applied nano

Article

Influence of Baccharis salicifolia Extract on Iron Oxide
Nanoparticles in MCM-41@IONP and Its Application in Room-
Temperature-Fabricated Metal-Insulator-Semiconductor Diodes

Gerardo Miguel Bravo de Luciano !, Blanca Susana Soto-Cruz !, Anabel Romero-Lépez 2(,

Yesmin Panecatl-Bernal 307, José Alberto Luna-Lépez !

check for
updates

Citation: Bravo de Luciano, G.M.;
Soto-Cruz, B.S.; Romero-Lépez, A.;
Panecatl-Bernal, Y.; Luna-Lépez, J.A.;
Dominguez-Jiménez, M.A. Influence
of Baccharis salicifolia Extract on Iron
Oxide Nanoparticles in MCM-
41@IONP and Its Application in
Room-Temperature-Fabricated
Metal-Insulator-Semiconductor
Diodes. Appl. Nano 2024, 5, 58-71.
https://doi.org/10.3390/
applnano5020006

Academic Editor: Seokheun Choi

Received: 15 March 2024
Revised: 11 April 2024
Accepted: 17 April 2024
Published: 26 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Miguel Angel Dominguez-Jiménez 1/*

Centro de Investigacion en Dispositivos Semiconductores, Instituto de Ciencias, Benemérita Universidad
Auténoma de Puebla, Puebla 72570, Puebla, Mexico; gerardo.bravo@alumno.buap.mx (G.M.B.d.L.);
blanca.soto@correo.buap.mx (B.S.S.-C.); jose luna@correo.buap.mx (J.A.L.-L.)

Instituto de Fisica “Luis Rivera Terrazas”, Benemérita Universidad Auténoma de Puebla, Ecocampus
Valsequillo, San Pedro Zacachimalpa 72960, Puebla, Mexico; anabel.romero@correo.buap.mx

Ingenieria Industrial, Universidad Politécnica de Puebla, Tercer Carril del Ejido, Serrano s/n, Cuanald 72640,
Puebla, Mexico; yesmin.panecatl369@uppuebla.edu.mx

Correspondence: miguel.dominguezj@correo.buap.mx ; Tel.: +52-(222)-229-55-00 (ext. 1043)

Abstract: This work presents the green synthesis of iron oxide nanoparticles (IONPs) using Baccharis
salicifolia extract and their incorporation in mesoporous silica MCM-41, obtaining an MCM-41@IONP
composite. The MCM-41@IONP composite was characterized by X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), nitrogen adsorption and desorption, scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDS). The use of the natural reducing agent
Baccharis salicifolia resulted in nanoparticles with an average size of 31 nm. Furthermore, we showcase
the application of the MCM-41@IONP nanocomposite in a metal-insulator-semiconductor (MIS)
diode, which was fabricated at room temperature. The current-voltage and capacitance-voltage
curves of the MIS diode were carefully measured and subjected to detailed analysis. The results
demonstrate the potential utility of MCM-41@IONP nanocomposite-based MIS diodes, suggesting
their applicability in the design of biosensors or as discrete components in electronic devices.
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1. Introduction

Electronic devices in industry are a cornerstone for the development of our daily
lives [1] and scientific and technological advances [2]. Unfortunately, they are also the
source of some of the largest amounts of pollution and waste generated by industries,
with 53.6 million metric tons (Mt) of electronic waste being produced worldwide in 2019
alone, with a projected increase of more than 74.7 Mt by 2030 due to the high demand [3,4].
This poses a significant environmental problem because of the substantial consumption
of non-renewable raw materials, commonly including rare earths and toxic metallic and
non-metallic elements. Additionally, there is a considerable amount of energy required for
their mass production [5].

