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ABSTRACT

In the present work, nanostructured porous silicon (nPSi) thin films were used as a substrate for the
deposition of green synthesized silver nanoparticles (AgNPs). Different kinds of AgNPs were green
synthesized by using Peumo extract and changing AgNOs concentration. UV-vis spectroscopy
confirmed the success of the synthesis, and TEM characterization showed AgNPs with a like-
spherical shape and an average diameter, which ranges from 4 to 25 nm, depending on the
AgNO; concentration used. Then, AgNPs were introduced into the nPSi layer with a mean pore
diameter of 46 nm and 75% of porosity by capillary suction. Hybrid layers nPSi/AgNPs were
characterized by SEM, XRD, and RBS, confirming that AgNPs were introduced into nPSi layers.
The catalytic activity of the hybrid layer in the reduction of organic dyes in water was studied
using methylene blue (MB) as a model dye. Experimental results showed a high catalytic activity
in comparison with other hybrid systems. The kinetic reduction could be fitted to the first-order
equation obtaining the best degradation rate of 8.6 min~' with AgNPs synthetized with 2 mM
of AgNOs. In addition, the reusability of these layers was demonstrated after five cycles,
showing promising results for their use in wastewater management.
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1. Introduction . . . .
become interesting routes to fabricate metal nanoparti-

During the last decade, metal nanoparticles have
attracted the attention of the research community due
to excellent plasmonic, antibacterial, and catalytic prop-
erties, among others [1,2]. Currently, there is a variety of
commercial products that use metal nanoparticles, such
as silver nanoparticles (AgNPs), and they are continu-
ously being proposed for a massive of future appli-
cations [3]. Recently, green synthesis methods have

cles due to the ecofriendly and low cost of the process.
In the green synthesis process, bacteria, fungi, or plant
extracts can be used simultaneously as reducing and
capping agents, without chemical agents or external
energy consumption [4]. Biosynthesized AgNPs by
plant extract have shown excellent antibacterial activi-
ties and catalytic activities for the reduction of organic
dyes [5-7]. Moreover, they are being proposed for
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further biomedical treatment to combat antibiotic-sensi-
tive and multidrug-resistant strains such as Pseudomo-
nas aeruginosa [8,9]. In addition, similar green
synthesis routes are being explored to fabricate hybrid
green materials with high potential for various thera-
peutic applications, including antibacterial and anti-
inflammatory agents [10].

Currently, the bioaccumulation of organic dyes in
wastewater has become one of the most serious
environmental and human health issues. Several tech-
nologies have been developed to treat this problem
such as membrane filtration, physical adsorption, and
chemical degradation. However, catalytic degradation
using metal nanoparticles has attracted much attention
due to the efficiency of this process [11]. In this sense,
green synthesized AgNPs have been demonstrated to
be an appropriate alternative to reduce different
organic dyes including methylene blue or rhodamine
[12]. Nevertheless, the difficulty of recovering AgNPs
from the aqueous solution for various cycles of reusing
and their tendency to aggregate and decrease their cat-
alytic activity are some disadvantages for the direct use
of AgNPs in the wastewater management.

In this regard, the employment of appropriate sub-
strates that host AgNPs can solve the problem of recovery
of AgNPs to be utilized for several cycles and avoid the risk
of bioaccumulation [13]. Different materials have been
proposed for this goal including mesoporous materials
such as zeolites or polymeric microspheres or others
such as graphene [14-16]. In this context, nanostructured
porous silicon (nPSi), which consists in a mesoporous
structure of silicon nanocrystal, has been used as an
efficient host material to incorporate metal nanoparticles
and to obtain hybrid semiconductor-metal material [17].

In the present work, green synthesized AgNPs by
using Peumo extract were directly deposited into the
mesoporous nPSi layer by one-step capillary suction.
Hybrid nPSi/AgNPs layers were physico-chemical charac-
terized, and catalytic activity reduction of MB in water
was investigated. Experimental results open the way to
use this hybrid structure for organic dye wastewater
treatment.

