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Hypothesis: Heterogeneous nucleation of silver oxide (Ag,0) onto oxide microparticles (OMPs) followed
by spontaneous thermal decomposition produce nanostructures made of OMPs decorated with silver
nanoparticles (OMP|AgNPs).

Experiments: Colloidal chemistry methods have been used to produce the decoration of OMPs with silver
nanoparticles (AgNPs), by carrying out the Ag,0 precipitation/thermal decomposition. The process is dri-
ven in water enriched acetone medium containing NaOH, NHs, AgNO3 and SiO,MPs as substrate. Optical
and morphological properties of OMP|AgNPs were characterized by using STEM, EDS, HRTEM and Raman

Findings: A new synthetic method to decorate OMPs (TiO,, SiO,) with metallic AgNPs in a single step/single
pot reaction is proven effective to produce OMP|AgNPs either in aqueous or water enriched media.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

As new properties of matter are discovered within the nano-
scale, research is driven into the exploration of more complex
nanostructures (NSs) which, in turn, rise up the complexity of syn-
thetic process needed to produce them. Among metal nanoparti-
cles (MNPs), those made of noble metals have been widely
investigated because of their applications in areas such as catalysis
(Pt, Au) [1,2] as well as due to their plasmonic [3]| and surface
enhancement Raman spectroscopy (SERS) properties (Au, Ag)
[4-6]. The decoration of oxide microparticles (OMPs) with noble
MNPs is an approach widely used to obtain hybrid NSs where
the active surface for catalysis is noticeably enhanced. In such an
approach a stable and low cost material (OMPs) is used to support
the catalytic active material (NPs), often more expensive, in build-
ing up low cost NS catalysts [7]. The synthesis of OMP|MNPs struc-
tures requires the heterogeneous nucleation of MNPs onto OMPs
surface to be achieved. This involves running against the small
adhesive interaction between these materials, which results from
the fact that surface tension values for metals are higher than those
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for oxides [8]. This particular issue has been approached by using a
variety of synthetic methods that can be grouped as follows: (a)
those using, firstly, impregnation of OMPs by immersion in solu-
tions containing noble metal complexes/cations (precursors), and
then the MNP formation that results from precursors reaction
either by chemical reduction [9-11] or by photochemical decom-
position [12] or by calcination [13]; and (b) those employing a
functionalization strategy, where a molecular linker with appropri-
ate functional groups is used to chemically bind both, oxide MPs
and metallic NPs [14,15]. It is worthwhile mentioning that all these
approaches do involve, at least, two or more synthetic steps to
achieve the decoration of oxide MPs.

Here we report a new synthetic approach to produce
OMP|MNPs, where the decoration of OMP (SiO, and TiO,) with sil-
ver nanoparticles (AgNPs) is achieved by means of a one-step/one-
pot straightforward procedure.

2. Experimental section

All chemicals were of analytical grade and they were used as
received without further purification: silver nitrate (AgNOs),
ammonia (NHs3), sodium hydroxide (NaOH), rhodamine 6G and
acetone. Deionized purified water (Milli Ro-Milli Q system) was
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Fig. 1. A representative SiO,MP|AgNPs produced in acetone/water medium: (a) STEM image. EDS maps for: (b) K-oxygen, (c) K-silicon and (d) L-silver. Comparison of a
magnified HRTEM bright field image with ball models (superimposed) corresponding to: (e) metallic fcc Ag with a lattice parameter of 4.08 A, and (f) Ag,0 crystalline

structure with a lattice parameter of 4.72 A.

used in preparing solutions (resistivity of 18.2 x 10° Q cm). Solu-
ble silver salts solutions (AgNO3) were kept in darkness to prevent
any photochemical reaction involving the silver ion (Ag").

SiO,MP|AgNPs were obtained from a reactive water/acetone
solution/suspension of 0.1 mM AgNOs, 0.2 mM NaOH, 20 mM NHj;
and 2.3 x 10'? SiO,MPs per liter suspension (final volume =
100 mL).

