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Abstract: The synthesis of polymethyl methacrylate (PMMA) spheres with different sizes has been
a challenge. PMMA has promise for future applications, e.g., as a template for preparing porous
oxide coatings by thermal decomposition. Different amounts of SDS as a surfactant are used as an
alternative to control PMMA microsphere size through the formation of micelles. The objectives of the
study were twofold: firstly, to determine the mathematical relationship between SDS concentration
and PMMA sphere diameter, and secondly, to assess the efficacy of PMMA spheres as templates for
SnO2 coating synthesis and their impact on porosity. The study used FTIR, TGA, and SEM techniques
to analyze the PMMA samples, and SEM and TEM techniques were used for SnO2 coatings. The
results showed that PMMA sphere diameter could be adjusted by varying the SDS concentration,
with sizes ranging from 120 to 360 nm. The mathematical relationship between PMMA sphere
diameter and SDS concentration was determined with a y = axb type equation. The porosity of SnO2

coatings was found to be dependent on the PMMA sphere diameter used as a template. The research
concludes that PMMA can be used as a template to produce oxide coatings, such as SnO2, with
tunable porosities.

Keywords: PMMA spheres; macroporous; coatings; tin oxide

1. Introduction

Polymethyl methacrylate (PMMA) is widely used in electronic equipment, medical
technology, and polymer membrane areas [1]. In addition, some authors have described
PMMA as a template for metallic oxide synthesis to improve properties such as pore size
distribution and superficial area [2]. Hyodo et al. used PMMA microspheres at 150, 250,
400, and 800 nm to synthesize macroporous SnO2 films to improve NOx and hydrogen
(H2) detection [3]. Furthermore, Kamitani et al. used 98.6 µm microspheres to make high
porosity alumina films for possible uses as filters, insulators, and catalytic support [4].
Another interesting work is that of Khan et al. who, with spheres of approximately 300 nm
diameter, fabricated a porous film of TiO2 in heterojunction with ZnO for potential use as
an efficient photoanode in a photoelectrochemical cell [5]. It is also important to mention
the research of Sordello and Minero, who synthesized microspheres with 250 nm diameter
porous TiO2 powders with Pt to improve the H2 production of this semiconductor [6].

Tin oxide (SnO2) coatings have gained significant attention due to their remarkable
properties and potential applications in various research fields [7]. The properties of SnO2,
such as high transparency, high refractive index, high chemical stability, and excellent
electrical conductivity, make it an attractive material for use in a wide range of technology
applications. These applications include gas sensors [8], solar cells [9], photocatalysts [10],
electrochromic devices [11], and antistatic coatings [12]. The versatility and flexibility of
SnO2 coatings have made them a popular research topic, with numerous studies being
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conducted to explore their various applications [13]. The future of SnO2 coatings is bright,
with potential for further research and development to expand their applications and
improve their properties [14].

The polymer PMMA is a transparent thermoplastic synthesized by emulsion poly-
merization, solution polymerization, and bulk polymerization from the MMA (methyl
methacrylate) monomer [15,16]. Emulsion polymerization is one of the most commonly
used methods to synthesize PMMA owing to its high reactivity and property of simulta-
neous increase in the polymerization rate and molecular weight [1]. This method uses a
surfactant, a monomer, and an initiator [1,2].

Some initiators as tertiary amines, such as 2-(N, N-dialkylamino)ethanol and N, N,
N′, N′-tetramethyl ethylenediamine, exhibit a higher initiation activity during PMMA
polymerization [17]. In addition, H2O2 [10] and potassium peroxy-disulfate [18] have been
reported as initiators. However, the most common initiators used for PMMA synthesis are
ammonium persulfate (APS) [19–22] or APS/ascorbic acid mixtures [23] that act as redox
initiators.

Various factors impact the PMMA synthesis process. Among these, the utilization
of surfactants is often explored in existing literature due to their impact on PMMA’s
morphology, particle size variation, and particle shape. Parra et al. used anionic (sodium
lauryl sulfate, SLS) and nonionic (nonylphenol ethoxylated) surfactants and reported a
high dependence of the nature and concentration of the surfactant on the morphology and
particle size, with the anionic surfactant SLS being better than the non-ionic surfactant [24].
Baissac et al. prepared PMMA under different time and power parameters and small
amounts of the surfactants Triton X-100 and Tween 20 and studied their effect on particle
diameters between 78 and 310 nm [25]. Mahmoudian et al. used Triton X-100 as a surfactant
for PMMA synthesis and reported sphere diameters between 100 and 300 nm [26]. Vargas-
Salazar et al. synthesized PMMA by ultrasound at 50 ◦C with Hitenol BC10 as a surfactant
and reported average particle diameters between 39 and 63 nm [27]. However, the most
frequently used surfactant for PMMA synthesis is sodium dodecyl sulfate (SDS), for which
some reports have found particle diameters between 20 and 97 nm [28] and between 100
and 1000 nm [29].