For a couple of decades, and to counteract the aforementioned problems, great atten-
tion has been paid to the synthesis and manufacture of new materials, less toxic products,
renewable sources of energy and raw materials, and energy-efficient industrial processes [6].
For this purpose, the 12 principles indicated since 1998 by Paul Anastas and John Warner
have been taken up again [7], promoting a philosophy which establishes high standards in
research and chemical processes that eliminate the use of substances that are hazardous to
living beings and the environment and seeking a sustainable future with an increase in life
quality [8].
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Even though there have been materials considered organic semiconductors since 1950
and they have captured the attention of the scientific community due to their ideal char-
acteristics for new technologies (nanometric size, low or zero toxicity, abundant material,
easy to produce, cheap, and with feasible production conditions), until the last decade, only
a few had been directly used for the development of electronic devices [9].

Among them, we have nanoparticles incorporated in porous matrices, such as iron
oxide nanoparticles (IONPs), which possess unique properties, including a large surface-
to-volume ratio [10], magnetism (magnetite and maghemite), high surface energies, and
high chemical activity [11]. The last property makes them highly reactive if left uncovered,
oxidizing easily upon contact with the air, leading to the loss of or decrease in some of their
properties. To prevent this, it is essential to provide a protective coating to maintain their
stability and properties over a longer period. In conclusion, the incorporation of IONPs
with another material can preserve their unique properties [12].

MCM-41 seems to be a promising alternative as a porous material, featuring a hexago-
nal pore arrangement with a uniform pore size in the range of 10 to 1000 A; a large surface
area (700 to 1500 m? g_l); and high thermal, chemical, and mechanical stability [13,14].
Therefore, it holds great potential for incorporating various types of materials, including
nanoparticles [15].

For the preparation of this MCM-41@IONP nanocomposite, various synthesis meth-
ods are available, including both in situ and ex situ. These methods involve the use of
synthetic reductants or stabilizing agents, such as oleic acid (OA), oleylamine (OAm), and
1-octadecene (ODE) [16]; polyethylene glycol and hydrochloric acid [17]; hydrochloric
acid solution and ammonium solution [18]; triblock copolymer (Pluronic 123, EO20, PO70,
EO20) [19]; and hydrothermal processes [20], among others. Unfortunately, these methods
contribute to environmental pollution. To address this issue, there has been a proposal to
replace anthropogenic chemical agents used in conventional methods with extracts from
plants (phytochemicals) as natural and eco-friendly chemical agents [21].

In recent years, the synthesis of green iron oxide nanoparticles (IONPs) incorporated
in mesoporous silica using Camellia sinensis (black tea) leaf extract as a bioreducing and
stabilizing agent [22] has been reported. Additionally, the synthesis of IONPs using natural
extracts from various plants including Mentha pulegium L. [23], Lagenaria siceraria [24],
Avicennia marina flower [25], Platanus orientalis [26], Phyllanthus niruri [27], Daphne mez-
ereum [28], seeds, Psoralea corylifolia [29], and Punica granatum [30] and roots such as Mimosa
pudica [31] has been reported in the literature.

The plant was selected because it is very abundant and is easily produced; it can be
grown in extreme atmospheric conditions, and even in environments with high concentra-
tions of pollutants, without having any effect on its growth and development [32]. A study
conducted in 2008 by Haque et al. revealed, using a specimen of the same family (Baccharis
sarothroides Gray), that it is a potential hyperaccumulator of pollutants such as lead (Pb),
chromium (Cr), and arsenic (As), among others, being considered a phytoremediator ele-
ment of soils. Therefore, this work proposes this type of plant as an object of interest due to
its properties, which continue to be studied in depth to determine its potential application
in other areas [33].

