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A B S T R A C T

Surface-enhanced Raman scattering (SERS) is one of the most sensitive methods for the detection of adsorbed
molecules on the nanostructured coinage-metal surface. The enhancements in the order of 104–106 are routinely
observed. Such an effect makes SERS spectroscopy a technique applicable to the study the adsorption of analytes
in the submonolayer regime. Novel SERS sensors require novel substrates with high activity for great sensibility
detection of different molecules applied in many fields, such as detections of narcotics, explosives, and molecules
with biological interest. In this work, silver nanoparticles embedded in niobium lead-pyrophosphate glasses
(Pb2P2O7-Nb2O5-Na2O) were prepared by ion exchange process, where silver ions were introduced into glass
surface by Ag+/Na+ ion exchange (NaNO3:AgNO3 batch), and reduced to metallic silver by heat treatment at
glass transition temperature (ca. 480 °C). The new substrate was characterized by Raman spectroscopy, optical
absorption, transmission electron microscopy (TEM) and atomic force microscopy (AFM). Its application in SERS
was demonstrated by studying the adsorption of 2,2-bipyridine (bpy) on the glass surface, which has marker
bands for the coordination of the adsorbate with silver atoms. The optimal surface features in terms of SERS
enhancement were also discussed and the sensing ability of this new substrate was demonstrated.

1. Introduction

Glasses containing gold, silver or copper nanoparticles (NP) are
promising materials for several plasmonic applications because their
interesting optical properties ascribed to their localized surface
plasmon resonance (LSPR) transitions [1,2]. The LSPR absorption fre-
quency of such metals are commonly observed in the visible and near
infrared region and assigned to the coherent oscillation of electrons in
the conduction band when excited with an electromagnetic radiation
[3,4]. Scientific research in plasmonic materials has attracted large
attention due to their promising application in advanced biomolecule
sensing [5], chemical detection [6], cancer treatment [7], plasmonic
solar cells [8] and other practical applications in material science [9].

Phosphate glasses are good candidates for technological and optical
applications due to their intrinsic characteristics, such as low melting
point (Tm), viscosity and glass transition temperatures (Tg), large
thermal stability against crystallization, broad transparency from

ultraviolet to infrared region, and higher thermal expansion coefficient
when compared with silicate glasses [10–12]

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive
technique for trace analysis (concentrations from 10−5 to 10-7 M)
[13–16] and is based mainly on the LSPR effect. The SERS spectrum of
the target analyte is amplified through the excitation of the LSPR of the
substrate containing dispersed metallic NP or a nanostructured metal
film. Following the discovery of the SERS phenomenon by Fleischmann
et al. it has become a promising and attractive subject in surface-sen-
sitivity research and nanoscience [17–19]. Consequently, SERS sub-
strates are the protagonists on the enhancement of intensity by several
orders of magnitude of the analytical signal [20]. Many types of re-
search have been devoted to creating new SERS substrates presenting
larger signal enhancements for the extremely low concentration of
analytes. They have been widely applied in different research fields,
such as biomaterials [21], sensors [22] and chemical detection [23].

Among metal NP presenting accessible LSPR effects, Ag-NPs are the
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most used metal due to their highly reactive surface for SERS [24]. In
coordination chemistry, 2,2′–bipyridine (bpy) is widely utilized with
transition metal ions, been studied for different applications such as
electroluminescent devices [25,26], photocatalysis [27], solar cells
[28] and biological investigations. Bpy is a bidentate ligand, forming
complexes with metals by chelate effect [29]. In this study, the SERS
spectra of bpy adsorbed on Ag-NPs, grown on the niobium-phosphate
glasses surface, are reported. Glasses are versatile host to embed Ag-NP
because it provides chemical stability for the metallic nanoparticles,
which can be homogeneously obtained inside the glass volume or only
superficially [30,31].

Glasses containing metallic NP can be produced by different tech-
niques such as ion implantation [32], femtosecond laser irradiation
[33], sol-gel methods [34] and ion exchange processes [35]. Among
them, ion-exchange techniques have widely been applied to develop
special functional glasses for SERS chemical sensing, chemically tem-
pered glasses [36–38] and planar waveguides [39]. Herein ion-ex-
change technique was used to incorporate silver ions into the glass
matrix by diffusion. The samples were immersed into a fused salt bath
containing Na+ and Ag+ ions, followed by thermal annealing to reduce
Ag+ in metallic Ag-NPs.