Sodium dodecyl sulfate can form micelles in water, which can adsorb onto the surface
of the growing PMMA particles and prevent them from coagulating or aggregating [30].
SDS can also lower the interfacial tension between the water and the monomer phases,
facilitating the formation of smaller and more uniform droplets [31].

The role of SDS in the formation of PMMA microspheres depends on several factors,
such as the concentration of SDS, the monomer concentration, the initiator concentration,
the reaction temperature, and the stirring speed [30–32]. The optimal conditions for obtain-
ing monodisperse PMMA microspheres with high yield and stability vary depending on
the desired size and morphology of the microspheres [30–32].

Few works report PMMA sphere synthesis with different diameter sizes depending
on the variation of the amount of surfactant. Kamras et al. prepared PMMA by emulsion
polymerization using microwave radiation as a heating source. They measured the Z-
average particle size using the dynamic light scattering (DLS) technique, reporting particle
sizes between 97.36 and 23.19 nm using 0.008 and 0.2 % SDS [28]. There has been no report
about PMMA sphere synthesis by emulsion polymerization and conventional heating as
a function of the variation of the amount of SDS as surfactant. In addition, the effect of
PMMA sphere size as a template on SnO2 porosity synthesis has not been reported.

Therefore, the objectives of this research were twofold: first, find a mathematical
function that expresses the change in the size of PMMA sphere diameter as a function of
the surfactant SDS concentration. Second, evaluate PMMA spheres as a template and their
effect on porosity for SnO2 coating synthesis.
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2. Materials and Methods
2.1. Synthesis of PMMA

The synthesis method for all PMMA spheres is by batch emulsion polymerization [19,33–35].
The followed reagents were used: sodium dodecyl sulfate (SDS) (Sigma-Aldrich, 99%, Tokyo,
Japan) as a surfactant; methyl methacrylate (MMA) (Aldrich, 99%, St. Louis, MI, USA) as a
monomer, and ammonium persulfate (APS) (Sigma-Aldrich, 98%, Japan) was used as initiator.

Figure 1a shows the experimental arrangement system used in the polymerization
reaction to obtain PMMA spheres. First, 150 mL tri-distilled water (J. T. Baker, México) was
placed with stirring at 400 rpm in a 3-hole flask. An inert argon atmosphere was maintained
at a flow rate of 100 mL/min (Figure 1a) to maintain the inert atmosphere. Under these
conditions, the tri-distilled water was heated using a heating mantle (Figure 1b) up to
65 ◦C and maintained by the temperature controller (Figure 1c) with ±1 ◦C. Following
this, 0.0055 g of SDS was dissolved in 10 mL of tri-distilled water and pre-heated at 65 ◦C
on the heater (hot plate); this last solution was added to a 3-hole flask and maintained
with stirring for 20 min. Then, 42 mL of the MMA monomer, previously heated on the
hot plate at 65 ◦C, was added to the solution (3-hole flask); the resultant dissolution was
maintained with stirring for 30 min, obtaining a clear solution (Figure 1b). Following
this, the polymerization initiator was prepared by dissolving 0.3434 g of APS in 10 mL of
tri-distilled water.
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Figure 1. PMMA sphere synthesis by emulsion polymerization: (a) overview, (b) temperature
controller, (c) thermometer and thermocouple, (d) stirrer, and (e) PMMA.

Finally, the APS solution was slowly dosed to initiate the polymerization reaction. At
this time, the polymerization process began; after 1 h, the transparent solution changed to a
white color as observed in Figure 1d,e. Then, this PMMA-spheres dispersion was cooled to
room temperature, and the rest of the reagents were separated by centrifuge at 5000 RPM for
1 h; this washing process was made in tri-distilled water 5 times continuously. The resulting
product was dried at 70 ◦C for 12 h until a white powder was obtained. The sample was
identified as 0.0139, which corresponds to the SDS surfactant percentage concentration
concerning the MMA monomer. The above procedure was repeated in triplicate with the
same synthesis method using the following weights of SDS 0.0055, 0.0083, 0.011, 0.0138,
0.0165, 0.0275, and 0.55 g of surfactant; then the obtained samples were identified as 0.0139,
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0.0210, 0.0279, 0.0349, 0.0418, 0.0696, and 0.1391; these values represent the different SDS %
value concentrations.

2.2. Synthesis of Porous Tin Oxide Coatings

PMMA spheres as a template were used to synthesize SnO2 coatings with different
pore sizes according to the previously reported procedure [36]. In brief, the precursor
dispersion was made using PMMA microspheres as templates; the precursor salt of SnO2
was tin (IV) tetrachloride pentahydrate with 98% purity purchased from the Sigma-Aldrich
company. Then, the dispersion was deposited on a glass substrate by the doctor blade
method and dried in a closed system at room temperature. Then, the sample was underwent
heat treatment at 400 ◦C, and it was applied to decompose the microspheres of PMMA to
obtain porous SnO2 coatings (Figure 2). Finally, the coatings’ structure and morphology
were characterized with scanning and transmission electron microscopy (SEM and TEM,
JEOL) techniques for all obtained coatings with different porous diameters.
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Figure 2. General scheme, starting with the PMMA sphere synthesis as a template and ending with
the synthesis of porous SnO2 coatings.