This work presents a route for the synthesis and incorporation of environmentally
friendly IONP in MCM-41 from an alternative natural extract (Baccharis salicifolia) and
presents its properties, which have not been studied yet. It offers advantages over other
extracts which have been used, such as its abundance and capacity for adaptation to
extreme conditions (despite being endemic to Central and South America) which ensure
high availability at any time of the year. Moreover, its application in a metal-insulator—
semiconductor (MIS) diode fabricated at room temperature is demonstrated. It can be used
as a feasible detector of various dangerous gases and contaminants because its construction
is low cost, they have a fast response and high sensitivity, and, thanks to the coating that
MCM-41 provides to IONPs, reported deficiencies [34] decrease or may even disappear. In
addition, as mentioned by Hasanzadeh et al. in 2013, using the MCM-41-Fe, O3 material as
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a biosensor creates new capabilities in the field of electrochemical detection by combining
the properties of Fe,O3 magnetic nanoparticles and the large surface area of MCM-41 [35].

2. Materials and Methods

Analytical-grade iron (II) sulfate was used as the precursor and MCM-41 (Sigma
Aldrich, St. Louis, MO, USA) served as the mesoporous matrix. For the extract, leaves
of Baccharis salicifolia were collected in the city of Puebla (Mexico) in June 2022. After air
drying, the leaves were crushed into small pieces by hand, and then, a porcelain mortar was
used to pulverize the leaves. To identify the best solvent, the spray was mixed with water
and ethanol and each extraction was carried out at a different temperature (see Table 1). The
general process involved soaking 4 g of leaves in 100 mL of solvent and leaving them for
3 min at a specific temperature. Finally, all plant residues were removed by filtration. The
synthesis of iron oxide nanoparticles was carried out through green chemistry. The extract
was prepared from Baccharis salicifolia leaves and 0.01-0.005 M FeSO, solutions, mixed
in a ratio of 2:5 and homogenized by means of a magnetic stirrer at different conditions
of atmosphere and temperature (see Table 1). After 1 h, the darkening of the solutions
was observed in all samples. Some factors such as the volume and concentration of the
precursors were optimized in the synthesis of IONPs.

Table 1. IONP synthesis conditions.

Sample Agent Reductor Temperature Solvent Atmosphere I(’:roe:zlerrsl(t):aﬁon ™) {:;;de Size
1 Baccharis salicifolia 100 °C Water Air 0.005 779

2 Baccharis salicifolia 25°C Water Air 0.005 597.1

3 Baccharis salicifolia 100 °C Water Nitrogen 0.005 479.4

4 Baccharis salicifolia 25°C Water Nitrogen 0.005 408

5 Baccharis salicifolia 100 °C Water Nitrogen 0.01 306.3

6 Baccharis salicifolia 80°C Water Nitrogen 0.01 228.4

7 Baccharis salicifolia 80 °C Ethanol Nitrogen 0.005 146.7

8 Baccharis salicifolia 80 °C Ethanol Nitrogen 0.01 31.17

9 Baccharis salicifolia 25°C Ethanol Nitrogen 0.01 83

To identify the size of the nanoparticles, the dynamic light scattering (DLS) technique
was used, placing the dispersion (3 mL of the solution) in an ultrasonic tip for 20 min. The
synthesis of the MCM-41@IONP nanocomposite was carried out ex situ by weighing 20 mg
of MCM-41, drying it at 150 °C for 12 h in a muffle (1200 °C Thermo Scientific—Thermolyne;
Waltham, MA, USA), keeping it in a nitrogen atmosphere, and magnetically stirring it
at 78 °C on a grill (MS7-H550-PRO, BIOBASE, Jinan, China). Subsequently, the extract
prepared from Baccharis salicifolia leaves and the 0.01-0.005 M FeSO;, solution were added
in a ratio of 2:5 mL. After 1 h of maintaining the conditions, the sample was filtered and
dried at 35 °C.