2. Materials and methods
2.1. Green synthesis of silver nanopatrticles

The biosynthesis process of AgNPs was carried out by
mixing an aqueous solution of AgNO; with previously
prepared Peumo extract and stirring at room tempera-
ture. Peumo extract was prepared by adding 10 g of
homogenized dried leaves and 200 mL of distilled
water in a Soxhlet extractor for 4 h. Two different
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kinds of AgNPs were fabricated by changing the concen-
tration of AgNOs and fixing the volume of Peumo extract
at 1% v/v, following the previous work [18]. In this study,
1 and 2 mM concentrations of ANO; were investigated,
and the samples were named as Ag_1 mM and Ag_2
mM, respectively.

2.2. Fabrication of nanostructured porous silicon
layer

nPSi thin films were fabricated by an electrochemical
etching of crystalline p* type boron-doped silicon
wafers (orientation <100>; low resistivity p=0.001-
0.005 Q-cm) in HF (48% wt): ethanol (96% wt) (1:2) sol-
utions. Hence, silicon wafers were cut into pieces of 2.5
cm x 2.5 cm and were placed on a hand-made Teflon
electrochemical cell, with a spherical area of 2 cm of
diameter to expose to the electrolyte. The applied
current density was 80 mA/cm? during 5 min to obtain
nPSi layer of 10 um of thickness and average porosity
around 75% [17].

2.3. Fabrication of hybrid nPSi-Ag layers

Once nPSi layers were fabricated, Ag nanoparticles were
incorporated into the porous matrix by capillary suction,
dropping a total of 3 ml of ethanol solution of 1 mg/ml
concentration of Ag nanoparticles and stirring at 60 rpm
at room temperature until the last drop is dried. Then,
samples were washed with ethanol, dried, and stored.
Two kinds of hybrid layers were fabricated by changing
the type of AgNPs used. One sample was named as
nPSi_Ag_1 mM if Ag_1 mM nanoparticles were used.
The other sample was named as nPSi_Ag_2 mM,
where Ag_2 mM was incorporated.

2.4. Physico-chemical characterization

UV-visible absorption measurements were performed
with a Shimadzu spectrophotometer (UV-mini 1240
model). Absorption measurements of AgNPs were
recorded with an integration time of 0.1 s and an interval
of 1 nm, in the range from 300 to 750 nm. UV-vis absorp-
tion spectra for MB degradation were measured on very
fast speed mode with a scan rate of 1400 nm/min, in the
range from 550 to 750 nm.

AgNPs morphology was studied by transmission elec-
tron microscopy (JEOLJEM-2011 instrument), and
images were analyzed by ImageJ software. Morphologi-
cal characterizations of the nPSi layers and hybrid
nPSi_Ag layers were studied by field-emission scanning
electron microscopy (SEM FEI VERIOS 460), operating
with an acceleration potential of 2 keV.
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X-ray diffraction measurements were carried out with
a Rigaku X-ray diffractometer (Smartlab model), using a
Theta-Theta Bragg-Brentano goniometer and a solid-
state detector (D/text Ultra 250 model) and with Ni
filtered Cu radiation operating at 30 kV and 40 mA.

Rutherford Backscattering Spectroscopy (RBS) exper-
iments were conducted at the standard beamline at
the 5 MV Cockroft-Walton tandetron accelerator of the
Centro de Micro-Andlisis de Materiales (CMAM). For the
measurements, 2 MeV He+ ions were used. The scat-
tered ions were detected at a scattering angle of 170°
with an Si semiconductor particle detector; samples
were oriented in random geometry to avoid channeling
through the crystalline substrate. The vacuum was about
5x 107> Pa. Spectra fitting was carried out using soft-
ware SIMNRA 7.02.