2.3. Characterization

The PMMA microspheres were characterized to determine their purity. First, Fourier
Transform Infrared Spectroscopy (FT-IR, Schimadzu IRAffinity-1S, Kyoto, Japan) in trans-
mittance mode with an ATR accessory was used to acquire spectra at room temperature
from 4000 to 400 cm−1 to identify the characteristic functional groups of the obtained
samples. From the thermogram obtained by TGA was determined the decomposition tem-
peratures (TGA-SDT Q600, New Castle, Delaware, USA). The morphology of PMMA mi-
crospheres was observed with a scanning electron microscope (SEM, JEOL Ltd., JSM7401F,
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Tokyo, Japan). The structure of SnO2 obtained was determined by X-ray diffraction and
electron diffraction (Panalytical, Almelo, Holland).

The morphology of the SnO2 coatings was studied by transmission electron micro-
scope (TEM, JEOL Ltd., JEM 2200FS+Cs, Tokyo, Japan) and SEM (Hitachi SU3500, Tokyo,
Japan) techniques. The selected area electron diffraction (SAED) technique confirmed
the crystalline structure. In addition, from the SEM micrographs were measured the
pore diameters using Gatan Digital Micrograph(r) Software (version 3.7.0., Pleasanton,
CA, USA).

3. Results and Discussion
3.1. FTIR Analysis

The FTIR spectrum of the PMMA spheres recorded by ATR mode is shown in Figure 3.
Three characteristic peaks of PMMA appear at 1062, 985, and 845 cm−1 [37]. The bands
observed at 1387 and 750 cm−1 correspond to the α-CH3 group [38]. The absorption
bands centered at 1483, 1445, and 1435 cm−1 are associated with symmetrical deformation
vibrations of the CH3 group [19]. The CH2/CH3 stretching modes are at 2994 cm−1 and
2950 cm−1; the C=O stretch is at 1725 cm−1 from the C-COO group, and the asymmetric
C–O–C stretch is at 1243, 1194 cm−1, and 1144 cm−1. These vibrations are visible for
synthesized PMMA spheres [39]. Different quantities of SDS as a surfactant did not
affect the chemical composition of PMMA; the SDS surfactant used during the emulsion
polymerization process was removed through multiple washings and centrifugations.
Therefore, it is unlikely that there would be any significant SDS peaks present in the FTIR
spectra of the resulting PMMA product.
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Figure 3. FTIR spectrum acquired from the synthesized PMMA spheres. 
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Figure 3. FTIR spectrum acquired from the synthesized PMMA spheres.

3.2. TGA Analysis

The TGA thermogram of the synthesized PMMA material by emulsion polymerization
is shown in Figure 4.
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Figure 4. TGA thermogram showing decomposition of PMMA.

It reveals a thermal decomposition process in a single step. According to the TGA
sample behavior, it was separated into two regions, as follows. (i) First step: the mass loss
for the PMMA samples remains unchanged up to 286 ◦C, where it starts to decompose.
(ii) Second step: the PMMA decomposes into monomers between 286 and 400 ◦C [40,41],
ending with the CO2 and CO formation [42]. It can be deduced that the PMMA obtained is
a thermally stable polymer [19], and the temperature needed to decompose the spheres
to form the tin oxide coating must be set above 400 ◦C. The amount of SDS used in the
emulsion polymerization process does not affect the decomposition temperatures observed
in the TGA analysis because the SDS is removed from the final product through washing
and centrifugation. The TGA analysis measures the thermal stability of the polymer, and
the SDS does not contribute to this property. Therefore, the amount of SDS used in the
emulsion polymerization process does not affect the TGA results.

3.3. Morphology by SEM

Figure 5 shows SEM images of PMMA nanoparticles for all synthesized samples. It
can be seen that the aspect for all synthesis conditions is completely spheric.

The sphere diameter decreases as the surfactant quantity concentration increases, with
uniform size. These images confirm the formation of spherical micelles for this range of
surfactant concentrations. This means the micelles are arranged with small sizes at higher
concentrations, remaining spherical. In addition, it is possible to observe some particle
agglomerates with different sizes.

Figure 6 shows the statistical distribution of the diameter measurement values of
PMMA spheres.
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(d) 0.0349, (e) 0.0418, (f) 0.0696, and (g) 0.1391% SDS content.

