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Herein, we report a simple, cost-effective, and eco-friendly approach for producing polyethyleneimine
(PEI)-assisted silver nanoparticle-supported silica microspheres through evaporation-induced assembly
(EIA). The silica—PEI microspheres obtained through EIA consisted of highly trapped PEI molecules owing
to their electrosorption onto oppositely charged silica colloids. The trapped PEI molecules in the
microspheres played a crucial role in linking silver ions to form silver ion—PEl complexes, which were
then reduced to form silver nanoparticles. Further, the complex interactions between PEIl and silica
colloids led to enhanced porosity in the microspheres, enabling the efficient adsorption of Ag ions. The
characterization of the Ag—SiO, microspheres was carried out using various techniques, including field-
emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX) spectroscopy, X-ray
diffraction (XRD), small-angle X-ray scattering (SAXS), and Fourier transform infrared (FTIR) spectroscopy,
which confirmed the successful formation of Ag nanoparticles on microspheres, and a plausible
formation mechanism is elucidated. The Ag—SiO, microspheres exhibited good sensing properties for
hydrogen peroxide (H,O,), with an estimated limit of detection of 1.08 mM and a sensitivity of 0.033 pA
mM™t mm~2. The microspheres were also used as a surface-enhanced Raman scattering (SERS)
substrate, which demonstrated high sensitivity in detecting rhodamine 6G down to a concentration of 2

x 107® M. The present approach elucidates a promising alternative to conventional methods that face
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Accepted 15th September 2023 challenges, such as scalability issues, complex and cumbersome synthesis procedures, and the use of

strong reducing agents. With the potential for industrial-level scalability, this method offers a viable
strategy for producing Ag-SiO, microspheres with possible applications in biomedical and sensing
technologies.
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human health and can cause aging, neurological disorders, and
tumors in biological systems.'** Therefore, there is a need to

1. Introduction

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

In recent years, several studies have focused on the develop-
ment of supported metal nanoparticles onto solid/porous
substrates.”® This is motivated by the widespread use of
metal nanoparticles in various fields, such as catalysis, sensing,
electronics, photonics, and others.*”® H,0, is a widely known
oxidant and plays a pivotal role in the fields of chemical engi-
neering, food, and pharmaceuticals to mention a few.'**
However, the excessive concentration of H,0, is dangerous to
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develop an accurate and sensitive H,O, sensor with the poten-
tial for industrial-scale integration. Electrochemical methods
using supported metal nanoparticles represent a simple, fast,
and economical candidate for hydrogen peroxide (H,O,)
sensing.'>'® Further, the detection of various types of analytes,
such as dyes in industrial effluents, plays an important role in
environment remediation. In this regard, metal nanoparticles,
particularly Ag nanoparticles, have been at the forefront owing
to their unique plasmonic properties in the detection of various
industrial analytes, including pesticides." Silver nanoparticles
are commonly used in surface-enhanced Raman scattering
(SERS) applications because of their strong plasmonic proper-
ties, which result in a significant enhancement of the Raman
signal and used for the detection of trace amounts of analytes.*
One advantage of using supported silver nanoparticles as SERS
substrates is their high stability and reproducibility, which is
important for the reliable and consistent detection of analytes.
The deployment of Ag nanoparticles-based SERS detection for
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industrial analytes needs a scalable, environmentally friendly,
and cost-effective approach to fabricate the supported metal
nanoparticles.

Various methods have been employed to synthesize stable
metal nanoparticles to date, including seed-mediated growth,
electroless plating,'®*® layer-by-layer deposition, and hydro-
thermal treatment.*® However, these methods have their
respective challenges for their practical application, such as the
impurity of the seed used in the seeding method and the time-
consuming processes involved in layer-by-layer deposition. One
effective approach that can overcome these challenges is the use
of mesoporous silica, such as MCM-41 and SBA-15, as a support.
In this method, mesoporous silica is initially treated with noble
metal ions, which are then reduced to metal nanoparticles.**>*
However, this is a two-step process. Alternatively, metal-silica
hybrids can be synthesized by either adsorbing the already
prepared nanoparticles onto the support®~” or by adsorbing the
metal ions on the support and subsequently reducing them by
using reductants, such as sodium borohydride, hydrazine, or
hydroquinone.?®*! It is important to note that the use of these
strong reducing agents will generate toxic by-products, which
poses challenges for large-scale production and will have
a negative impact on the environment. Furthermore, some
studies have reported the synthesis of colloid-metal composites
by reducing metal salts using polymers in a dispersion con-
taining polymers and colloids.**** However, this method
requires complex and cumbersome operational processes as the
reductant and support are not connected prior to the formation
of the colloid-metal composites, which makes the process
energy-intensive. Therefore, the major concerns in current
methods include scalability issues, inaccessibility of the metal
nanoparticles inside the pore channels, usage of strong
reducing agents, and the complexity of the synthesis procedure.
To address these issues, a facile, one-step, eco-friendly, and
straightforward strategy with the usage of green reductants is
essential.