2.5. Reduction of MB dye

Catalytic reduction experiments of MB were carried out
by immersing the final silicon-based piece of 2.5 cm x
2.5 cm containing the nPSi-Ag layer into 20 ml of dye sol-
ution (3.1x10™> M MB and 0.003 M NaBH,). UV-vis
absorption spectra were recorded at different times to
monitor the progress of the reaction. As a control, the
same process was carried out with a pristine nPSi layer.
After each removal (2 min), the sample was removed
with tweezers, washed with distilled water, and reim-
mersed into a 10 ml of fresh dye solution. The process
was repeated with five different samples, and statistical
analysis was performed.

The percentage of reduction of MB (REys) was
obtained by the following equation:

Co - Cf

o

REys = - 100% (M
where C, and Cy are the initial concentration of MB and
the final concentration, respectively. The initial and
final concentrations were measured by UV-vis spec-
troscopy at a wavelength of 664 nm.

3. Results and discussion

The biosynthesis process of AgNPs was characterized by
UV-vis spectroscopy. Figure 1 shows the absorption
spectrum of Peumo extract with the absorption spectra
of AgNPs recorded after 24 h of reaction (Ag_1 mM
and Ag_2 mM are referred to as two different kinds of
AgNPs, see experimental details for further information).
It can be observed that Peumo extract has a wide band
centered at 340 nm, which is related to the absorption
of biocompound that forms the extract. After reducing
Ag salt, AgNPs have an absorption peak centered at
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Figure 1. UV-vis absorption spectra of AgNPs biosynthesized
with different concentrations of AgNO; and aqueous Peumo
extract.

445 nm related to the localized surface plasmon reson-
ance of AgNPs, confirming the success of the process.

Figure 2 shows TEM images of AgNPs. It can be
observed that Ag_1 mM (Figure 2(a)) presents a spheri-
cal-like shape and very small size, with an average diam-
eter of 4.3 + 2.1 nm. However, they tend to agglomerate
as was expected for this kind of nanoparticles. Conver-
sely, Ag_2 mM also shows a spherical-like shape with
an average diameter of 25+3 nm, providing them
higher stability. Similar morphologies have been
obtained by using other kinds of plant extracts. Lysiloma
acapulcensis extract was able to form spherical-like
AgNPs with 5 nm of diameter, and other medicinal
plant such as Eucalyptus globulus or Abutilon indicum
can synthesize AgNPs with average diameter ranging
from 5 to 25 nm [19,20].

After AgNPs were synthesized, nPSi layers were fabri-
cated. Figure 3(a) shows an SEM image of the nPSi layer
used in this study. As shown earlier, the nPSi surface is
characterized by a homogeneous pore distribution
with a mean pore diameter of 46 +7 nm. Figure 3(b,c)
show the surface of hybrid layer nPSi_Ag_1 mM and
nPSI_Ag_2 mM, respectively, after deposition of bio-
synthesized AgNPs by simple capillary suction. Sample
nPSi-Ag-1 mM shows aggregates of more than 100 nm
on the surface of the nPSi layer. This fact confirms the
tendency to agglomerate by this kind of AgNPs during
the deposition process. On the other hand, sample
nPSi-Ag-2 mM only shows some aggregates on the
surface, suggesting that most AgNPs were incorporated
inside the porous structure.

Figure 4 shows the XRD patterns of each sample. The
nPSi layer shows four different diffraction peaks cen-
tered at 33.07°, 47.56°, 54.41°, and 56.68°, which corre-
spond to (2 0 0), 2 2 0), (1 2 0), and (3 1 1)
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Figure 2. TEM images of (a) Ag_1 mM and (b) Ag_2 mM
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Figure 3. SEM images of (a) nPSi surface, (b) nPSi_Ag_1 mM surface, and (c) nPSi_Ag_2 mM.

crystallographic planes of Si structure, respectively. Con-
versely, both kinds of AgNPs show two diffraction peaks
at 38.28° and 44.40°, which correspond to (11 1) and (20
0) lattice planes of metallic cubic silver, respectively,
according to ICDD PDF card 03-065-2871, confirming
the crystalline nature of the AgNPs. Furthermore, in
nPSi_Ag_1 mM and nPSi_Ag_2 mM diffraction patterns,

nPSi_Ag_2mM

4 nPSi_Ag_1mM " 4
N ASEN

Ag_2mM

A -

20 30 40 50 60

Intensity (a.u.)

