The findings described above can be rationalized taking in mind
that the current measured here is a sum of a tunneling current
across the nanoparticle/Pt–Ir probe gap and faradic current through
the water film occurring on the sample in atmosphere. We  believe
that some silver oxidizes and becomes mobile in the positive-going
potential excursion, and then reduces and re-crystallizes at a neg-
ative bias at the Ag NP, decreasing the particle–probe distance or
even making a contact between them (Fig. 4c,f,g). As the amount of
mobilized silver grows, Ag atoms transfer from the nanoparticle to
the probe, and a metal protrusion forms on the probe at a positive
voltage (and so a negative potential at the probe) too (Fig. 4d,h,i).
Nanocontacts may  arise also within the Ag nanoparticle array, caus-
ing an abrupt drop in the resistance of the probe-Ag NPs-HOPG
circuit. The phenomena are worthy of further investigation; at the
moment, we would like to underline that the effect was found only
for the smaller uncapped Ag nanoparticles, which, therefore, most
easily release mobile Ag species, but not for other sorts of Ag NPs
explored here (exhibiting only the curves shown in Fig. 4b).

3.2.2. X-ray photoelectron spectroscopy
The results of XPS analysis of the supported Ag NPs are shown

in Fig. 5 (see also see also Electronic Supplementary material, Table
1) in comparison with the spectra of polished polycrystalline sil-
ver plate. The Ag 3d5/2,3/2 doublet spectra with the Ag 3d5/2 peak at
binding energy (BE) of 368.3 ± 0.04 eV demonstrate that all the par-
ticles are composed preferentially of metallic silver [11–14,17–21].
Full width at half maximum (FWHM) of the Ag 3d5/2 bands, how-
ever, varies from 0.86 eV to 1.3 eV for different Ag NPs as a signature
of some quantity of oxidized silver, which is minor for silver plate
and bigger for Ag NPs, both uncapped and citrate-capped, and is
higher for tiny Ag NPs prepared with lower concentration of boro-
hydride and, most of all, with glucose. Auger Ag MNN  spectra having
the probing depth about 0.7 nm are more surface sensitive than
Ag 3d lines (about 1.3 nm)  [56], so Ag M4N45N45 peaks shifted to
lower kinetic energies from the value of 357.8 eV typical for ele-
mental silver suggest that the oxidized Ag species occur mainly
on the surface of smaller NPs. It should be reminded here that

an increase in a positive charge localized at Ag atoms commonly
results, in contrast to the majority of elements, in decreasing BE
of Ag 3d lines and enhancing kinetic energies of the Auger band
[10–14,17–19,21,34,49,57].
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a),  typical I–V curves swept from −1.5 V to +1.5 V and back (b–d), and scheme expl

O 1s spectra (Fig. 5) contain strong bands from physically and
hemically adsorbed water, C OH groups in glucose and citrate,

 containing groups on the HOPG surface and adventitious con-
aminations (C 1s spectra are not given in figures). Oxygen species
nteracting with Ag, in particular, OH chemisorbed on Ag (531.2 eV),
lectrophilic Oı− atoms (denoted as O�) dissolved in Ag0 lat-
ice (∼530.8 eV) or localized on the metal surface (∼530.5 eV)
10–14,17,18,49] are observable at lower BE, but to resolve the
ignals unambiguously is difficult. These O species cause no shift

f Ag peaks, allowing to discriminate them from oxygen in silver
arbonate that has been found on silver surfaces at low temper-
tures [14,17,18,49] but seems to be negligible here. Signals near
29.6 eV attributable to nucleophilic O bonded to Ag(I) atoms in a
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 the resistive switching effect (e–i), see text for detail.

silver oxide (designated as O�) [14,17–19,21,49,57] are very weak,
if any. The ratios of surface OH group and electrophilic oxygen
O� to Ag are in the range 0.19–0.5 (Supplementary data, Table 1),
in reasonable agreement with those reported for Ag crystal elec-
trode contacted with aqueous solutions [17–19,21] and Ag NPs
exposed to gas phase oxygen [14,49]; the values are lower for
capped nanoparticles and for smaller ones due to the presence of
capping agents and uptaken water. The exposure of the larger Ag
NPs at atmosphere for several days entails a slow increase in the