In order to achieve functional composite materials, the
utilization of ubiquitous natural processes, such as bio-
mineralization and biomimetic self-assembly, would be desir-
able as they represent environmentally benign approaches.**3*
For instance, peptide biomimetic self-assembly is a powerful
approach for the design of novel materials with tailored prop-
erties and functions, and has potential applications in various
fields, including nanotechnology, biomedicine, and materials
science.’”*® Peptides are molecules made up of two or more
amino acids that are joined together by peptide bonds formed
between the carboxyl group of one amino acid and the amine
group of another amino acid.*” In biomineralization processes,
the presence of the amine groups in proteins and peptides leads
to interactions of the metal ions with the organic constituents,*®
which could be used for the synthesis of metal nanoparticles via
biogenic synthesis.” Here, peptides act as reducing agents,
stabilizers, as well as capping agents during the synthesis of
metal nanoparticles. However, peptide and protein-based
synthesis poses various challenges, such as cost-effectiveness
and scalability. Therefore, an alternative approach is required
where the peptides and proteins can be replaced with benign
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and less expensive molecules without compromising the
advantages of the biomimetic characteristics. Due to the pres-
ence of amine groups in both polyethyleneimine (PEI) and
peptides, they possess some similarities in terms of their
chemical structure and biological activity, and hence, they
represent a natural choice to perform the biomimetic synthesis
of metal nanoparticles. Besides acting as reducing agents,
amine groups are also frequently used as stabilizing agents in
order to prevent agglomeration during the synthesis of metal
nanoparticles, as amine groups can form complexes with metal
ions.*!

The realization of supported Ag nanoparticles through an
amine-mediated biomimetic approach requires an effective
simplistic methodology to immobilize the PEI in the silica
matrix. The cooperative self-assembly of silica nanoparticles
and amine molecules vig evaporation-induced assembly (EIA) is
one plausible method to realize amine-loaded silica micro-
spheres. The tuning of the interaction between silica colloids
and PEI molecules can dictate the nature of its binding in the
silica microspheres.” The assembly of colloids in droplet drying
is one well-established method to achieve nanostructured
materials with the desired morphology.***® The drying of
micrometer-sized droplets containing silica colloids and PEI
results in micrometer-sized mesoporous amine-silica micro-
spheres in a single step. Thus, the silica-PEI microspheres,
obtained through EIA, act as a support for the silver nano-
particles, which not only makes the synthesis procedure simple
but also economical and environment friendly, and thus holds
promise for the synthesis of metal-silica microspheres.

The present work discusses a facile, one-step approach for
EIA to immobilize PEI in the inorganic matrix of embedded
silica nanoparticles to obtain silica-PEI microspheres. The
silica-PEI microspheres were used as a support to grow silver
nanoparticles. The Ag-SiO, microspheres were characterized
using various techniques, including field-emission scanning
electron microscopy (FESEM), X-ray diffraction (XRD), Fourier-
transform infrared (FTIR) spectroscopy and, small-angle X-ray
scattering (SAXS). The Ag-SiO, microspheres were subse-
quently utilized for the electrochemical detection of hydrogen
peroxide and as a SERS substrate.

2. Experimental section

2.1 Chemical reagents

Branched PEI with a molecular weight of 800 Da and 40 wt%
charged stabilized colloidal silica dispersion were purchased
from Sigma Aldrich. Silver nitrate (AgNOs;), ethanol, Nafion,
hydrogen peroxide (H,0,), and PBS buffer were also utilized in
the experiments. Millipore milli Q water was utilized for the
experiments.

2.2 Preparation of silica-PEI microspheres

A colloidal dispersion consisting of silica nanoparticles (2 wt%)
and different concentrations of PEI were spray-dried using
a spray-dryer (LU 228, Lab Ultima, India) to obtain the silica-PEI
microspheres. Pressure for the atomization was set to 2.0 kg
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cm 2 with the inlet temperature of the drying chamber set at
~170 °C. The dispersion feeding rate was set to 2 mL min~" and
the aspiration rate was kept at 50 Nm* h ™. The loading of PEI in
the dried samples was varied at 5, 11, 20, and 33 wt% and the
samples were designated as Si-p5, Si-p11, Si-p20, and Si-p33,
respectively.

2.3Preparation of Ag-SiO, microspheres

A 1 M solution of silver nitrate was prepared. Next, 0.5 g of
silica-PEI microspheres powder was added in to 2 mL of the 1 M
AgNO; solution. The soaked powder samples were then kept in
the dark overnight. After the silver nanoparticles had formed,
the samples were centrifuged at 13 000 rpm to separate the Ag-
SiO, microspheres.