The quantitative data corresponding to the sphere sizes were obtained from acquired
SEM images (Figure 5). Figure 6a shows the distribution of PMMA sphere sizes, starting
with the lowest surfactant concentration up to the higher SDS content. These average
diameters of PMMA sphere sizes decreased systematically as the SDS concentration in-
creased. These values were 360 ± 14 265 ± 16, 245 ± 15, 216 ± 16, 178 ± 8, 156 ± 10,
and 120 ± 8 nm for the concentrations of 0.0139, 0.0210, 0.0279, 0.0349, 0.0418, 0.0696, and
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0.1391% of SDS content, respectively. The lowest standard deviation of measurement values
confirm their uniformity, as can be noticed in the SEM images. These diameter values are
bigger than those obtained by [43]; they find diameter values between 20 and 100 nm at
a similar surfactant concentration. This confirms the small spherical micelle formation in
the synthesis procedure. Our procedure aims to find a spheres diameter between 120 and
360 nm, and this interval size is helpful for different technological applications.

Table 1 shows the relationship between surfactant concentration and sphere diameter
in previous studies and in our own. The data shows that increased surfactant concentration
leads to decreased sphere diameter. This trend is consistent with our results, where the size
of the spheres decreased as the amount of SDS increased. These findings demonstrate the
importance of surfactant concentration in controlling the size of the spheres and, ultimately,
the pore size in coatings, which has important implications for various applications.

Table 1. Summary reported activities for PMMA sphere synthesis using SDS as surfactant.

Surfactant Surfactant (%) Sphere Diameter (nm) Synthesis Method Reference

SDS 0.008–0.2 97–23 Microwave
heating [28]

SDS 0.09–0.017 60–20 Magnetic stirring
and ultrasound [43]

SDS 0.0139–0.1391 360–120 Emulsion
polymerization This work

Some studies have shown that increasing the concentration of SDS can lead to smaller
and more spherical PMMA microspheres and lower conversion and higher polydisper-
sity [30,32]. Other studies have reported that increasing the concentration of SDS can
increase the conversion and decrease the polydispersity but also increase the size and
reduce the sphericity of the PMMA microspheres [31]. These discrepancies may be due to
different experimental conditions and methods researchers use [30–32]. This is the case of
the information in Table 1, where different synthesis techniques led to a different PMMA
sphere size.

The interaction between SDS and PMMA microspheres or micelles can be explained
by two models: (1) the electrostatic stabilization model, which assumes that SDS micelles
carry a negative charge that repels other micelles or particles; and (2) the steric stabilization
model, which assumes that SDS micelles form a layer around the particles that prevents
them from coming into contact with each other [30]. Both models may contribute to the
phenomenon observed in the works presented in Table 1, as well as the results of this article,
where an increase in SDS causes a decrease in sphere diameter size.

3.4. Fit a Function

Figure 7 shows the PMMA sphere diameter size changes as a function of SDS concen-
tration. The behavior between these variables showed an exponential relationship, which
was fitted using the Levenberg–Marquardt algorithm, given by the general Equation:

y = axb, (1)

The fit of the function relating the diameter of PMMA spheres to the SDS surfactant
concentration is shown as follows:

PMMA diameter (nm) = 37.99x−0.5168, (2)
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Table 2 shows the parameters of the fitted function to relate the change in PMMA
sphere diameter as a function of SDS surfactant concentration.

Table 2. Parameters model in fitted function.

Parameter Value

Equation y = axb

a 37.99 ± 5.75
b −0.5168 ± 0.0406

R2 0.9746

The results of this investigation are similar to those found by other authors on the
change of PMMA sphere size as a function of SDS surfactant concentration, in which they
report a nonlinear behavior, although with a second-order exponential decay function [28].
Although surfactant concentration was similar, the particle size intervals show considerable
differences in nanoparticle sizes (20–97 nm) relative to this work. Possible causes of
the differences in particle size ranges may be factors such as the type of conventional
or microwave heating, the polymerization temperatures at 65 or 90 ◦C, or the different
initiators used, such as APS or potassium persulfate (KPS).

The table shows that the calculated PMMA diameters are within the minimum and
maximum ranges of each mean value obtained for each concentration of the SDS surfactant.
Regarding 0.0418% SDS, the particle diameter calculated falls outside the minimum and
maximum value of the measured value. The equation modeling the diameter size of PMMA
spheres as a function of % SDS is valid between 120 to 360 nm. Kamras et al. reported
the validity of a second-order exponential decay equation between 20 and 97 nm [28].
Other works reported a relationship with particle size between 300 and 1000 [28,44]. This
fitting shows a good mathematical function that is predictable for the diameter parameters
tunability synthesis.

Table 3 shows the PMMA sphere diameters values obtained from the statistical distri-
bution measurements on the micrographs and the diameters calculated from the nonlin-
ear function.
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Table 3. SEM-analysis vs. formula-calculated sphere diameter of PMMA.

