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Abstract

The catalytic reduction of toxic p-nitrophenol (PNP) into industrially valuable p-aminophenol (PAP) requires
efficient, non-noble metal catalysts to ensure sustainability and cost-effectiveness. In this study, Magnesium Tin Fluoride
(MSF) catalysts were synthesized via a fluorolytic sol-gel method using magnesium methoxide and tin(II) chloride
dihydrate as precursors to ensure high phase purity and minimize residual anion interference. The effects of varying Sn
doping levels (0 to 0.150 mol) on the physicochemical properties were systematically investigated using XRD, FTIR,
BET, and SEM-EDX. XRD analysis confirmed the retention of the tetragonal MgF: structure (JCPDS No. 70-2269),
while subtle shifts in diffraction peaks indicated the successful incorporation of Sn*' into the MgF: lattice. Nitrogen
adsorption-desorption revealed that Sn doping significantly enhanced the specific surface area, peaking at 36.096 m?/g
for the MS4F sample (0.10 mol Sn), compared to only 10.391 m?/g for the undoped MSOF. Catalytic testing showed that
MSA4F achieved an optimal PNP conversion of 98.55% and a PAP yield of 72.46%. The enhanced performance is
attributed to the synergistic effect of increased surface area and optimized Brensted acidity provided by hydroxyl groups,
which facilitate electron transfer during the reduction process. However, excessive doping (MS5F) led to particle
agglomeration and a subsequent decline in catalytic efficiency. This study establishes a clear structure—activity
relationship, demonstrating that precise control of Sn concentration is vital for tailoring the structural integrity and

reactivity of fluoride-based catalysts.
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Introduction

Nitrophenols are a class of aromatic organic
compounds widely utilized in various industrial
applications, including dyes, pesticides, herbicides, and
insecticides [1]. Among their isomeric forms
2-nitrophenol,  3-nitrophenol, and 4-nitrophenol
(p-nitrophenol, PNP), the para-isomer exhibits high
chemical stability and considerable toxicity, posing
severe environmental and health risks [2]. Due to its
highwater solubility and poor biodegradability, PNP

persists in aquatic environments, leading to long-term
contamination. It is known to cause damage to vital
organs such as the eyes, kidneys, and circulatory system
[3] and is listed as a priority pollutant by the U.S.
Environmental Protection Agency (EPA).

Conventional methods for the degradation of PNP,
such as advanced oxidation, photodegradation, and
biological treatments, often suffer from long reaction

times, low conversion efficiencies, and complex
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operational requirements [4]. Alternatively, catalytic
reduction of PNP to p-aminophenol (PAP) has emerged
as an efficient and sustainable approach, offering a
valuable product with wide industrial applications. PAP
serves as a precursor in the synthesis of
pharmaceuticals, particularly paracetamol
(acetaminophen), as well as in hair dyes, corrosion
inhibitors, and resins [5].

The reduction of PNP is typically performed using
sodium borohydride (NaBH4) as a reducing agent, but
the reaction requires an efficient catalyst to facilitate
electron transfer between BHs and PNP [6]. Noble
metal catalysts such as Pt, Pd, Ag, and Au show
excellent catalytic activity but are limited by high cost
and scarcity. Consequently, recent studies have shifted
toward developing non-noble metal catalysts, which are
cost-effective and environmentally friendly.

Magnesium fluoride (MgF,) has attracted
attention as a bifunctional catalyst providing both Lewis
and Brensted acid sites, along with superior thermal and
chemical stability [7,8]. However, its relatively low
Lewis’s acidity often limits its catalytic performance in
redox reactions. To overcome this limitation, doping
with metals such as tin (Sn) can effectively modify
surface acidity and electronic structure, enhancing
catalytic activity [9,10]. Sn-doped systems exhibit
improved electron transfer efficiency, structural
stability, and hydrogen activation capability [11].

The synthesis of Magnesium Tin Fluoride (MSF)
catalyst has been effectively achieved via the sol-gel
method. The selection of magnesium methoxide as the
alkoxide precursor, achieved through the reaction of
magnesium turning and methanol, reflects a strategic
choice to ensure purity and minimize the presence of
residual anions that may affect catalyst stability.
Traditionally, alternative magnesium sources such as
magnesium  nitrate, magnesium chloride, and
magnesium carbonate have shown potential, but their
associated anions, such as NO;~, Cl-, and COs*", can
introduce undesirable acidity and cause colloidal
instability.

The sol-gel method is particularly advantageous
due to its ability to form homogeneous materials at
relatively low temperatures while maintaining a high
degree of purity, as highlighted by [12]. This process is
characterized by the initial sol phase transitioning to a

gel, resulting in the formation of a porous network. This

transition allows control over the physical and chemical
properties of the resulting material.