2.4 Characterization of the microspheres

The morphology of the microspheres before and after silver
loading was analyzed using FESEM while the Ag content was

Paper

determined by EDX measurements. SAXS experiments were
carried out on the microspheres using the SWAXS beamline (BL-
18)* at Indus-2 synchrotron, RRCAT, India. The scattering
profiles were recorded as a function of Q (= 47 sin 6/2, where 26
is the scattering angle and A is the X-ray wavelength). The
experimental Q-range was between 0.07-2 nm ™. The XRD data
were recorded using a CuK,-based X-ray diffractometer in a 6-0
geometry with a 0.02° step size with 26 in the range of 10°-80°.
FTIR measurements were carried out using a Bruker Vertex 80 V
FT-IR spectrometer. KBr was used to disperse the samples and
form pellets for the measurements.

2.5 Electrochemical detection of H,O,

An electrochemical workstation was used for the electro-
chemical measurements. First, 5 mg of the Ag-Si-p20 sample
was mixed in 1 mL of ethanol and 10 pL Nafion was added to it.
The dispersion was sonicated for about 15 min and 3 pL of the
prepared dispersion was cast on a glassy carbon electrode (GCE)

Fig.1 FESEM micrographs of silica and Ag—SiO, microspheres as a function of PEI loading: (a) Si-p5; (b, c) Si-p5—-Ag; (d) Si-p11; (e, f) Si-p1l-Ag;

(9) Si-p20; (h, i) Si-p20-Ag; () Si-p33; (k, 1) Si-p33-Ag.
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twice and allowed to dry for 1 h. A three-electrode cell, with GCE
as the working electrode, Ag|AgCl as the reference electrode,
and platinum as the counter electrode was used. Cyclic vol-
tammetry (CV) experiments were performed at room tempera-
ture. Prior to the experiments, sodium phosphate buffer
(0.1 mol L") was purged with N, for 10 min. The desired
aliquots of H,0, were successively added to the cell for the CV
measurements with the variation in the H,O, concentration.

2.6 Surface-enhanced Raman scattering (SERS)

A 15 pL drop of R6G aqueous solution (2 x 10~> M) was pipetted
gently on to a glass slide and dried in ambient atmosphere for
normal Raman scattering (NRS) measurements. A surface-
enhanced Raman scattering (SERS) active substrate was
prepared by drop-casting an aqueous dispersion of Ag-SiO,
microspheres onto a glass slide. Next, 15 pL of R6G aqueous
solution, in the concentration range of 2 x 107> M to 2 x
107° M, was dropped on to the Ag-SiO, substrate for SERS
investigations. A 532 nm wavelength from a DPSS laser
(OXXIUS-LC-532) was utilized to record the NRS and SERS
spectra. The Raman-scattered light was detected using a CCD
(ANDOR)-based monochromator (ANDOR-SR-750C) together
with an edge filter. The NRS and SERS spectra were collected at
1 mW laser power, and a total of 10 scans of 4 seconds acqui-
sition time were used to record the data. A schematic showing
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the instrumentation used in the Raman scattering measure-
ments is provided in the ESI (Fig. S81).

3. Results and discussion

The FESEM micrographs in Fig. 1a, d, g and j show the
morphology of the silica-PEI microspheres for different PEI
loadings obtained through spray-drying. The morphologies of
the Ag-SiO, microspheres obtained for the various PEI loadings
are shown in Fig. 1b, e, h and k. The deposition of silica
nanoparticles on the silica microspheres was evident from the
micrographs. The magnified images of the Ag nanoparticles on
the silica microspheres with varying PEI loadings are depicted
in Fig. 1c, f, i and l. Lower-magnification FESEM micrographs of
the silica-PEI microspheres with and without silver nano-
particles are depicted in Fig. S1 in the ESL{ The level of coverage
of Ag nanoparticles on the microspheres increased with the
increasing loading of PEI. A lower loading of PEI resulted in
a lower coverage of Ag nanoparticles on the surface, as seen in
Fig. 1b, whereas a higher loading resulted in a higher coverage,
as observed in Fig. 1e, h and k. These observations indicated
a direct correlation between the degree of coverage of Ag
nanoparticles and the loading of PEI in the silica-PEI micro-
spheres. The higher-resolution FESEM micrographs shown in
Fig. 1c, f, i and | were utilized to determine the size and degree
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(a—c) Size distribution of the Ag nanoparticles anchored on the surface of silica—PEl microspheres as a function of PEl loading. (d)

Quantitative variation in the degree of coverage of Ag nanoparticles with the increase in PEI loading.
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of coverage of Ag nanoparticles anchored onto the surface of
microspheres using Image] software.”” The estimated size
distribution, as shown in Fig. 2a-c, was fitted using a normal
distribution, and yielded an average size of 34 £ 6 nm for the Ag
nanoparticles. In the case of Ag-Si-p33, it was difficult to esti-
mate the size of the Ag nanoparticles due to the modifications
in the surface morphology of the microspheres. Fig. 2d shows
there was a quantitative variation in the percentage of degree of
coverage with the increase in loading of PEL

Paper

For confirmation of the presence of Ag nanoparticles on the
silica-PEI microspheres, elemental mapping of the Ag-SiO,
microspheres was performed using energy dispersive X-ray
measurements.