One of the most important requirements for plasmonic materials
suitable for photonic applications, such as SERS, is to possess low linear
and nonlinear losses, large third-order nonlinearities, good optical
quality and mechanical strength and low dimensions [33,39]. Based on
the aforementioned characteristics, niobium pyro-phosphate glasses
containing Ag-NPs clusters on the surface shows highly potentiality for
SERS applications to attempt the required conditions for plasmonic
materials [40,41]. In this sense, the present work aims to fabricate a
novel and reusable SERS substrate to be used in single-molecule de-
tection. Ag-NPs were synthesized on the niobium pyro-phosphate glass
surface through a single ion-exchange step of Na+ ↔ Ag+, followed by
nucleation/reduction processes of Ag+ to Ag° by thermal annealing.
Then, the evaluation of SERS activity was demonstrated by exposing the
substrate under the presence of bpy as an out-of-resonance analyte,
showing the high potentiality for chemical sensing.

2. Experimental

2.1. Glass synthesis and Ag+/Na+ ion-exchange procedure

The glass samples were synthesized by the conventional melt-
quenching method using the raw materials Nb2O5 (Aldrich 99.8%) and
lead orthophosphate PbHPO4 prepared by precipitation of a lead salt
solution with pure orthophosphate acid at room temperature, as de-
tailed described in [42]. Chemicals precursors were stoichiometrically
weighted in order to obtain 20 g of composition
90[60Pb2P2O7–40Nb2O5]:10Na2O glass (labeled as PNN glass) and
thermal treated before melting at 200 °C for 1 h to reduce adsorbed
water and gases since the PbHPO4 is obtained via a wet chemical route.
Then, the batch was melted under open air at 1000 °C for 40min to
ensure homogenization and fining. Finally, the melt was cast inside a
stainless steel preheated mold at 380 °C and then annealed at the same
temperature for 4 h to minimize mechanical stress resulting from
thermal gradients upon cooling. Such procedure is important because it
enhances the mechanical strength of glasses to support the ion-ex-
change temperature procedure avoiding cracks. The obtained glass
sample was equally cut in 6 parts which were immersed into a fused salt
molten of NaNO3:AgNO3.

The Na+-Ag+ ion-exchange method was used to put into the glass
surface Ag+ which were the germs for growth Ag-NP onto glass sample
surface after heat treatment. First, PNN glass pieces were previously
cleaned with acetone and isopropyl alcohol, then immersed into a
molten salt of NaNO3:AgNO3 (4:1), in platinum crucible, at 380 °C for
18 h in order to allow the diffusion of silver ions into the glass by re-
placing the Na+ (glass) with Ag+ (molten bath). After the ion-exchange

procedure, the glass pieces were removed from the molten and cleaned
with distilled water and acetone to remove the excess of NaNO3 and
AgNO3 adhered on the surface. Thus, the as-exchanged samples were
annealed in air at glass transition temperature, Tg, for 2, 5, 10 and
20min in order to induce the formation of metallic Ag-NP on the PNN
glass surface. Table 1 summarizes the synthesis conditions and sample
labels.

2.2. Glass characterizations

Glass characteristic temperatures such as glass transition tempera-
ture, Tg, onset crystallization temperature, Tx, and maximum of crys-
tallization peak, Tp, were obtained from differential scanning calori-
metry in the range of 300 to 1000 °C using a NETZSCH equipment DSC
404 F3 Pegasus calorimeter, with a maximum error of± 2 °C for Tg and
Tx (obtained from tangents intersection) and±1 °C for Tp. Glass pieces
of about 12mg were set in opened platinum pans under N2 atmosphere
and a heating rate of 10 °C/min.

Absorption spectra of the glass samples were acquired from 200 to
800 nm with a Varian Cary 5000 spectrophotometer. Raman scattering
spectra were acquired at room temperature in the frequency range from
200 to 1800 cm−1 by using a HORIBA Jobin Yvon model LabRAM HR
micro Raman apparatus equipped with CCD detector and a 632.8 nm
laser line, delivering 30mW power.

HR-TEM and SAED were performed in order to check the size and
distribution of the grown Ag-NP and their nature, by using powdered
glasses suspended in ethanol and deposited on grids in an FEI, Model
Tecnai G2 F20 (200 kV) microscope equipped with a field emission gun.

Atomic force microscopy (AFM) images were acquired by using an
Agilent AFM system (model 5500) in tapping mode in the air and using
a Si tip with aluminum coating on the back for reflection. Typical set-
tings: tip curvature radius< 10 nm, cantilever length of 125 μm, the
width of 30 μm, the constant force of 42 N m−1 and resonant frequency
at 320 kHz. The AFM phase and 3D topography images were obtained
using the software Gwyddion V. 2.37.

2.3. SERS procedure

The SERS spectra for the bpy adsorbed in the PNN2-Ag glass sub-
strate were acquired in a Raman Spectrometer LabRam HR (Horiba
Jobin-Yvon) equipped with a liquid nitrogen cooled CCD-camera
(Horiba) and connected to a microscope (Olympus) with a 50X objec-
tive (WD). The SERS and Raman spectra were performed using
632.8 nm line of a He-Ne laser as excitation source delivering 30mW of
power and accumulation time of 200 s. Concomitantly, the line in 520
cm−1 in the Raman spectrum of silicon was used aiming frequency
calibration and the accuracy of the spectral measurements. The ex-
citation light was directed onto the sample and the collection of the
backscattered light was done at 180° geometry as schematically shown
in Fig. 1.