width of Ag 3d and Ag MNN  bands, while the changes in the O
1s spectra of smaller silver clusters are less straightforward owing
to complex transformations of surface Ag O species [14]. Further-
more, XPS analysis revealed chloride and, in some cases, sulfide
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pecies uptaken from the laboratory atmosphere, more readily by
he smaller Ag NPs produced both via borohydride- and glucose-
ssisted synthesis. The atomic ratio Ag to Cl plus S may  reach
.1–0.2, so these contaminations also contribute to broadening of
he Ag spectra. In brief summary, a measure of oxidation of Ag
Ps is relatively low for 10–15 nm Ag NPs, both uncapped and
itrate-protected; it is larger for the uncapped Ag NPs manufac-
ured with AgNO3/NaBH4 = 10 (this also confirms that 2–5 nm NPs
o determine the surface characteristics of this product) and for
hose prepared in the glucose-assisted synthesis, with the oxidized
ilver representing mobilized or adsorbed Ag+ species rather than
g(I) oxide.

.3. Electrochemical oxidation of supported Ag NPs

.3.1. Cyclic voltammetry
Cyclic voltammograms for the four types of Ag NPs deposited

n HOPG and for polished polycrystalline Ag plate acquired in 1 M
aOH are shown in Fig. 6. The anodic maxima referred as A1–A3
nd A4 in the CVA of bulk Ag electrode coincide with those reported
n the literature and associated with the formation of Ag2O and AgO
Ag+Ag3+O2−x) via net reactions

Ag + 2OH− = Ag2O + H2O + 2e

nd

g2O + 2OH− = 2AgO + H2O + 2e,

espectively; the cathodic peaks C1 and C2 are due to the reverse
eactions. The electrochemical oxidation of Ag to Ag2O involves
t least three stages corresponding to the A1, A2 and A3 features,
hich are most often ascribed to (i) the formation of a monolayer

f Ag2O or AgOH, or/and dissolution of Ag species, (ii) the for-
ation of a Ag2O base layer (“primary” oxide, possibly hydrated),

nd (iii) the nucleation and 3D growth of crystalline Ag2O phase
“secondary” oxide), respectively [15–18,20]. The evolution of oxy-
en contributes to the anodic current at the potentials above
0.8 V.

The anodic oxidation of the uncapped ∼12 nm Ag NPs (curve
) starts at lower potentials than that of bulk silver, but the anodic
aximum A3 is almost absent, indicating that the 3D Ag2O does not

rystallize upon the sweep. The narrow peak A4 corresponding to
ucleation and growth of AgO at the expense of Ag2O [16,19,21] is
lso shifted towards a less positive potential, probably because the
ucleation proceeds easier on the poorly ordered “primary” Ag2O.
he smaller uncapped Ag NPs prepared with AgNO3/NaBH4 = 10
xidize to Ag2O at more positive potentials (but at lesser ones than
g plate), and the preliminary maxima A1–A2 at 0.2–0.3 V are rela-

ively low. This can be explained by the surface oxidation of the Ag
Ps prior the potential sweep (see XPS data above). Strictly speak-

ng, the current magnitudes for different Ag NP samples cannot be
irectly compared because of various surface areas. In particular,
e failed to normalize reliably the current using Ag concentrations
erived from XPS, largely due to various thickness of protecting
olecule or/and hydrous shells above the silver cores. Neverthe-

ess, we assert that the peak A3 and the charge passed in the anodic
ormation of Ag2O are larger for the small unprotected Ag NPs in
omparison with the bigger ones, and this is confirmed by XPS
ata below. The peak A4 is wide and occurs at higher overpoten-
ials; this, along with lesser cathodic C2 maximum, shows that the
ormation of AgO is impeded. For citrate- and glucose-capped Ag

Ps, the anodic maxima A1–A3 and A4 are essentially broadened
nd shifted to more positive potentials, and the currents are lower
han for the uncapped particles, implying that all the reactions are
otably retarded.
AgNO3/NaBH4 = 10, (d) AgNO3/Na3cit/NaBH4, (e) AgNO3/glucose, in 1 М NaOH. The
voltammograms (sweep rate 5 mV/s) were initiated in positive-going direction from
stationary potentials near 0.1 V.