Fig. 3(a)-(d) present the EDX maps of the Ag-SiO, micro-
spheres obtained for different PEI loadings. The EDX mapping
illustrated the elemental distribution of Si, O, and Ag. The
discreteness of the Ag nanoparticles on the surface of micro-
spheres and an increase in the coverage of Ag nanoparticles for

Ag Content (at. wt %)

5 10 15

20 25

PEI loading (wt%)

Fig. 3 Elemental mapping of the Ag—SiO, microspheres obtained for PEl loadings of: (a) 5 wt%, (b) 11 wt%, (c) 20 wt%, (d) 33 wt%. (e) Quantitative
variation of the silver content in the Ag—SiO, microspheres obtained for different PEI loadings.
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Fig. 4 X-Ray diffraction patterns of the Ag—SiO, microspheres with
different Ag loadings.

higher PEI loading were evident. To exhibit the discreteness of
the silver nanoparticles, EDX maps of individual Ag-silica
microspheres are shown in Fig. S2 in the ESL.{ The content of Ag
nanoparticles in the microspheres was calculated by EDX
analysis (Fig. S3 in the ESIY). Fig. 2e shows that the amount of
silver nanoparticles on the surface of the microspheres

increased with the increase in the PEI loading. XRD
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measurements were carried out on the Ag-SiO, microspheres to
determine the phase of the Ag nanoparticles.

Fig. 4 illustrates the XRD patterns of the Ag-SiO, micro-
spheres for different silver loadings. The XRD profiles showed
peaks at 38°, 44.3°, 64.3°, and 77.5°, corresponding to the (111),
(200), (220), and (311) crystalline planes of Ag (JCPDS No. 04-
0783),**** respectively. These peaks confirmed the cubic phase
of the metallic Ag nanoparticles, while the broad peak observed
in the range from 15°-30° was attributed to the amorphous
silica nanoparticles. An additional weak peak was observed at
32.2°, corresponding to (111) plane of the face-centered cubic
(FCC) phase of Ag,O (JCPDS No. 01-076-1393),*° indicating
a very small presence of Ag,0O, which could be attributed to
slight surface oxidation of the metallic Ag nanoparticles. To
estimate the crystallite size of the Ag nanoparticle from the XRD
peaks, the Debye-Scherrer formula,* as shown below, was used.

K2 (1)

d= ————
FWHM x cos(6)

Here, d represents the crystalline size of Ag nanoparticles; K is
the Debye-Scherrer constant, which depends on the shape of
the crystallites. For spherical-shaped crystallites, K is ~0.89;
FWHM is the full-width at half maxima of the XRD peak; 6 is the
Bragg angle; and A = 1.54 A, which is the wavelength of the X-ray
source.

The average crystallite size of the Ag nanoparticle was esti-
mated to be approximately 10 nm based on the FWHM obtained
from fitting the Lorentzian peak corresponding to the reflection
(111) (Fig. S3 in the ESIT). The average size of the nanoparticles,
estimated from the FESEM micrographs was larger than crys-
tallite size due to the polycrystalline nature of the Ag nano-
particles. The UV-vis spectrum for Si-p(20)-Ag dispersed in
water (Fig. S5 in the ESIT) showed a peak at 450 nm, indicating
the collective absorption behavior of the Ag nanoparticles.

The SAXS profiles of pristine silica-PEI microspheres were
compared with the Ag-SiO, microspheres corresponding to
loadings of 5 wt% and 33 wt% (Fig. 5). A comparison of the SAXS

(b)

o Si-p33
s Sip33-Ag

1(Q) (arb. units)
-o::

T

Qmnm’) 1

Fig. 5 Comparison of the SAXS profiles of the silica—PEIl microspheres and Ag—SiO, microspheres at 5 wt% and (b) 33 wt% PEI loadings. Hollow
circles (black) represent the SAXS data of pristine silica—PEl microspheres, while the hollow triangles (red) represent the SAXS profiles of the Ag—

SiO, microspheres.
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(a) SAXS profiles of Ag—SiO, microspheres. Solid lines represent the fitting of the data. SAXS profiles have been shifted vertically for clarity.