Ag_1mM

209

Figure 4. XRD patterns of nPSi layer, AQNPs and nPSi_Ag_1 mM,
and nPSi_Ag_2 mM samples.

three diffraction peaks can be observed. One at 33.07°
related to the nPSi layer, and the other two at 38.28°
and 44.40° concerning to the AgNPs, as it was expected.

RBS was used to study the infiltration of AgNPs into
the nPSi layer. Figure 5 shows the experimental and
simulated RBS spectra of nPSi_Ag_1 mM and
nPSi_Ag_2 mM hybrid layers. While the signals corre-
sponding to Ag and Si are clearly differentiated in both
spectra, the O signal appears superimposed to the Si
signal. Both samples show a higher Ag signal at the
top of the surface, extending from its surface position
to lower energy channels, indicating that Ag is infiltrated
into the nPSi layer.

Figure 6 shows the in-depth concentration profile
determined from the fitted spectra. As it is expected,
oxygen concentration decreases in depth for both
samples. The presence of oxygen is given by the high
reactivity of the nPSi surface, which tends to rush with
the contact of the atmosphere and during the process
of AgNPs infiltration. As oxygen concentration
decreases, Si concentration increases in depth. More-
over, the profiles show the presence of Ag on the
surface of nPSi layers and into the porous structures.
According to SEM images, Ag concentration on the
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Figure 5. RBS spectra of nPSi_Ag_1 mM and nPSi_Ag_2 mM.

surface of nPSi was higher in nPSi_Ag_1 mM (Figure 6(a))
than in the nPSi_Ag_2 mM sample (Figure 6(b)).
However, the Ag signal quickly diminishes for the first
sample confirming that Ag_1 mM tends to accumulate
on the surface of the nPSi layer and just a low quantity
diffuses into the porous layer. Conversely, for the
nPSi_Ag_2 mM sample, a lower concentration of Ag is
obtained on the surface of the nPSi layer. However,
the signal slowly decreases in depth, hinting at the
higher quantity of AgNPs incorporated into the porous
structure [21].

The catalytic activity of hybrid layer nPSi_Ag was
studied using MB as model organic dye. nPSi layers were
introduced into 10 ml of dye solution (3.1 x 10> M MB
and 0.003 M NaBHj), and the degradation of MB was fol-
lowed by UV-vis spectroscopy. In the presence of NaBH,,
MB can be reduced to uncolored Leuco-MB [18]. Here,
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NaBH, acts as a reductor agent for the oxidated state of
MB. Figure 7(a) shows the UV-vis absorption spectra of
dye solution recorded at different time periods when
the pristine nPSi layer was introduced. The main spectrum
of MB was characterized by a wide absorption band
between 550 and 700 nm, with two main peaks at 604
and 664 nm. After 30 min, just 11.8% of MB was
reduced. In contrast, hybrid nPSi_Ag layers highly increase
the degradation rate. nPSi_Ag_1 mM was able to comple-
tely degrade MB over a minute (Figure 7(b)). Conversely,
MB was effectively degraded in less than 30 s using
nPSi_Ag_2 mM hybrid layers (Figure 7(c)).

The kinetic reduction of each layer was fitted to the
first-order equation: Ln(Ay/A)  kt, where A, is the
initial absorbance at 664 nm, A; is the absorbance at
664 nm at any time, k is the degradation rate, and t is
the time. The main values are presented in Table 1. For
all the samples explored in this study, the degradation
rate can be well fitted to the first-order kinetic. For the
pristine nPSi layer, a low k rate constant value of
0.00183 min~' was obtained, suggesting that the nPSi
layer did not show any catalytic activity. Hybrid
nPSi_Ag layers dramatically increased the k rate constant
to 3.8 and 8.6 min~"' for nPSi_Ag_1 mM and nPSi_Ag_2
mM, respectively, due to the high catalytic activity of
AgNPs.