SDS (%)
PMMA Sphere Diameter (nm)

Measured SEM Analyses Calculated

0.0139 360 ± 14 346.31
0.0210 265 ± 16 279.80
0.0279 245± 15 241.59
0.0349 216 ± 14 215.19
0.0418 178 ± 08 196.03
0.0696 156 ± 10 150.62
0.1391 120 ± 19 105.30

3.5. Synthesis of SnO2 Coatings

Figure 8 shows SAED patterns of the SnO2 particles (Figure 8a) and the brightfield
TEM images of the SnO2 coating under different magnifications (Figure 8b–d). Figure 8a
shows the selected area electron diffraction (SAED) patterns of SnO2 nanoparticles prepared
with a PMMA microspheres template. The rings correspond to the (1 1 0), (1 0 1), (2 0 0),
and (2 1 1) d-spaces; they belong to the tetragonal phase of SnO2, similar to the XRD pattern.
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These rings agreed with the XRD intensities previously reported, and the SAED
patterns pattern indexed to SnO2 [41] too. Micrographs with different scale sizes show a
macroporous morphology and pore diameter of 262 nm. The macroporous size of SnO2
coating correlated with the average microsphere size of PMMA used for synthesis. This
porosity is due to the decomposition of the PMMA microspheres template by heat treatment
at 400 ◦C which was previously synthesized using the surfactant under the concentration
of 0.0279 % SDS, obtaining an average diameter of 245 nm.

Figure 9 shows SEM images of SnO2 coatings morphology with different-sized porous,
generated using different PMMA spheres as a template.
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The micrographs were obtained at 10,000 × times magnifications with 5 µm scales.
Figure 9a corresponds to the SnO2 coating synthesized using the PMMA spheres diameter
of 360 nm (0.0139% SDS), in which the porous morphology can be clearly seen. The
statistical distribution shown in Figure 9b corresponds to the pore size measurements
giving an average of 342 nm, which is a pore size caused by the spaces generated due to the
decomposition of PMMA with a sphere diameter size of 360 nm. The pore size started to
decrease, as shown in the micrographs in Figure 9c,e,g, maintaining the expected behavior
since PMMA spheres were used as templates with sphere diameters of 245, 216, and 120 nm
synthesized using the concentrations of 0.0279, 0.0349, and 0.1391% SDS as a surfactant,
respectively. The statistical pore size distributions corresponding to these micrographs are
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shown in Figure 9d,f,h, in which the frequency shift to the left can indicate the decrease in
pore size consistent with the porosity observed in the micrographs. The average pore sizes
obtained were 238, 212, and 91 nm, and likewise, it can be affirmed that the porosity size in
the SnO2 coatings was due to the thermal decomposition of the PMMA spheres formed by
the different diameter sizes.

Table 4 shows a summary of pore sizes of different materials synthesized using PMMA
as a template; the pore sizes of the SnO2 coatings obtained in this work are comparable
with the sphere size of PMMA used as a template reported in the literature, regardless
of the synthesis conditions for their preparation. This work highlights, in addition to the
synthesis of PMMA with controllable sphere size, the synthesis of SnO2 coatings with
controllable pore size.

Table 4. Summary values of porous materials synthesized using PMMA as a template.

Material Sphere Diameter
(nm)

Pore Size
(nm) Ref.

TiO2 87 87 [45]
ZnFe2O4 291 203 [46]

TiO2
250
420

125
220 [6]

CeO2 325 240 [47]

WC 490
180

371
149 [48]

KTiOPO4/SiO2 250 200 [49]
LaFeO3 270 191 [50]

SnO2 360 342 [36]

Figure 10 shows the relationship between the porosity of SnO2 coatings with the
diameters of PMMA spheres obtained experimentally under the effect of surfactant con-
centration. In addition, the relationship of the pore size of SnO2 coatings with the PMMA
sphere diameter obtained from the mathematical fitted function to the experimental data
is shown. It can be seen in Figure 10 that the pore diameter of the coatings decreases as
the PMMA sphere size decreases, and that this has a relationship with the SDS surfactant
concentration quantity, whose diameter variation has been studied in this work. It is again
demonstrated that the function is also exponential.
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4. Conclusions

The effect of SDS surfactant on the synthesis of PMMA with different sphere diame-
ters was studied and evaluated as a template for obtaining SnO2 coatings with different
porosities. The PMMA sphere diameters between 120 and 360 nm were synthesized using
different amounts of surfactant in the range of 0.0139 and 0.139 % SDS with a conventional
radical polymerization technique. For size-tuning of PMMA sphere diameter as a function
of % SDS was fitted to the mathematical equation y = axb. The pore size of SnO2 coatings
varies as a function of the PMMA-sphere diameter used as a template. This research demon-
strates that it is possible to obtain oxide coatings such as SnO2 with size-tunable porous
using PMMA as a template. The wall of these macropores is built with nanometric-size
SnO2 particles. Similar coating porosities could be synthesized using PMMA spheres with
different oxides for different technological applications.