(b) Variation in the volume fraction of the silica nanoparticles in the Ag-SiO, microspheres obtained for different PEI loadings. Volume fraction of
silica nanoparticles was obtained from the model fitting of the SAXS profiles.

profiles for the other PEI loadings is shown in Fig. S6 of the
ESIL.t It could be observed that there was an enhancement in the
intensity of the SAXS profile in the low-Q regime for the Ag-SiO,
microspheres compared to the PEI-loaded microspheres. This
enhancement in the intensity was due to the scattering contri-
bution from the Ag nanoparticles.” The significant deviation in
the SAXS profiles of Si-p(33)-Ag and Si-p(33) was attributed to
the large scattering contribution from the silver nanoparticles
due to higher yield of Ag nanoparticles, as also evident from the
FESEM and EDX measurements.

The SAXS profiles of Ag-SiO, microspheres for different
silver loadings are shown in Fig. 6a. As the size of the silica
nanoparticles was much smaller than that of the microspheres,
the total scattering intensity could be as approximated to:

Itolal( Q) ~ silica( Q) + Ims( Q) (2)

where Igjia(Q) is the scattering intensity from the embedded
silica nanoparticles in the microspheres. The scattering inten-
sity, Lsica(Q), was fitted under the local monodisperse approxi-
mation® due to the finite polydispersity in size.

Liiea(Q) = nAp’ JD(r, ro,0)V (1)’ P(Q,r)Ses(Q,1)dr  (3)

where D(r, ry, o) represents the lognormal size distribution.**

202

(4)

D(r, 1y, 0) = 1 exp

V27

where r, and ¢ represent the median radius and polydispersity
index, respectively.

P(Q, r) represents the form factor of sphere of radius r, and is
given by:

(5)

sin(Qr) — Or cos(Qr)}2
(o)’

P(Qv r)9{
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Ssns(Q,7) is the sticky hard sphere structure factor to account for
the interaction between the embedded silica nanoparticles.
Ssns(Q,7) depends on the stickiness (1/1), which represents the
magnitude of short range van der Waals attraction between the
silica nanoparticles and volume fraction (¢) of the nano-
particles,* n is the number density, and Ap defines the contrast
in the electron scattering length densities.

Ins(Q) is the combined scattering intensity from the silver
nanoparticles and microspheres. Due to the large size of the Ag
nanoparticles and microspheres, the scattering intensity I,5(Q)
contains surface scattering contributions only. Therefore, the
scattering intensity I,,s(Q) can be represented as,

1n(0) = & )
where C,, is the Porod constant.

The variation of the silica volume fraction, ¢, at different
silver loadings is depicted in Fig. 6b. The fitting of the SAXS
profiles of the silica-PEI microspheres before silver loading
gave identical results and the volume fraction varied in a non-
monotonic fashion with the increase in PEI loading. This
confirms that the embedding of the silica nanoparticles
remained intact during the growth of the silver nanoparticles.
This non-monotonic behavior in silica-PEI microspheres could
be attributed to the complex interactions involved between the
silica nanoparticles and PEL>® Since, there was a correlation
between the volume fraction and porosity of the silica-PEI
microspheres, therefore the porosity of the microspheres
increased at moderate PEI loadings. The increased porosity help
the adsorption of Ag ions in the microspheres during the
formation of silver nanoparticles.

To study the entrapment and thermal stability of PEI, FTIR
measurements of the silica-PEI microspheres, with a PEI
loading of 33 wt%, were conducted at varying temperatures
(Fig. 7a). There were no significant changes observed in the
functional groups related to the PEI with the increase in
temperature, implying a high stability of the PEI against

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) FTIR spectra of Si-p(33) microspheres as a function of temperature. (b) Comparison of the FTIR spectra for pure silica (black), Si-p(20)

(red), and Si-p(20)-Ag (green). Data have been shifted vertically for clarity. Stars indicates the emergence of new peaks in the Ag-loaded

microspheres.

thermally induced degradation up to 160 °C. In general, free PEI
undergoes thermal degradation when the temperature is
increased beyond 100 °C. However, the strong interaction
between the silica nanoparticles and PEI led to a very strong
trapping of PEI in the microspheres. To investigate the func-
tional groups in the silica microspheres after Ag nanoparticle
loading, FTIR analysis was performed for the Si-p(20)-Ag
microspheres at room temperature. For reference, the FTIR
analysis was conducted for the pure silica as well as Si-p(20), as
depicted in Fig. 7b. The bands at 794 and 1084 cm ™" were due to
the bending and stretching of the silanol groups, respectively.
The incorporation of PEI resulted in an emergence of bands at
2839 and 2941 cm ™ ', corresponding to the stretching vibrations

of ~-CH groups. Moreover, the bands at 1480 and 1572 cm ™"
represented the vibrations of -CN and -NH groups,*”*® respec-
tively, indicating the successful incorporation of PEI in the
microspheres. Nevertheless, in the Ag-SiO, microspheres, two
new bands emerged at 1385 and 1632 cm ™', which indicated the
stretching vibrations of -O-C-O- and carboxyl groups,®*’
respectively, which were absent in the pure silica and silica-PEI
microspheres.