The degradation rate of nPSi_Ag layers was com-
pared to other similar works in Table 2. It can be
observed that nPSi_Ag hybrid layers shows a high
degradation rate compared to with other platforms,
indicating its promising utilization in wastewater dye
treatment. However, the degradation rate of MB
depends on several parameters such as MB concen-
tration, amount of catalyst used, temperature, and pH,
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Figure 6. In-depth concentration profile of RBS simulation for (a) nPSi_Ag_1 mM and (b) nPSi_Ag_2 mM.
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Figure 7. UV-vis spectra of dye solution recorded at different time periods under the exposition to (a) pristine nPSi layer, (b)
nPSi_Ag_1 mM layer, and (c) nPSi_Ag_2 mM sample. (d) Reusability experiment over five cycles of the degradation of MB using

nPSi_Ag hybrid layer as a catalyst.

among others. Thus, further studies in similar con-
ditions should be done.

The reusability of these structures was also investi-
gated. For that, the degradation efficiency was calcu-
lated after 2 min of immersion into the dye solution.
This time was set to ensure the reduction of MB during
the first cycle. Then, hybrid layers were removed,
washed with distilled water, and reimmersed in a fresh
dye solution. Experiments were carried out with five
different samples, and experimental results are summar-
ized in Figure 7(d). nPSi_Ag_2 mM are able to degrade
MB solutions after five cycles without almost losing
their efficiency. In contrast, nPSi_Ag_1 mM layers
clearly reduced their efficiency after the first cycle.

Table 1. Kinetic first-order parameters of degradation of MB
using nPSi_Ag layers.

Sample k value (min™") R?

Pristine nPSi 0.00183 + 0.00006 0.998
nPSi_Ag_1 mM 38+04 0.989
nPSi_Ag_2 mM 8.6+09 0.991

Results suggest that the tendency to bioaccumulate
Ag_1 mM on the surface of the nPSi layer reduces its
active size to catalyze the degradation of MB compared
to Ag_2 mM. Moreover, it seems that the Ag_1 mM is
inclined to release into the aqueous medium, showing
less stability than Ag_2 mM. Thus, the catalytic activity
of nPSi_Ag_1 mM is rapidly decreased after the first
cycle in comparison to nPSi_Ag_2 mM, where Ag

Table 2. Comparison of catalytic degradation of MB using
AgNPs on different substrates.

Catalyst Pollutant Degradation rate  Reference
Fe;0,@PS@Ag MB5x 107> M 0.0089 s~ [16]
Fe;0,@Si0,/Ag MB5x107° M 1.58 min~' [22]
Zn0-Ag MB 20 ppm 90% in 180 min [23]
Cotton-Ag MB 10 mg/L >99% in 24 h [24]
Ag@W0,/GO MB 10 ppm 0.296 min™" [25]
AgNPs/g-C5N, MB1x107° M 0.395 min™" [26]
Zn0-Ag MB 5 mg/L >99% in 75 min [27]
Ag/Fe;0,@G0O MB-5x107° M 0.448 min™" [28]
NC-AgNPs MB 0.15 mM 0.151 min™" [29]
rGO/PDA-2/Ag-15  MB 10 ppm >99% in 60 min [30]
nPSi_Ag_2mM MB3.1x10°M 8.6 min~" This work
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nanoparticles are incorporated into the porous structure
of the nPSi matrix.

4. Conclusion

Green synthesized Ag nanoparticles using Peumo extract
were successfully incorporated into nPSi by one-step
capillary suction. Final properties of nPSi_Ag hybrid
structure depend on the main characteristic of Ag nano-
particles, which can be controlled by changing the Ag
salt concentration during its synthesis. AgNPs tend to
accumulate on the surface of the nPSi layer, but they
were also introduced into the porous structure. The cat-
alytic activity of nPSi_Ag platforms was demonstrated.
They were able to degrade MB in the presence of
NaBH, with a high degradation rate in comparison
with other similar works. Moreover, hybrid layers were
easily recovered and used for several cycles without
losing their efficiency, showing that nPSi is a promising
substrate for AgNPs.
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