The techniques used to characterize the compound were X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), nitrogen ad-
sorption and desorption, and Fourier-transform infrared spectroscopy. (FTIR), which are
techniques that provide detailed information about the following aspects: Crystalline
structure, which helps us to identify the crystalline phases of the porous material and size
of the crystals [36]. The porosity of a material, which helps to analyze the surface, pore-size
distribution, and adsorption capacity [37]. Composition, which identifies the functional
groups present in a porous material and in the incorporated nanoparticles. These aspects
are essential to allow reproducibility and to optimize properties and applications [38].
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For the incorporation process, 20 mg of MCM-41 was weighed in an Erlenmeyer flask
and placed for 12 h in a muffle at 150 °C to extract moisture. After that, a neoprene cap
was placed on it to prevent it from absorbing humidity from the environment, and it was
allowed to cool at room temperature. Subsequently, a nitrogen atmosphere was injected
and placed under stirring at a temperature of 80 °C to add the reducing agent (Baharis
sacifolia extract). Once it was completely added, it was left to be stirred for a few seconds to
homogenize the sample, and the addition of the iron precursor was continued by dripping
1 drop/second of FeSO4 [0.01] M in a ratio of 5:2. Once the addition of the precursor was
completed, it was left under magnetic stirring for one hour, maintaining the conditions.

The films were deposited from a homogeneous solution of the MCM-41@IONP sample
on an N-type silicon substrate with an orientation of (100) with a resistivity of 1-5 Qcm.
For the deposition process, 3 mg of synthesized MCM-41@IONP powder was weighed
and 5 mL of ethanol was added. This mixture was magnetically stirred for 24 h and
then subjected to ultrasonic treatment for 2 more hours. The deposition of 4 layers was
carried out successively by spin-coating (Laurell WS-650 spin coater, Laurell Technologies,
Lansdale, PA, USA) at 3000 RPM for 45 s each one. The thickness of the MCM-41@IONP
thin film was approximately 61 nm. No additional heat treatments were performed. The
gold contacts were deposited by the sputtering technique, as illustrated in Figure 1a, to
obtain the MIS devices illustrated in Figure 1b. The fabrication of the MIS diodes was

performed at room temperature. The top electrode area was 1 mm?.

MCM-41 @IONP (insulator)

Figure 1. Room-temperature-fabricated MIS devices. (a) Photograph, (b) cross-section.

3. Results

The information on the chemical composition of Baccharis salicifolia extract is not ac-
curate, as different sources do not completely agree. However, there is a consensus that it
primarily contains terpenoids and their derivations [39,40]. According to several authors,
some of the phytochemicals found in higher concentrations include 3-cariophyllene, germa-
crone, [3-ocimene, 6,9-guaiadiene, germacrene-D, o-phellandrene, and o-cubebene [11,41],
as illustrated in Figure 2. These types of natural chemicals are used as particle-reducing
agents, so the plant-selection process is considered important.

The relation between the particle size of iron oxide and the different reaction conditions,
including the temperature, concentration of iron precursor, reducing agent, etc., has been
extensively studied in the literature [42,43]. Table 1 summarizes the preparation conditions
of the different samples. The synthesis parameters, such as concentration and temperature,
were varied and controlled in each case. The influence of these parameters on the particle-
size distribution was determined by dynamic light scattering (DLS) measurements, with



Appl. Nano 2024, 5

62

the stirring time being kept constant for all samples (one hour of magnetic stirring). We
present the different reaction conditions used in the synthesis of IONPs, observing that,
in addition to the influence of the ferrous sulfate concentration, which is not invariably
proportional to the increase in the precursor concentration, a higher concentration of the
precursor leads to increased nucleation. It has been reported that during the growth phase,
there are two different moments, an initial one where the size reaches a maximum as the
precursor increases and the second one where an increase in precursor concentration results
in a decrease in growth [44,45]. Other parameters influencing the nucleation stage and
particle growth include temperature. Temperature plays a very important role; a higher
temperature leads to the increased kinetic energy of the particles, raising the reaction rate
and resulting in larger particle sizes.

a-Cubebene {-cariophyllene

6,9-Guaiadiene Germacrone

Figure 2. Structures of the phytochemicals with the highest concentration in the extract of Baccharis
salicifolia.