At this juncture, it is imperative to elaborate the processes
involved in the formation of Ag nanoparticles on porous silica-
PEI microspheres obtained from EIA.>** Silver ions are adsor-
bed on the silica-PEI microspheres upon the addition of an
aqueous solution of silver nitrate, owing to the porous nature of

{ —[CH, — CHy — NH -], + nAg* -

PEI

PEl-silver ion complexes

—CH, — CH, —

N*H —

- Ag® + [-CH, — CH, — CO0™ -],
Ag

n
Amine group oxidizes to
form carboxyl group

. Silica nanoparticle Q AgP Crystal

Fig. 8 Schematic diagram showing the formation mechanism of Ag—SiO, microspheres. Silica—PEl microspheres adsorb the silver ions
dispersed in water to form PEl-silver-ion complexes, which get further reduced to Ag nanoparticles on the microspheres, resulting in the

formation of Ag—SiO, microspheres.
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the microspheres, as illustrated in Fig. 8. PEI facilitates the
binding of Ag ions to form PEI-silver ion complexes.*>*"** PEI
plays a crucial role in reducing silver ions to silver nano-
particles® akin to the peptide groups in a biomimetic process.
The numerous amine groups present in PEI donate an electron
from the nitrogen of the amine group to Ag' ions, thereby
leading to the formation of Ag® nanoparticles. The trapped PEI
has an additional advantage of anchoring the same amount of
reduced silver ions on the surface of the microspheres as the
number of amine groups in PEI molecules and maintaining the
morphology of the microspheres intact, as the presence of
excess silver ions ensures the complete oxidation of the adsor-
bed PEIL. The reduction reaction of amines with silver ions
oxidizes the amine groups to form carboxyl groups®® which was
clearly visible in the FTIR measurements. By immobilizing PEI
in the microspheres, the synthesis of Ag nanoparticles is a one-
step process with PEI as a complexing agent for the ions,

Paper

reducing agent, and anchoring for the nanoparticles on the
surface of the microspheres. The above-discussed formation
mechanism of Ag-SiO, microspheres is illustrated in Fig. 8 in
detail.

The Ag-SiO, microspheres were employed in the electro-
chemical detection of H,0,, as depicted in Fig. 9a. The cyclic
voltammetry (CV) responses of pure Si-p(20) and Si-p(20)-Ag at
a PEI loading of 20% on a glassy carbon electrode with and
without H,O, in 0.1 M PBS are presented in Fig. 9b. To serve as
a reference, the CV response of the bare glassy carbon electrode
(GCE) was also recorded. The bare glassy carbon electrode did
not exhibit a reduction peak in the presence of H,0,. A slight
reduction peak was observed for the Si-p(20)-modified GCE,
while a significant reduction peak at —0.4 V was observed for
the Si-p(20)-Ag-modified GCE, which increased significantly in
the presence of H,0,. The response current in the potential
range of —0.6 V to —0.4 V and a reduction peak at —0.4 V could
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(a) Schematic diagram for the electrochemical reduction setup. (b) Cyclic voltammetry response of the bare GCE in the absence (black)

and presence (red), Si-p(20) in the absence (wine) and presence (green), and Si-p(20)-Ag in the absence (cyan) and presence (blue) of H,O,. (c)

CVs of Si-p(20)-Ag with the variation in H,O, concentration.
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be attributed to the reduction of H,O, due to the silver nano-
particles.® The electroreduction mechanism of H,O, on the Ag—
SiO, electrode is given by eqn (7) and (8).°>%

H202 - %Oz + H20 (7)

02 +2e¢ + 2H+ g H202 (8)

In order to study the reduction response of the silver nano-
particles, CV analysis was performed on the Si-p(20)-Ag micro-
spheres, with the concentration of H,O, increasing from 0 to
30 mM, as shown in Fig. 9c. The observed increase in the
reduction current magnitude with the increasing H,0O, concen-
tration (Fig. S7 in the ESIT), obtained from the peak positions in
Fig. 9¢c, indicated the favorable reduction response of the Ag
nanoparticles.”” The estimated linear detection range was found
to be from 6 mM to 30 mM (Fig. S6 in the ESI}). The limit of
detection was estimated using the signal-to-noise ratio method,
with a signal-to-noise ratio of 3. The slope was calculated through
linear fitting, as shown in Fig. S6 in the ESL{ The limit of
detection was estimated to be 1.08 mM, and the sensitivity of the
sensor was calculated to be 0.033 pA mM ' mm™?, for the GCE
electrode with a diameter of 3 mm. The lower sensitivity and
good limit of detection for the Ag-SiO, microspheres implied
a good catalytic ability for H,0O, reduction.®”®

Further, the selectivity of the electrochemical sensor for the
detection of H,0, was studied by carrying out a series of CV
measurements in the presence of varying interfering agents,
such as glucose, ethanol, and ascorbic acid, and are depicted in
Fig. S8a in the ESLf The combination of H,0, with these
interfering agents did not lead to any observable change in the
potential range of —0.4 V to —0.6 V. Also, no observable change
was seen at the potential peak at —0.4 V. The significant change
in the current response compared to the blank was due to the
reduction of H,O, in the presence of the Ag nanoparticles. This
observation clearly indicated the negligible influence of these
compounds on the electrochemical detection of H,0,. These
findings demonstrate the good selectivity exhibited by the Ag-
SiO, microspheres-based electrochemical sensor.