There also are differences in the position and shape of cathodic
maxima for bulk metal and various Ag NPs. The reduction of AgO to
Ag2O (peak C2) proceeds at more positive potentials (430–450 mV
vs Ag/AgCl), that is easier for the smaller Ag NPs, both uncapped
and capped, than for the larger ones and metal plate. On the other
hand, instead of a single major peak C1 for the bulk electrode, the
Ag NPs exhibit two or three maxima. The main peak correspond-
ing to the reduction of 3D Ag2O [15,16] is situated at +0.05 V for
bulk electrode and for the two  sorts of tiny, 3–5 nm Ag NPs, while
it is centered at about 0 V for larger uncapped Ag NPs (prepared

with AgNO3/NaBH4 = 1). A feature near −0.1 V attributable to the
reduction of hydrous Ag(I) oxide [15] is enhanced for nanosilver,
being largest for citrate-capped nanoparticles. This suggests that a
Ag(I) oxide formed on these Ag NPs is notably disordered. A minor
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ig. 7. X-ray photoelectron spectra (normalized to height) from silver NPs p
gNO3/glucose(4) and polycrystalline Ag plate (5) oxidized in the potential sweep t

athodic maximum at 0.12–0.18 V seen at the cathodic curves of
he 3–5 nm Ag NPs, both uncapped and glucose-capped, is likely
ue to the reduction of solubilized Ag(I) species [15].

.3.2. XPS analysis
The differences in the oxidation products are most evident for

he samples polarized in the sweep to +0.7 V (Fig. 7 and Supple-
entary data, Table 2). The intensity at 531–530 eV originating

rom surface OH groups or/and electrophilic oxygen O� increases
onsiderably; separation of these signals by deconvolution of the
pectra is not unique, and it is not shown here. An exception is the
pectrum of glucose-capped Ag NPs, where the lines of OH groups
t 531.2 eV and, probably, surface localized O� at 530.3 eV can be
learly resolved. The signals from nucleophilic oxygen O� bonded
o Ag in Ag2O and AgO can be seen at the binding energy decreasing
n the range 529.5–528.6 eV with an increase in the contents of oxy-
en and Ag3+ in the AgO1−x products [21]. There is also a weak band
t 528.2 eV that has been proposed to attribute to 2D Ag(I) oxide
17,18].

The Ag 3d lines broaden and shift to lower binding energies
ue to the formation of silver oxides. The Ag 3d5/2 maximum of
xidized polycrystalline Ag plate is centered at the BE as low as
67.5 eV, indicating that the surface layer is preferentially com-
osed of AgO1−x oxide, in agreement with the position of the
elevant O 1s line at 528.6 eV and the Ag M5N4N4 maximum at
56.7 eV [19,21,57]. The oxidation of the unprotected small Ag NPs
spectra 2 in Fig. 7) leads to a comparably narrow Ag 3d5/2 maxi-

um  at 368.0 eV, the Ag M5N4N4 kinetic energy of 356.3 eV, and
he O 1s signal at 529.4 eV, evidencing that Ag(I) oxide is the main
roduct, whereas contributions from Ag(0) and Ag(II) oxide are
egligible. This implies almost complete oxidation of the 3–5 nm
g NPs to crystalline 3D Ag2O, in concurrence with the results of
yclic voltammetry.

The spectra of other three samples are broader due to contrib-
tions from several substances. For larger Ag NPs, both uncapped
nd citrate-capped, the Ag 3d5/2 bands are better fitted with two
ajor peaks at 368.3 eV and 367.8 eV corresponding to Ag metal
nd Ag(I) oxide. The quantity of the oxide phase is higher for
he uncapped particles but it is obviously lower than for the
maller “naked” Ag NPs, again in concordance with the elec-
rochemical data. The Ag 3d and respective O 1s features are
d with AgNO3/NaBH4 = 1 (1), AgNO3/NaBH4 = 10 (2), AgNO3/Na3cit/NaBH4 (3),
 V (5 mV/s) in 1 M NaOH.

slightly shifted to lower BE, but there are no unequivocal spectro-
scopic evidences for AgO1−x, the formation of which is expected
from the voltammetry (peak A4). In all likelihood, the quan-
tity of Ag3+ species is small and that readily reduces under
open-circuit conditions and X-ray beam [21]. The spectra of the
oxidized glucose-capped small Ag NPs contain signals from Ag
metal, minor Ag(I) oxide, and a Ag 3d line at 369 eV, which likely
originates from ionic Ag+ species, for example, hydrous AgOH
and Ag+-glucose complexes, or very small Ag0 clusters exhibit-
ing the final state effect owing to a photohole in the core level
[57,58].