Figure 3 shows the smallest particle size obtained from iron oxide nanoparticles
synthesized using Baccharis salicifolia leaf extract as the reducing agent, with an average
hydro-dynamic diameter of 31.17 nm with a dispersion of 91.7%, corresponding to synthesis
route 8, as indicated in Table 1. This synthesis was considered the most reliable, because it
produced the smallest particle size among all the syntheses tested, as shown in Figure Sla-i.
This is a very important factor, because MCM-41 has an approximate pore diameter of
3-6 nanometers, as shown in Figure S2. Therefore, for the incorporation of the nanoparticles
into the pores, it was necessary to use an extract that would allow the formation of dwarf
particles of the smallest possible size.

14 T T T T T T T T T

[——Baccharis salicifolia

Intensity (a. u.)

0 10 20 30 40 50 60 70 80 90 100
Size (nm)

Figure 3. Average-size iron oxide particles.
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Figure 4 shows the XRD pattern of the MCM-41 (black) and MCM-41@IONP composite
(red) at low angles. Since the supporting matrix for the nanoparticles is MCM-41, character-
ized by PDF 00-049-1712 from International Centre for Diffraction Data (ICDD) [46], three
characteristic peaks are observed. The first peak at 26 =2.01° (100) is the most intense, while
the remaining two peaks at 26 = 3.67° (110) and at 20 = 4.2° (200) have lower intensities.
Interestingly, the XRD pattern of MCM-41 @IONP shows only one plane at 26 = 2.26°
(100), which is less intense, with the (110) and (200) planes being absent in the pattern. The
interplanar spacing distances for the (100) peak were determined at 21.9 nm for MCM-41
and 19.5 nm for the MCM-41@IONP sample, as well as their lattice parameters at 25.35 nm
and 22.55 nm, respectively [47].

500 o

— MCM-41
|——MCM-41@IONP|

1400

400 + I 1200

1000
300

- 800

200 | 600

Intensity(u.a.) MCM-41@IONP
Intensity(u.a.) MCM-41

400
100 4

26(degree)
Figure 4. Low-angle A-ray diffraction spectra of MCM-41 (black) and MCM-41@IONP (red) sample.

Figure 5 shows the nitrogen adsorption—desorption isotherms of both the pure MCM-
41 sample (black) and that of MCM-41@IONP (red). The general pattern that we observed
in both samples is type IV according to the IUPAC classification. This type of isotherm
is a characteristic of materials with a pore size in the range of 2 to 50 nm, belonging to
mesopores with well-defined and uniform size distribution.

350 4 T T T T

300

i

"’E 250 4

s

[ -4

2 200

3

2 ——Mcm-41

< 150 —— MCM-41@IONP| -

T
0.0 02 04 06 08 1.0
Relative pressure (P/Po)

Figure 5. Comparison of nitrogen adsorption (arrow) and desorption isotherms for pure MCM-41
(black) and MCM-41@IONP (red).

We can clearly see that both isotherms present four well-defined regions: Region I
This corresponds to the region of low adsorption pressures (0.0-0.32) for MCM-41 and
(0.01-0.35) for MCM-41@IONP; in this part, the isotherm shows a very large slope. This is
due to the increase in the adsorption amount by the rapid occupation of the adsorption
sites in the pores. Region II: The adsorption begins to be slower, so the slope decreases
considerably because the adsorption sites within the pores have been filling; it does not
mean that the adsorption has reached its limit, since there are still available pores for
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adsorption. However, an adsorption process begins to occur on the external surface of the
material [48]. Region III: This corresponds to high adsorption pressures > 0.4; adsorption
continues but is slower, where a monolayer begins to form both on the outside and in the
pores of the material. Region IV: Even though adsorption continues, the mesopores and the
external surface of the material are saturated, so additional layers of adsorbed molecules
begin to form on the existing monolayer of the material [49].