Further, stability measurements for the Ag-SiO,
microspheres-based electrochemical sensor were conducted. By
employing the analogous procedure of the earlier measure-
ments, a GCE was fabricated utilizing the Ag-SiO, micro-
spheres. CV measurements with varying numbers of CV scans
were carried out for the electrochemical detection of 10 mM
H,0,, and the current corresponding to the reduction peak
potential of —0.4 V was recorded after each 20 CV scans and is
shown in Fig. S8b in the ESIL.{ By comparing the current
responses from all the cycles, it was distinctly discernible that
the sensor retained 95% of their initial current responsiveness.
This observation conclusively validated that the Ag-SiO, hybrid
microspheres could function as a durable sensor, capable of
sustained performance when employed for H,O, electro-
chemical detection.

The Ag-SiO, microspheres were utilized for the SERS-based
detection of the model dye molecule rhodamine 6G (R6G). A

© 2023 The Author(s). Published by the Royal Society of Chemistry
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schematic showing the geometry of the NRS and SERS
measurements is depicted in Fig. 10a. The NRS spectrum and
concentration-dependent SERS spectra of R6G in the presence
of Ag-SiO, microspheres are shown in Fig. 10b. Raman bands
with an insignificant Raman signal of R6G were observed for
NRS along with a large fluorescence background. However, in
the presence of Ag-SiO, microspheres, the SERS spectra of R6G
recorded at a lower laser power (1 mW) could be evidently seen
even at concentration down to 2 x 10~ ® M, demonstrating the
high sensitivity of the Ag-SiO, microspheres as a SERS
substrate. From the SERS spectra of R6G, a few strong, medium,
and weak Raman peaks were observed. The typical Raman
peaks of R6G at 609 cm ™' (in-plane ring bending), 768 cm™*
(out-of-plane C-H bending, in-plane ring bending), 1181 cm™
(in-plane C-H ring bending, in-plane C-H bending, in-plane
N-H bending), 1307 em™" (aromatic breathing, CH, wagging),
1359 cm ! (ring stretching, in-plane C-H bending), 1504 cm '
(ring stretching, C-N stretching, in-plane C-H bending, in-
plane N-H bending), 1570 cm™' (ring stretching, in-plane
N-H bending), and 1648 em ™' (ring stretching, in-plane C-H
bending) were observed.*

The concentration-dependent SERS spectra of R6G showed
good signals down to the concentration of 2 x 10~° M. Fig. 10c
depicts the correlation between the intensity of the 1648 cm ™"
Raman peak and the concentration of R6G. With the increase in
R6G concentration from 2 x 10° M, the SERS signal reached
a maximum at 2 x 10~ * M, and then a decrease in the inten-
sities was observed at 2 x 10> M. The SERS signal is known to
achieve a maximum at monolayer coverage, while the signal
decreases with the formation of a multilayer.”””* This suggests
that at 2 x 10~ * M, there was a monolayer formation of R6G
molecules on the Ag-SiO, microspheres. At higher concentra-
tions (2 x 10~* M), the SERS signal arose from the multilayer
present on the surface of the Ag-SiO, microspheres.

To quantify the SERS enhancement using this substrate, the
analytical enhancement factor (AEF) was estimated using the
formula AEF = (Isgrs/Inrs) X (Cnrs/Csers), where Cygs and Cggrs
are the molar concentrations of the analyte molecule used for
NRS and SERS, respectively;”»”® and Isgrg and Inrs are the
intensities of the NRS and SERS bands. AEF was estimated
using the Igpgs (2 x 107° M) and Iygs (2 x 10~ % M) of the Raman
band observed at 1648 cm™" (ring stretching, in-plane C-H
bending), which was found to be ~5 x 10

Previously, Junfan et al.” were able to show an AEF of ~10°
for R6G using annealed Ag nano-islands with SiO, microsphere
arrays, which corroborated well with our reported AEF.
However, a double monolayer Ag@SiO, and open nanocavity
assistant soft SERS sample Ag@PDMS were able to show
enhancement factors of ~10" and 10'?, respectively.””®
Although these materials offer significant advantages in terms
of AEF, there are certain limitations to the methods used for
synthesizing nanocavity-assisted soft SERS samples, as the
technique used is a liquid-liquid transfer method. In the
liquid-liquid transfer method, a rigid substrate is used and the
fabrication method involves multiple steps, which makes it
complex and cumbersome compared to our synthesis method-
ology, which is a one-step, cost-effective approach.