Selected experimental samples were characterized with Cs-Cor-
rected Transmission Electron Microscopy (TEM, JEM-200ARMF
JEOL’s microscope operating at 200 kV) and Hitachi STEM-5500
microscope operating at 30 kV. The elemental distribution on the
NSs was studied by Energy-dispersive X-ray Spectroscopy (EDS)
line scanning and mapping. Raman spectra were recorded on a

Horiba Jobin Yvon LabRAM HR Raman spectrometer by using a
He-Ne laser (632.82 nm) as excitement source. Raman measure-
ments were performed by using a quartz cell containing either sus-
pensions of SiO,MPs or of SiO,MP|AgNPs in presence of Rhodamine
6G (50 UM).

3. Results and discussion

The strategy of the method here reported is based on the
assumption that noble metal oxides/hydroxides will exhibit better
adhesion forces onto foreign oxide surfaces than the noble metal
itself. The synthetic scheme is completed by a recently reported
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piece of knowledge [16,17]: aqueous/water-enriched silver oxide
(Ag,0) undergoes spontaneous thermal decomposition to produce
AgNPs. Therefore, the synthesis itself is a straightforward reaction
that involves two processes taking place simultaneously: the Ag,0
precipitation onto OMPs (Eq. (1)), and its spontaneous decomposi-
tion (Eq. (2)).

2[Ag(NH3),] ) +20H ;g + OMP — -

— OMPlAgZO + H20(1) + 4NH3(aq> (])
n
OMP|(Ag;0), — OMP|(Ag),, + 5 Oz (2)

The experimental conditions were controlled to achieve, on the one
hand, the heterogeneous nucleation of Ag;0 onto OMP surface to be
favored over its homogeneous nucleation (1); and, on the other
hand, the thermal activation to be appropriate in driving the
decomposition of Ag,0 deposited onto oxide MPs (OMP|Ag,0) that
finally produces OMP|AgNPs (2). The Ag,O precipitation is easily
obtained from the addition of strong alkali into aqueous solutions
of soluble salts of Ag(I). By performing this procedure at 2 °C,
Ag,0 does precipitate and remain stable; whereas at room temper-
ature (c.a. 25 °C) the Ag,0 precipitation is followed by a slow ther-
mal decomposition to form AgNPs [16]. Ag,O precipitation is
affected by ammonia which forms coordination complexes with
Ag(I) and can selectively dissolve the silver oxide. Thus, ammonia
is used in presence of OMPs to disfavor the Ag,O homogeneous
nucleation over the Ag,0 heterogeneous nucleation onto OMPs’ sur-
face. Given its influence on the Ag,0 precipitation, ammonia also
influences the Ag,0 thermal decomposition, too [16]. Another factor
used in controlling the Ag,0 precipitation, and in turn its thermal
decomposition, is the change of the average dielectric constant of
the formation media, as it has been recently reported [16]. It will
be shown below that a fine control over the amount of silver depos-
ited on OMPs can be achieved by driving the Ag,O precipitation/
decomposition in water-enriched environments, e.g. water/acetone
solutions [16].