On the other hand, the discrepancy between the adsorption and desorption paths
(called hysteresis) is noticeable. It is formed due to the different interactions of the molecules
with the surface of the material during physisorption. Having a very large porous structure
with a defined pore-size distribution can give a rise to different adsorption and desorption
mechanisms of the molecules [50]. In both samples, we can observe that the hysteresis
formed is of the H2 type, which is common in mesoporous materials and suggests the
presence of uniform cylindrical pores that form a well-defined three-dimensional porous
structure [51].

Figure 6 presents SEM images comparing MCM-41 (a, c) and MCM-41@IONP (b, d) at dif-
ferent magnification scales, 1 um and 500 nm, revealing significant differences. One of them
is the contrasting MCM-41 (Figure 6a), which shows a marked contrast, making visibility
challenging due to the dielectric nature of the material. In contrast, the MCM-41@IONP
sample (Figure 6b) shows less contrast, facilitating material visualization because of the
presence of iron which enhances conductivity and brightens the image of the material with
iron nanoparticles. Additionally, Figure 6¢ provides the porous areas of the material, while
Figure 6d demonstrates a reduction in porosity after the incorporation of the iron oxide
nanoparticles. Although this reduction may seemingly decrease the absorption capacity
of the original material (by occupying pores), it introduces other properties inherent to
IONPs, such as a large and reactive surface chemistry [52], which can interact and influence
the mobility of different substances based on their application, in addition to providing
potential catalytic and magnetic properties [12].

The energy-dispersive X-ray spectrum (EDS) confirms the presence of Si, Fe, C, and
O species in the structure of the material. Table 2 shows the comparative values obtained
by EDS analysis, representing the elemental composition in mass percentage for both the
MCM-41 and MCM-41@IONP samples.

Table 2. Comparison of the elemental content and mass percentage of the MCM-41 and MCM-
41@IONP samples.

Si0, Fe;O3/Fe;04 Na,O Al,O3 C Total

% % % % % %
MCM-41 8586 - 4.36 1.6 8.18 100
MCM-41@IONP 68.44 2.14 0.24 1.28 30.04 100

The elemental mapping of the MCM-41@IONP nanocomposite (Figure 7) was obtained.
It shows the elements presented in Table 2, showing their spatial location.

Figure 8 shows the FTIR spectra of MCM-41 and MCM-41@IONP. The pure MCM-41
material (in black) exhibits bands at 445 cm~! and 800 cm ™!, corresponding to the Si-O
bonds; at 1097 cm ™! and 16290 cm~!, related to the Si-O-Si bonds; and at 3435 cm ™!,
indicative of OH bonds, according to the literature [53]. Conversely, the spectrum of the
MCM-41@IONP material (in red) shows the presence of absorption bands of two different
iron oxides at 1080 cm™!, 1633 cm~1, and 2916 cm~!, which are typical vibrations of
Fe; O3 [54-56].
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SEM HV: 10.0 kV WD: 11.09 mm SEM HV: 10.0 kV WD: 11.11 mm

View field: 4.15 pm Det: In-Beam SE  1pm View field: 4.08 ym Det: In-Beam SE ‘ 1pm
SEM MAG: 50.1 kx | Date(m/dly): 07/17/23 SEM MAG: 50.9 kx | Date(m/dly): 07/17/23‘

SEM HV: 10.0 kV WD: 11.09 mm SEM HV: 10.0 kV WD: 11.11 mm MAIA3 TESCAN|

View field: 2.07 ym = Det: In-Beam SE | 500 nm View field: 2.07 ym | Det: In-Beam SE | 500 nm
SEM MAG: 100 kx  Date(m/dly): 07/17/23 SEM MAG: 100 kx |Date(m/dly): 07/17/23

Figure 6. SEM Images with zoom scales at 1 um and 500 nm: (a) 1 um scale MCM-41, (b) 1 um scale
MCM-41@IONTP, (¢) 500 nm scale MCM-41, (d) 500 nm scale MCM-41@IONP.