1
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(a) Schematic diagram showing the geometry of the NRS and SERS measurements of R6G. In the NRS measurements, R6G was drop-

cast on a glass slide, whereas for the SERS measurements, the Ag—SiO, microspheres were used as an active substrate. (b) Curve 1. NRS spectrum
of R6G (2 x 1072 M) recorded at 25 mW laser power. Curves 2-5. Concentration-dependent SERS spectra of R6G adsorbed onto Ag-SiO,
microspheres recorded at 1 mW laser power. (c) The log—log plot of the intensity of the Raman peak at 1648 cm™* and the concentration of R6G.

Further, a summary of the comparison of the performances
of the distinct H,O, electrochemical sensor as well as SERS
substrates reported in the literature with the present study is
shown in Tables S1 and S2, respectively, in the ESL.f The SERS
performance of the Ag-SiO, microspheres is acceptable for use
in the detection of organic analytes in the micromolar
concentration range. The detection limit for the H,O, sensor in
the present study was in the millimolar range, which is low
compared to the other reported works. However, the simplistic
and scalable approach presented for achieving Ag-SiO, micro-
spheres has the potential to be integrated at the industrial scale
for H,O, detection where the detection limit requirement is low.
The primary objective of the present study was to establish
a synthesis methodology that is ecologically effective, econom-
ically viable, and scalable. In the present study, PEI-loaded
microspheres were utilized for the purpose of reducing Ag
ions, which subsequently yielded Ag nanoparticles that were
anchored on microspheres. The presence of microspheres
offers additional advantages of stability and immobilization of
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the metal nanoparticles. Further, the electrochemical sensing of
H,0, as well as SERS sensing using the Ag-SiO, microspheres
were carried out as a feasibility study, where the microspheres-
supported Ag nanoparticles offered higher accessibility to the
analyte molecules and the SERS substrate could be recovered
after use, which is not possible for silver nanoparticles in the
dispersion form. However, there is tremendous scope for
improving the parameters related to SERS and H,O, sensing by
changing the size of the Ag nanoparticles, the coverage, and the
substrate geometry to mention a few, and these will be explored
in our future work.

5. Conclusions

An eco-friendly, green, facile one-step method was employed to
obtain Ag-SiO, microspheres, which were then utilized for the
electrochemical detection of H,O,, as well as used as a SERS
substrate for the detection of R6G dye. Evaporation-induced
assembly was utilized to obtain porous silica microspheres

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with the simultaneous immobilization of PEI The trapped PEI
offered the unique advantage of complexing silver ions onto the
microspheres with an in situ reduction of silver ions to silver
nanoparticles akin to in biomimetic processes. Not only did PEI
act as a reductant, but it also anchored Ag nanoparticles onto
the surface of the microspheres. Elemental mapping of the
silver—silica composites using EDX measurements indicated an
increase in the degree of coverage of Ag nanoparticles on the
surface of microspheres with the increase in PEI loading. This
observation clearly indicated there was a direct correlation
between the amount of Ag nanoparticles formed and the
loading of PEI in the microspheres. X-Ray diffraction revealed
the FCC structure of the Ag nanoparticles with an estimated
crystallite size of ~10 nm. The FTIR results for the silica-PEI
microspheres up to 160 °C displayed the high thermal stability
of PEI and indicated their strong entrapment. The emergence of
new bands corresponding to carboxyl groups in the FTIR
spectra of silver-silica microspheres revealed the reduction
mechanism of Ag ions to Ag nanoparticles. The Ag-SiO,
microspheres were utilized for the electrochemical detection of
H,0,. Areduction peak was observed for Ag-SiO, microspheres,
which increased with the increase in the concentration of H,O,,
suggesting a favorable and good sensing capability with a limit
of detection of ~1.08 mM, and the sensitivity of the sensor was
estimated to be 0.033 pA mM ' mm 2. The normal Raman
scattering (NRS) of rhodamine 6G (R6G) as well as SERS
measurements of R6G in the presence of Ag-SiO, microspheres
were carried out. In NRS, no Raman bands of R6G were
observed, whereas in the SERS measurements carried out at 1
mW laser power, a typical Raman band at 1648 cm ™" could be
clearly observed at a concentration down to 2 x 10~® M. The
green, biomimetic, and facile synthesis procedure employed in
this study for the formation of Ag nanoparticles on the surface
of microspheres is a scalable approach and therefore has
a promising integration capability at the industrial scale in the
field of sensors, as well as use as a SERS substrate for the
detection of analytes.
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