3.4. On the effect of capping and size on the reactivity of Ag NPs

The results show clear and well reproducible influence of size
and capping of nanoparticles on their behavior. One can see that
citrate ions and glucose molecules impede anodic oxidation of Ag
NPs both to Ag2O and AgO, but they do not perfectly protect the
Ag NPs against gradual oxidation at open-circuit potentials. At the
same time, the photoelectron and Auger spectra show that near-
surface concentrations of Ag(I) species for the capped Ag NPs are
higher than for uncapped ones of approximately the same diam-
eter. The broad maxima in the voltammetric curves also suggest
that hydrated silver (I) oxide and some mobile or adsorbed Ag(I)
species are more strongly involved in redox reactions of the capped
nanoparticles. On the other hand, certain similarities are observed
for the cyclic voltammograms of the uncapped and capped NPs of
about the same size (Fig. 6).

The effect of particle size on the reactivity is not quite
straightforward. The smaller Ag NPs more easily enter into
oxidation-reduction reactions, and the resistive switching being
observed in the tunneling spectra of the “naked” particles. Interest-
ingly, the anodic oxidation of the smaller uncoated Ag NPs yields
3D Ag2O (peak A3 in Fig. 6), similar to bulk Ag electrode, whereas
the oxidation of larger nanoparticles is limited by a layer of “pri-
mary” Ag(I) oxide. Nucleation of Ag(II) oxide (peak A4) appears to
proceed readily on the defective oxide formed, while it is retarded

on 3D Ag2O (that is, at smaller uncoated particles) and protected
Ag NPs. However, a much thicker layer of AgO1−x grows under the
same conditions at silver plate. It should be noted that, despite
the supported nanoparticles are partially aggregated, the internally
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onsistent description of their behavior can be achieved utilizing
he dimensions of individual Ag NPs derived from SAXS and TEM
nd, in part, STM. This and high reproducibility of the results imply
hat the aggregation (at least, at low surface coverage) and possible
ollateral effects do not play a significant role.

We  hesitate to draw far-reaching conclusions about mecha-
isms behind these phenomena, especially as there remain, after
ecades of research, many open questions about the mechanism of
ulk silver oxidation [15–21]. It can be suggested at the moment
hat the capping molecules facilitate oxidation and solubilization
f surface Ag atoms but slow down diffusion of the mobilized Ag
pecies and their release into the environment. Furthermore, the
rganic capping probably inhibits the formation of electrophilic
tomic oxygen (O�),  incorporation of which into Ag lattice seems
o be a necessary pre-oxidation stage [17,18]; some hints for this
re provided by the photoelectron spectra. The inhibition could be
aused by reactions of transient oxygen species with the organic
olecules and/or by binding of OH groups (a precursor for O�)

y Ag+ ions entrapped within the shells. On the other hand, near-
urface concentrations of mobile Ag species are less due to lower
urface area of 10–12 nm particles as compared with the 3–5 nm
Ps and bulk metal, when the Ag NPs, even somewhat aggregated,
o not form a continuous film; more perfect structure of the larger
articles may  play a role too. As a result, the crystallization of 3D
g2O that is thought to require a release of intermediary soluble
g(I) species [15] is effectively suppressed on the larger Ag NPs.

n fact, the ability to mobilize transient Ag species emerges as a
ey factor determining the specific reactivity of silver nanoparti-
les.

. Conclusions

Silver nanoparticles of 10–12 nm particles without and with
itrate capping and about 3–5 nm Ag NPs, either uncapped or
lucose-capped, were synthesized, and the electrochemical reac-
ions of the nanoparticles deposited on HOPG were examined using
unneling spectroscopy setup, XPS, cyclic voltammetry. A resis-
ive switching effect was observed for the uncapped 3–5 nm Ag
Ps in tunneling spectra measured in air; it was rationalized in

erms of transfer of Ag species between the nanoparticle and the
robe, shortening the distance or making nanoscale contacts. The
nodic oxidation of uncapped Ag NPs started at lower potentials
han bulk silver electrode but the smaller Ag NPs, similar to the
g plate, yielded “secondary” 3D Ag2O, whereas the oxidation of

arger nanoparticles produced only a layer of “primary” Ag(I) oxide.
he following formation of AgO at higher potentials proceeded
eadily at the defective oxide at about 12 nm particles while it
as retarded at the smaller ones. The citrate ions and glucose
olecules capping Ag NPs substantially impeded both the forma-

ion of Ag2O and the nucleation of AgO during the anodic sweep, but
hey poorly protected the Ag NPs against slower oxidation in air.
he results underline importance of the intermediate mobilization
f Ag species, which depends upon the size and capping of silver
anoparticles, for the reaction mechanisms.
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