In this work, MIS diodes were fabricated using spin-coating deposition, incorporating
a layer of iron oxide nanoparticles into an MCM-41 matrix. Four layers were sequentially
deposited to form a homogeneous film of approximately 61 nm thickness at room tempera-
ture on n-type silicon wafers. Each layer was spin-coated immediately after the other one,
and the entire deposition process took about 10 min.

Figure 9 shows the current-voltage (I-V) curves of the MIS diodes. When a negative
voltage is applied to the top contact, the current remains independent of the voltage applied,
demonstrating good rectifying behavior. On the other hand, applying a positive voltage to
the top contact results in carriers being injected through the MCM-41 material, leading to
an exponential increase in current with applied bias.
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Figure 7. Elemental maps of Si (red), oxygen (green), carbon (blue) and iron (cyan) atoms in the

MCM-41@IONP material.
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Figure 8. Comparative FTIR spectra of sample MCM-41 (black) and MCM-41@IONP (red).
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Figure 9. I-V comparison of an MIS diode MCM—41 (black) and MCM—-41@IONP (red).
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Figure 10 presents the capacitance-voltage (C-V) curves of the MIS diodes. In Figure 10,
the C-V curve of MCM-41 (black), shows well-defined accumulation and depletion regions
under positive and negative bias, respectively. In Figure 10, the C-V curve of the MCM-
41@IONP composite (red) is presented. Interestingly, while the depletion region is clearly
identified, the accumulation region is not fully reached.

—— MCM-41
—— MCM-41@IONP

6.0x10° '

5.0x10° 4

4.0x10° 4

3.0x10° 4

Capacitance (F)

2.0x10° 4

1.0x10°

0.0 4 .

Voltage (V)

Figure 10. C-V comparison of an MIS diode MCM-41 (black) and MCM-41@IONP (red) at low
frequency (1 kHz).

4. Discussion

This type of metal-insulator-semiconductor diode structure can be used as a sensor
device for biomolecular interactions such as DNA hybridization, as reported by Migliorato
et al. in 2004 [57].

From the XRD analysis, we were able to calculate the interplanar spacing using data
from the peak (100), as shown in Table 3. It is observed that this peak decreases in intensity
in comparison to pure MCM-41, as reported in the literature [44]. This decrease is attributed
to the alteration in the crystalline network of the material, leading to the absence of the other
two characteristic peaks. This is a consequence of the presence of the IONPs in MCM-41.
These findings align with the results obtained from nitrogen adsorption characterization,
which indicates that pure MCM-41 has a greater adsorption volume due to its high porosity,
with most of its pores being available [58]. On the other hand, the MCM-41@IONP sample
presents a lower adsorption volume. This reduction in surface area and pore volume is a
result of the presence of iron oxide nanoparticles within them, gradually filling the pores
and decreasing the adsorption capacity [59]. This not only confirms the effectiveness of our
green synthesis and incorporation route but also suggests that the IONPs are attached to
the pores and may be smaller than indicated by DLS [60], as shown in Figure S2. Although
there is an alteration in the crystalline network of MCM-41 due to the presence of iron
oxide nanoparticles, this is not significant since the sizes of the pores, as well as their
isothermal profiles, are not significantly altered. This is possible because the synthesis
and incorporation of the IONPs in MCM-41 was carried out by an in situ method, where
the IONPs were incorporated into the pores of MCM-41. Therefore, the nucleation and
growth of nanoparticles is limited, which can be translated to a smaller size and uniform
distribution of IONPs [61].

The morphological analysis SEM images of the pure MCM-41 samples reveal areas
with high densities of pores, with most of the clusters exhibiting diffuse contours (porous
zones). Conversely, images of the MCM-41@IONP composite show a lower concentration
of these porous areas, resulting in the appearance of well-defined geometric shapes in the
sample. This change is attributed to the incorporation of iron oxide nanoparticles that fill
part of the pores.
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Table 3. The lattice parameters and textural properties of MCM-41 and MCM-41@IONP.