Author Contributions: Conceptualization, J.L.M.-C., J.C.P.-E. and F.P.-D.; methodology, J.L.M.-C.,
L.C.R.-P. and F.P.-D.; validation, J.L.M.-C., L.C.R.-P. and F.P.-D.; formal analysis, J.C.P.-E. and F.P.-D.;
investigation, J.L.M.-C., L.C.R.-P. and F.P.-D.; resources, F.P.-D.; data curation, J.L.M.-C. and L.C.R.-P.;
writing—original draft preparation, J.L.M.-C.; writing—review and editing, J.C.P.-E. and F.P.-D.; visu-
alization, J.C.P.-E. and F.P.-D.; supervision, F.P.-D.; project administration, F.P.-D.; funding acquisition,
J.C.P.-E. and F.P.-D. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by Instituto de Innovación y Competitividad de la Secretaría de
Innovación y Desarrollo Económico del Estado de Chihuahua, México.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: Thanks to C. Leyva-Porras, K. Campos, and D. Lardizabal for technical support
at the Labs of CIMAV Chihuahua, Mexico. In addition, J.L. Mendoza-Castellanos thanks CONACYT
for scholarship support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yuan, M.; Huang, D.; Zhao, Y. Development of Synthesis and Application of High Molecular Weight Poly(Methyl Methacrylate).

Polymers 2022, 14, 2632. [CrossRef] [PubMed]
2. Duan, G.; Zhang, C.; Li, A.; Yang, X.; Lu, L.; Wang, X. Preparation and Characterization of Mesoporous Zirconia Made by Using a

Poly (Methyl Methacrylate) Template. Nanoscale Res. Lett. 2008, 3, 118. [CrossRef] [PubMed]
3. Hyodo, T.; Sasahara, K.; Shimizu, Y.; Egashira, M. Preparation of Macroporous SnO2 Films Using PMMA Microspheres and Their

Sensing Properties to NOx and H2. Sens. Actuators B Chem. 2005, 106, 580–590. [CrossRef]
4. Kamitani, K.; Hyodo, T.; Shimizu, Y.; Egashira, M. Fabrication of Porous Alumina Ceramics Having Cell Windows with Controlled

Size by PMMA Template Method. J. Mater. Sci. 2010, 45, 3602–3609. [CrossRef]
5. Khan, H.; Samanta, S.; Seth, M.; Jana, S. Fabrication and Photoelectrochemical Activity of Hierarchically Porous TiO2–ZnO

Heterojunction Film. J. Mater. Sci. 2020, 55, 11907–11918. [CrossRef]
6. Sordello, F.; Minero, C. Photocatalytic Hydrogen Production on Pt-Loaded TiO2 Inverse Opals. Appl. Catal. B Environ. 2015, 163,

452–458. [CrossRef]
7. Masuda, Y. Recent Advances in SnO2 Nanostructure Based Gas Sensors. Sens. Actuators B Chem. 2022, 364, 131876. [CrossRef]
8. Tan, Y.; Zhang, J. Highly Sensitive Ethanol Gas Sensors Based on Co-Doped SnO2 Nanobelts and Pure SnO2 Nanobelts. Phys. E

Low-Dimens. Syst. Nanostructures 2023, 147, 115604. [CrossRef]
9. Rameshkumar, C.; Ananth, D.; Divyalakshmi, V.; Balakrishnan, M.; Senthilkumar, G.; Subalakshmi, R. An Investigation of SnO2

Nanofilm for Solar Cell Application by Spin Coating Technique. AIP Conf. Proc. 2021, 2341, 040024. [CrossRef]
10. Alfaro Cruz, M.R.; Saldaña-Ramírez, A.; Juárez-Ramírez, I.; Torres-Martínez, L.M. Development of SnO2–ZnO Thin Films as a

Photocatalyst for Obtaining Alternative Fuels through Photocatalytic Reactions. Solid State Sci. 2023, 137, 107112. [CrossRef]
11. Jo, M.-H.; Koo, B.-R.; Ahn, H.-J. Accelerating F-Doping in Transparent Conducting F-Doped SnO2 Films for Electrochromic

Energy Storage Devices. Ceram. Int. 2020, 46, 25066–25072. [CrossRef]
12. Wu, S.; Zhao, Q.; Miao, D.; Dong, Y. Synthesis and Characterization of Sb-Doped SnO2-(CeO2-TiO2) Composite Thin Films

Deposited on Glass Substrates for Antistatic Electricity and UV-Shielding. J. Rare Earths 2010, 28, 189–193. [CrossRef]

https://doi.org/10.3390/polym14132632
https://www.ncbi.nlm.nih.gov/pubmed/35808676
https://doi.org/10.1007/s11671-008-9123-7
https://www.ncbi.nlm.nih.gov/pubmed/21787437
https://doi.org/10.1016/j.snb.2004.07.024
https://doi.org/10.1007/s10853-010-4406-7
https://doi.org/10.1007/s10853-020-04858-2
https://doi.org/10.1016/j.apcatb.2014.08.028
https://doi.org/10.1016/j.snb.2022.131876
https://doi.org/10.1016/j.physe.2022.115604
https://doi.org/10.1063/5.0050617
https://doi.org/10.1016/j.solidstatesciences.2023.107112
https://doi.org/10.1016/j.ceramint.2020.06.293
https://doi.org/10.1016/S1002-0721(10)60377-8