The SERS spectra of bpy were obtained after the immersion of
PNN2-Ag in a bpy solution (10−6 M) for 40min. After this procedure,
the substrate was washed with deionized water (milli-Q pattern) and
subsequently dried to obtain SERS spectra. The same method was

Table 1
Synthesis conditions and sample labels.

Sample labels Glass transition temperature,
Tg

Step 1
Ion-exchange

Step 2
Annealing

PNN 470 ± 2 °C – –
PNN-Ag 470 ± 2 °C 380 °C / 18 h 470 °C / 0 min
PNN2-Ag 470 °C / 2min
PNN5-Ag 470 °C / 5 min
PNN10-Ag 470 °C / 10min
PNN20-Ag 470 °C / 20min
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performed for the PNN2 substrate without Ag nanoparticles. The
average SERS spectrum displayed on the inset of Fig. 1 was the result of
the sum of 10 Raman spectra obtained at different regions of the PNN2-
Ag glass surface over an area of ca. 104mm2.

3. Results and discussion

X-ray diffraction shows the typical amorphous halo for all samples
presented in Table 1. No diffraction peaks are observed regardless of the
time of annealing because the concentration of Ag-NP is below to the
technique detection limit. As expected, DSC curves showed the same
thermal behavior for all glass samples and the characteristics tem-
peratures Tg, Tx, and Tp are unchanged at 470 °C, 590 °C and 640 °C,
respectively. Based on X-ray diffractograms and DSC analysis, the
thermal annealing used to growth Ag-NP on the samples surfaces, not
caused abrupt glass structural modifications independently of the an-
nealing time undergone for each sample.

On the other hand, the thermal annealing after the ion-exchange
procedure causes significant changes in the sample colors. PNN sample,
which was ion-exchanged without thermal annealing, shows a homo-
geneous yellowish color, transparent and free of strains. However, the
annealed samples become brownish as a function of annealing time,
and a thin mirrored film was formed on sample surfaces as shown in
Fig. 2. Generally, materials containing metallic NP shows an intense
color-dependence upon both size and concentration of the particles, as
well as the refractive index of the surrounding medium [43–46].

Barbosa et al. [47] reported the preparation and characterization of
planar waveguides by using the Na+-Ag+ ion-exchange process to
modify the refractive index of an Er3+-doped NaPO3-Nb2O5 glass
system. Therefore, the low concentration of 1mol% of AgNO3 was used
to prevent the precipitation of Ag-NP, oppositely in our work where the

concentration of AgNO3 was 20 times higher in order to drive as much
as possible the exchange of Ag+ by Na+ containing into the glass
network surface.

Fig. 3 shows the absorption spectra for the thermally annealed glass
samples presented in Table 1 from 350 nm to 800 nm, at room tem-
perature. The LSPR absorption band is observed for all glass samples,
except for PNN due to the absence of Ag-NP. The LSPR absorption band
from PNN2-Ag is much higher and narrower compared to the other
samples due to the homogeneous formation of small silver nano-
particles with a narrow size distribution induced by the low growth rate
because of the rapid annealing time applied for this sample. An abrupt
decreasing of LSPR band intensities are observed for PNN5-Ag, PNN10-

Fig. 1. Schematic figure of SERS procedure used with PNN2-Ag
sample. The yellow balls indicate atoms of metallic silver (Ag°). At
the bottom left side the Cartesian axis helps to identify the per-
pendicular position (z-axis) of bpy molecule in the relation of the
glass surface through nitrogen atoms coordination with silver
atoms (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

Fig. 2. Photographs of the glass samples after thermal annealing at Tg for 0, 5, 10 and 20min to induces Ag-NP growing onto the glass surfaces.

Fig. 3. Absorption spectra of the PNN glass samples without and with Ag, after
heat treatment at different times of 2, 5, 10 and 20min.
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Ag and PNN20-Ag samples, suggesting that the increase of annealing
time is reducing the amount of Ag-NP grew during the heat treatment.
It suggests the annealing time above 2min led to the formation of
smaller nanoparticles than those obtained for PNN2-Ag samples. This
fact is clearly observed through TEM images in Fig. 4. In fact, the ab-
sence of a shift in the maximum intensity of the LSPR band in respect to
the annealing time, strongly indicates that there is no increase in the
size of the Ag-NP [48]. On the other hand, if we expected an increase in
the LSPR intensity, we are also expecting the increase of the number of
Ag-NP possessing the same nanoparticle sizes. Interestingly, since we
only observed a decrease of LSPR band intensity, it indicates that the
Ag-NP are not growing in size with the time of annealing, but re-dis-
solving within the glass host.