Pore Radius €

Sample 9100 a dlog b (nm) ap ¢ (nm) SBET d (ngfl) (nm)
MCM-41 2.01 219 25.35 2726 1.26
MCM-41@IONP 2.26 19.5 22.55 3128 1.15

2 Angle (100). ® Interplanar distance. © Lattice parameter. ¢ surface area. ¢ Pore radius by BJH method.

Table 3 shows a comparative summary of the lattice parameters and structural proper-
ties of MCM-41 and MCM-41@IONP.

In the compositional analysis, the presence of oxygen and silicon (SIO;) in the MCM-41
sample is confirmed, with silicon being predominant due to the nature of the material. In
contrast, the MCM-41@IONP sample confirms the presence of the iron element, indicating
the successful incorporation of iron oxide nanoparticles. Elemental maps of the synthesized
composite depict well-dispersed IONP nanoparticles. The image of the selected area reveals
the homogeneous presence of Fe throughout the sample, confirming the uniformity of the
synthesized material.

The identification of the iron oxide species present in our material was carried out
thanks to the comparison of the absorption peaks in the FT-IR spectra between the pure
MCM-41 [53] and the MCM-41@IONP composite, which confirmed that the iron species
observed in the EDS spectral image belong to nanoparticles of two different types of iron
oxides, maghemite and magnetite [52-55].

MCM-41 is a mesoporous silicon dioxide thin film, which exhibits the dielectric
properties characteristic of an insulator layer according to the C-V curve in Figure 10.
However, as can be seen in Figure 9, the current in MCM-41 exhibits rectifying behavior.
This can be explained due to the mesoporous structure of the thin film, which affects its
dielectric behavior. When a negative voltage is applied to the top contact, the depletion
region increases at the MCM-41/silicon and MCM-41@IONP/silicon interfaces, resulting
in an independent current with voltage applied. Meanwhile, with a positive voltage, the
carriers accumulate at the MCM-41/silicon and MCM-41@IONP/silicon interfaces, leading
to an increase in current, presumably through carrier tunneling [62,63]. Interestingly, the
current of the MCM-41@IONP diode is higher than that of the MCM-41 diode, which can
be related to the incorporation of the iron oxide nanoparticles. In MCM-41@IONP, the
nanoparticles affect the dielectric behavior of the MCM-41 thin film. This behavior aligns
with the C-V curves, since the MCM-41@IONP sample shows a characteristic diode curve,
where the accumulation region is not completely defined due to the increased current [62].
Further research is needed to confirm the transport mechanism of these MIS diodes and
their potential application as biosensors.

5. Conclusions

In this study, we analyzed the effect of the synthesis and the efficiency of phytochemi-
cals present in plant extracts on the size of IONPs. The optimal synthesis conditions were
achieved by utilizing Baccharis salicifolia extract as a reducing and stabilizing agent for
both IONPs and their incorporation into an MCM-41 matrix, forming the MCM-41@IONP
nanocomposite. This process was carried out using a low-cost and rapid green chemistry
method. Structural, textural, morphological, and optical analyses revealed the success-
ful synthesis of IONDPs, including two different species, maghemite and magnetite, with
sizes in the range of around 31.71 nm. These nanoparticles were effectively incorporated
into the mesoporous structure of MCM-41, preventing agglomeration. Furthermore, we
demonstrated that the MCM-41@IONP nanocomposite thin film holds potential for the
development of an MIS device. This device could be applied in the design of biosensors
and sensors or as a discrete component of electronic devices.
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DLS of the samples; Figure S2: Comparison of pore size distributions of MCM-41 and MCM-41@IONP;
Figure S3: The high angle X-ray diffraction pattern of the MCM-41@IONP; Figure S4: General scheme
of the synthesis methodology, incorporation of iron oxide nanoparticles and construction of the
MIS-type device.
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