TiO,MPs and SiO,MPs were used as substrates in carrying out
Ag,0 deposition/decomposition process. In spite of the spectro-
scopic/microscopic evidence that indicates the existence of (1)-
(2) processes sequence over the surface of TiO,MPs (ESI-3), the
broad shape distribution of TiO,MPs does blur the interpretation
of results. On the contrary, SiO,MPs have an advantageous charac-
teristic: they are all spheres (ESI-4), a crucial morphological fea-
ture that helps to unravel aspects of deposition/decomposition
sequence. Therefore, the discussion here will be focused on results
obtained in our experiments where SiO,MPs are used as substrate.
In addition, the degree of control over the heterogeneous nucle-
ation of Ag,0O onto OMP surface can be enhanced by decreasing
both the strong alkali concentration and the average dielectric con-
stant of formation media [16]. Fig. 1a shows a STEM image of a NS,
prepared by carrying out the synthesis in acetone/water environ-
ment, which exhibits the characteristic SiO,MP spherical shape,
as well as zones with very high electronic contrast all over the sur-
face. The element distribution over the NS was mapped by tracing
the X-ray signature of O, Si and Ag (EDS results in Fig. 1b-d, respec-
tively). In contrast to the homogeneous spherical distribution of O
and Si, Ag exhibits a heterogeneous pattern distribution that
strongly resembles the high contrast pattern already observed in
the SEM image (Fig. 1a). Similar NSs were observed in the different
fields of the sample, indicating that SiO,MPs are homogeneously
decorated (ESI-4, Fig. 7). A further confirmation of the presence
of metallic Ag onto SiO,MP surface is obtained with HRTEM.
Although Fig. 1e and f show for comparison purposes only high
magnification bright field images, the complete sequence of dark
and bright field images for increasing magnification is shown in
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Fig. 2. Rhodamine 6G Raman spectroscopy results in presence of SiO,MP|AgNPs
(top, red and blue lines) as compared to SiO,MPs (bottom, orange and green lines)
under different ionic strength conditions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

supporting material (ESI-4, Fig. 8). Fig. 1e and f also show ball mod-
els corresponding to fcc Ag and Ag,0 crystalline structure, respec-
tively. The close resemblance of HRTEM image and fcc Ag with a
lattice parameter of 4.08 A is clearly conclusive: there is metallic
silver onto SiO,MP surface. Therefore, in absence of any reducing
agent, this whole evidence corroborates that SiO,MP|AgNPs are
produced effectively by Ag,0 heterogeneous nucleation and ther-
mal decomposition within a one-step/one-pot synthesis.

Aiming at testing possible applications of the SiO,MP|AgNPs
produced as Raman enhancing NSs, its influence on Rhodamine
6G was characterized. Fig. 2 shows Raman spectra of Rhodamine
6G in solutions containing either SiO,MPs (control results) or SiO,.
MP|AgNPs, for different ionic strength conditions. As it is expected
for a substrate like SiO,MPs without SERS properties, no remark-
able change of the Raman spectra is detected for Rhodamine
whether SiO,MPs are aggregated (with KBr) or not (Fig. 2, orange
and green spectra). In presence of SiO,MP|AgNPs, only a very mod-
est change in the Rhodamine spectral profile is detected (Fig. 2,
blue), probably due either to a small surface enhancement effect
associated with small AgNPs present in the NSs or to a low concen-
tration of NSs in the solution. However, the addition of KBr drives
the SiO,MP|AgNPs to undergo agglomeration, resulting in a notice-
able enhancement of the Rhodamine Raman spectrum (Fig. 2, red),
probably related to the generation of hot-spots in the aggregated
NSs3P. This behavior is consistent with the presence of a plasmonic
material (Ag) in the NS in complete agreement with the evidence
above discussed.

4. Conclusions

The one-step/one-pot synthetic method presented here has
been proven effective to produce the decoration of oxide micropar-
ticles with silver nanoparticles (OMP|AgNPs). This synthetic route
is easily implemented and involves simple and safe procedures.
Results are consistently explained by assuming a chemical scheme
involving heterogeneous Ag,0 precipitation and subsequent
decomposition to produce AgNPs. This alternative method requires
low-cost starting materials and low-energy consumption; to
obtain OMP|AgNPs of easy purification and by-products (H,O,/
0,) environmentally harmless. The OMP used as substrates (SiO,
or TiO,), both relevant materials with different applications (med-
icine, solar devices, catalysts, etc.), can be easily transformed into a
hybrid NS with plasmonic behavior. The nature of the OMPs used
(SiO, or TiO;) seems to play no important role with exception of
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the reactivity during the synthesis, a feature that suggests this
method might be feasible of being used with OMPs of elements dif-
ferent from Si and Ti.
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