TEM images in Fig. 4 clearly show that PNN2-Ag sample presents a
homogeneous distribution of Ag-NP with a particle size of about 5 to
10 nm (Fig. 4a and b). Fig. 4c shows the SAED pattern to prove the
nanoparticle chemical nature of metallic silver. Confronting the TEM
images with the absorption spectrum of PNN2-Ag sample in Fig. 3, it is
clear that the nature of the LSPR band is coming from the resonance of
small Ag-NP obtained at a short annealing time. As the annealing time
increases to 10min and 20min, the Ag-NP pattern obtained for PNN2-
Ag is dismantling and the good distribution of the spherical Ag-NP is

lost for the PNN10-Ag and PNN20-Ag samples. This behavior suggests
that during long annealing times (10 and 20min), with the use of high
Ag+ concentration of the molten salt solution, the continuation of Ag+

diffusion toward to glass volume takes place, rather than promotes the
aggregation and subsequent precipitation of Ag-NP. As observed
through the images in Fig. 4d and e for PNN10-Ag sample, and Fig. 4g
and h for PNN20-Ag, this trend results in the formation of regions riches
in silver (black regions) not formed by the clustering of metallic Ag
nanoparticles. Fig. 4f shows the absence of diffraction in the SAED
pattern for PNN10-Ag sample, which shows the low concentration of
Ag-NP evidenced only by the presence of LSPR in the absorption spectra
but undetected through selected area diffraction.

Fig. 5 illustrates the 3D topographic and AFM phase angle contrast
of PNN2-Ag sample. The sample surface presents a medium surface
roughness and a homogeneous topography with the maximum thick-
ness of 0.44 μm. It is observed a homogeneous distribution of Ag
clusters over the glass surface. The related roughness cannot be dis-
tinguished if it is from the glass surface or formed due to the un-
controlled growth of Ag-NP over the PNN2-Ag after thermal annealing.

In this sense, based on the previous results and discussion, PNN2-Ag
sample was chosen to be used as a new SERS substrate by checking their
potentiality for SERS applications in detection of the extremely low

Fig. 4. Transmission electron microscopy images and SAED patters for PNN2-Ag sample (a, b and c), PNN10-Ag (d, e and f), and PNN20-Ag (q and h, without SAED
pattern).
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concentration of the bpy used as a molecular probe.
Fig. 6 shows the SERS spectrum of bpy (10−6 M) adsorbed on the

metallic surface of the PNN2-Ag glass together with the Raman spectra
of PNN2 glass and bpy in the solid state. This SERS bands at 1482, 1304
and 1059, 1009 and 764 cm-1, assigned to in-plane normal modes,
suggest the ring planes are perpendicular to the surface. The Raman
band at 996 cm-1, assigned to the breathing mode is shifted to 1009 cm-

1 in the SERS spectrum, that together the enhancement of the band at
764 cm-1, assigned to in-plane deformation of C-C, C-N modes, in-
dicating the coordination involving nitrogen atoms with the silver from
the surface takes place [25]. Such changes in the spectral patterns,
together with the upshift of two Raman bands from 1300 and 1044 cm-

1, to 1304 and 1059 cm-1, respectively, are evidence of the chemical
interaction of the adsorbate with the metallic surface with the forma-
tion of a surface complex [45,46] (Table 2).

4. Conclusions

SERS is an extremely useful method to detect adsorbed molecules
which are covalently bonded to the metallic Ag-NP by the formation of
superficial coordinated complexes. The synthesis of Ag-NPs on PNN
glasses prepared by Ag+/Na+ ion-exchange followed by heat treatment
was a high-efficient SERS-active substrate for low concentrated mole-
cular detection. The LSPR transition of Ag nanostructures embedded in
PNN glasses shows a strong dependence with the temperature and an-
nealing time, since only the samples obtained at short annealing time
produces small Ag-NP while long annealing induces the continuation of
Ag+ diffusion inside to the glass volume together its evaporation,
hampering the aggregation and formation fair concentration of Ag-NP.
This suggestion was proven by TEM images and SAED patterns, which
show a homogeneous distribution of spherical Ag-NP only for PNN2-Ag
samples. Atomic force microscopy (AFM) image for the PNN2-Ag
sample showed a homogeneous distribution of Ag clusters over the glass
surface. The SERS signal of bpy was enhanced by the Ag-NP surfaces
embedded in PNN2- Ag substrate, allowing the detection at the con-
centration of 10−6 M. Therefore, we assume that PNN2-Ag glass can be
used as sensor substrate for SERS applications.
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