Polymers 2023, 15, 2419 15 of 16

13. Bathula, B.; Gurugubelli, T.R.; Yoo, J.; Yoo, K. Recent Progress in the Use of SnO2 Quantum Dots: From Synthesis to Photocatalytic
Applications. Catalysts 2023, 13, 765. [CrossRef]

14. Zhang, K.; Tan, X.; Xiang, P.; Li, B.; Li, J.; Ren, Y.; Zhu, Y.; Liu, Y.; Yan, W.; Chen, X.; et al. Modifying the Photoelectric Performance
of SnO2 via D-Arginine Monohydrochloride for High-Performance Perovskite Solar Cells. J. Alloys Compd. 2023, 946, 169361.
[CrossRef]

15. Goseki, R.; Ishizone, T. Poly(Methyl Methacrylate) (PMMA). In Encyclopedia of Polymeric Nanomaterials; Kobayashi, S., Müllen, K.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2021; pp. 1–11. ISBN 978-3-642-36199-9.

16. Forte, M.A.; Silva, R.M.; Tavares, C.J.; Silva, R.F. e Is Poly(Methyl Methacrylate) (PMMA) a Suitable Substrate for ALD?: A Review.
Polymers 2021, 13, 1346. [CrossRef]

17. Gao, J.; Jiang, F.; Zhai, G. Ultra-High Molecular Weight Alpha-Amino Poly(Methyl Methacrylate) with High T g through Emulsion
Polymerization by Using Transition Metal Cation-Tertiary Amine Pairs as a Mono-Centered Initiator. Macromol. React. Eng. 2016,
10, 269–279. [CrossRef]

18. Arora, P.; Jain, R.; Mathur, K.; Sharma, A.; Gupta, A. Synthesis of Polymethyl Methacrylate (PMMA) by Batch Emulsion
Polymerization. Afr. J. Pure Appl. Chem. 2010, 4, 152–157.

19. Hamlaoui, F.Z.; Naar, N. Improvement of the Structural and Electrical Properties of PMMA/PANI-MA Blends Synthesized by
Interfacial in Situ Polymerization in a Continuous Organic Phase. Polym. Bull. 2022, 79, 37–63. [CrossRef]

20. Chatterjee, A.; Mishra, S. Novel Synthesis with an Atomized Microemulsion Technique and Characterization of Nano-Calcium
Carbonate (CaCO3)/Poly(Methyl Methacrylate) Core-Shell Nanoparticles. Particuology 2013, 11, 760–767. [CrossRef]

21. Yang, Y.; He, J.; Zhang, Y.; Hong, Y.; Wang, X. Understanding the Interface Structures of Water-Based and Solvent-Based
Poly(Methyl Methacrylate) Coatings at the Molecular Level. Appl. Surf. Sci. 2022, 579, 152239. [CrossRef]

22. Yang, M.; Wang, L.; Xia, Y. Ammonium Persulphate Induced Synthesis of Polymethyl Methacrylate Grafted Sodium Alginate
Composite Films with High Strength for Food Packaging. Int. J. Biol. Macromol. 2019, 124, 1238–1245. [CrossRef] [PubMed]

23. Li, X.; Huang, Y.; Dan, Y. Synthesis of Sub-100 Nm PMMA Nanoparticles Initiated by Ammonium Persulfate/Ascorbic Acid in
Acetone-Water Mixture. Colloid Polym. Sci. 2020, 298, 225–232. [CrossRef]

24. Parra, C.; Albano, C.; González, G. Effect of Surfactant Type on the Synthesis of PMMA Using Redox Initiation and High
Frequency Ultrasound. Polym. Eng. Sci. 2008, 48, 2066–2073. [CrossRef]

25. Baissac, L.; Buron, C.C.; Hallez, L.; Berçot, P.; Hihn, J.-Y.; Chantegrel, L.; Gosse, G. Synthesis of Sub-Micronic and Nanometric
PMMA Particles via Emulsion Polymerization Assisted by Ultrasound: Process Flow Sheet and Characterization. Ultrason.
Sonochem. 2018, 40, 183–192. [CrossRef]

26. Mahmoudian, M.; Torbati, S.; AliMirzayi, N.; Nozad, E.; Kochameshki, M.G.; Shokri, A. Preparation and Investigation of
Poly(Methylmethacrylate) Nano-Capsules Containing Haloxyfop-R-Methyl and Their Release Behavior. J. Environ. Sci. Health
-Part B Pestic. Food Contam. Agric. Wastes 2020, 55, 301–309. [CrossRef]

27. Vargas-Salazar, C.Y.; Ovando-Medina, V.M.; Ledezma-Rodríguez, R.; Peralta, R.D.; Martínez-Gutiérrez, H. Ultrasound-Assisted
Polymerization of Methyl Methacrylate Using the Reactive Surfactant Hitenol BC10 in a Semicontinuous Heterophase Process.
Iran. Polym. J. Engl. Ed. 2015, 24, 41–50. [CrossRef]

28. Kamras, B.L.; Mirzanasiri, N.; Korir, D.K.; Mandal, S.; Hariharakumar, S.L.; Petros, R.A.; Marpu, S.B.; Simmons, D.P.; Omary, M.A.
Formula-Driven, Size-Tunable Synthesis of PMMA Nanoparticles by Varying Surfactant Concentration. Materials 2020, 13, 1834.
[CrossRef]

29. Bao, J.; Zhang, A. Poly(methyl methacrylate) nanoparticles prepared through microwave emulsion polymerization. J. Appl. Polym.
Sci. 2004, 93, 2815–2820. Available online: https://onlinelibrary.wiley.com/doi/abs/10.1002/app.20758 (accessed on 10 March
2023). [CrossRef]

30. Xie, C.; Leng, K.; Sheng, J.; Wang, X.; Li, Q.; Song, L.; Liu, L.; Sun, H.; Huang, X.; Wang, Z.; et al. Preparation of Poly(Methyl
Methacrylate) Microspheres via Photopolymerization Initiated by LED Light Source. Colloid Polym. Sci. 2020, 298, 1285–1291.
[CrossRef]

31. Yoshida, S.; Kikuchi, S.; Kanehashi, S.; Okamoto, K.; Ogino, K. Microfluidic Fabrication of Morphology-Controlled Polymeric
Microspheres of Blends of Poly(4-Butyltriphenylamine) and Poly(Methyl Methacrylate). Materials 2018, 11, 582. [CrossRef]

32. Gao, Y.; Zhang, J.; Liang, J.; Yuan, D.; Zhao, W. Research Progress of Poly(Methyl Methacrylate) Microspheres: Preparation,
Functionalization and Application. Eur. Polym. J. 2022, 175, 111379. [CrossRef]

33. Ortiz-Landeros, J.; Pfeiffer, H. Métodos De Síntesis De Microesferas Poliméricas Y Su Uso En El Proceso De Síntesis De Materiales
Cerámicos Macroporosos. Tip Rev. Espec. En Cienc. Quím.-Biológicas 2010, 13, 113–120.

34. Chern, C.S. Emulsion Polymerization Mechanisms and Kinetics. Prog. Polym. Sci. 2006, 31, 443–486. [CrossRef]
35. Czajka, A.; Lovell, P.A.; Armes, S.P. Time-Resolved Small-Angle X-Ray Scattering Studies during the Aqueous Emulsion

Polymerization of Methyl Methacrylate. Macromolecules 2022, 55, 10188–10196. [CrossRef]
36. Mendoza-Castellanos, J.L.; Morales-Mendoza, J.E.; Paraguay-Delgado, F. Synthesis and Characterization of Macroporous Tin

Oxide Coatings. J. Mater. Res. Technol. 2022, 19, 4092–4102. [CrossRef]
37. Abdelrazek, E.M.; Hezma, A.M.; El-khodary, A.; Elzayat, A.M. Spectroscopic Studies and Thermal Properties of PCL/PMMA

Biopolymer Blend. Egypt. J. Basic Appl. Sci. 2016, 3, 10–15. [CrossRef]

https://doi.org/10.3390/catal13040765
https://doi.org/10.1016/j.jallcom.2023.169361
https://doi.org/10.3390/polym13081346
https://doi.org/10.1002/mren.201500067
https://doi.org/10.1007/s00289-020-03460-5
https://doi.org/10.1016/j.partic.2012.11.005
https://doi.org/10.1016/j.apsusc.2021.152239
https://doi.org/10.1016/j.ijbiomac.2018.12.012
https://www.ncbi.nlm.nih.gov/pubmed/30521913
https://doi.org/10.1007/s00396-020-04600-z
https://doi.org/10.1002/pen.21101
https://doi.org/10.1016/j.ultsonch.2017.03.027
https://doi.org/10.1080/03601234.2019.1692614
https://doi.org/10.1007/s13726-014-0298-8
https://doi.org/10.3390/ma13081834
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.20758
https://doi.org/10.1002/app.20758
https://doi.org/10.1007/s00396-020-04694-5
https://doi.org/10.3390/ma11040582
https://doi.org/10.1016/j.eurpolymj.2022.111379
https://doi.org/10.1016/j.progpolymsci.2006.02.001
https://doi.org/10.1021/acs.macromol.2c01801
https://doi.org/10.1016/j.jmrt.2022.06.081
https://doi.org/10.1016/j.ejbas.2015.06.001


Polymers 2023, 15, 2419 16 of 16

38. Sayyah, S.M.; Khaliel, A.B.; El-Shafiey, Z.A.; Barsoum, B.N. Infrared Studies on Polymethyl Methacrylate Doped with a Sulphur-
Containing Ligand and Its Cobalt (II) Complex During Gamma Radiolysis. Int. J. Polym. Mater. Polym. Biomater. 2005, 54, 445–466.
[CrossRef]

39. Wypych-Puszkarz, A.; Cetinkaya, O.; Yan, J.; Udovytska, R.; Jung, J.; Jenczyk, J.; Nowaczyk, G.; Jurga, S.; Ulański, J.; Maty-
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