Furthermore, the synthesis incorporates a crucial
aging process to improve the integrity of the gel network
by promoting cross-linking of polymer chains, thereby
establishing a more robust structural framework [13].
By integrating tin (Sn) doping through this sol-gel
approach, a more uniform dopant dispersion is expected,
ultimately tailoring the structural characteristics and
enhancing the catalytic efficiency of the MSF system.

Furthermore, the selection of the Sn doping
amount (varying from 0 to 0.150 mol) is crucial in
tailoring the structural properties of the catalyst.
Changes in the characteristics of the final product due to
differences in dopant concentration can lead to
variations in catalytic activity and efficiency, thus
encouraging the exploration of optimal doping
conditions to improve performance [14].

In this study, tin-doped magnesium fluoride
catalysts were synthesized via a sol-gel method to
investigate the effect of Sn incorporation on their
physicochemical properties and catalytic performance
in the reduction of p-nitrophenol to p-aminophenol. The
influence of varying Sn contents on catalyst
characteristics and activity was systematically
evaluated, aiming to develop an efficient and sustainable

fluoride-based catalyst for environmental applications.

Materials and methods

Materials

All chemical reagents used in this research were of
analytical grade and utilized without further
purification. Magnesium turnings (99.98% purity) were
purchased from Sigma-Aldrich, while tin(II) chloride
dihydrate (SnCl,*2H,0, 98%) was supplied by Merck.
The fluorinating agent, aqueous hydrogen fluoride (HF
40%), and the solvent, methanol (CH30H, 99.9%), were
both obtained from Merck. Aquabides (Otsuka) was
used throughout the synthesis and testing processes.

For the catalytic reduction experiments,
p-nitrophenol (C¢HsNO3, 99%) was sourced from
Aldrich, and sodium borohydride (NaBH4, 99.9%) was
provided by Merck as the reducing agent. High-purity
p-aminophenol (C¢H7NO, 98%, Merck) served as the
reference standard for analytical quantification.
Characterization reagents included pyridine (99.5%,

Merck) for surface acidity measurements and potassium
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bromide (KBr) for FTIR sample preparation.
Additionally, sodium nitroprusside and sodium
carbonate (Merck) were employed to prepare the
alkaline nitroferricyanide reagent required for the

spectrophotometric detection of p-aminophenol.

Catalyst synthesis

Magnesium Tin Fluoride (MSF) catalysts were
synthesized via a fluorolytic sol-gel method, modified
from the procedure reported by [15]. The sol-gel
approach was preferred due to its low-temperature
processing, cost-effectiveness, and ability to produce
highly pure and homogeneous materials [16,17]. The
synthesis was performed with varying tin concentrations
(0; 0.025; 0.050; 0.075; 0.100; and 0.150 mol), denoted
as samples MSOF to MSS5F, respectively.

The process began with the pre-treatment of
magnesium turnings, which were heated at 100 °C to
ensure dryness and remove surface impurities. The pre-
heated magnesium was then reacted with methanol in a
three-necked flask under reflux at 65 °C for 12 h to
produce a pure magnesium methoxide emulsion. To
incorporate the dopant, a specific amount of tin(Il)
chloride dihydrate was dissolved in methanol and added
to the magnesium methoxide mixture while stirring
continuously to ensure uniform dispersion of the Sn
ions.

The fluorination step was conducted by adding
40% aqueous hydrogen fluoride (HF) dropwise into the
metal-alkoxide mixture within a polyethylene vessel
while stirring with a magnetic stirrer until a sol was
formed. The sol was then stirred at a constant speed in a
closed container for 3 h to facilitate the transition into a
hydrogel. This hydrogel underwent an aging process at
room temperature until a stable and robust gel structure
was achieved through polymer cross-linking.

Following the aging stage, the solvent was
removed via vacuum drying at 70 °C until a dry solid
xerogel was obtained. The resulting xerogel was finely
ground into a homogeneous powder and subsequently
calcined at 375 °C for 5 h in a muffle furnace to
eliminate residual methoxy groups, enhance the fluoride

crystal structure, and stabilize the catalytic sites.

Characterization techniques

The physicochemical properties of the synthesized
MSF catalysts were systematically investigated using
the following instrumental techniques.

X-Ray Diffraction (XRD)

The crystalline structure and phase purity were
analyzed using a Philips PW1140/90 diffractometer.
The powder samples were finely ground and placed in a
standard sample holder. Measurements were performed
using CuKa radiation (A = 1.54 A) with a scanning range
of 20 = 20° to 80°. The resulting diffractograms were
matched against the JCPDS database (specifically PDF
No. 70-2269 for MgF»). The average crystallite size was
calculated using the Scherrer equation based on the full
width at half maximum (FWHM) of the most intense
peaks.

Fourier-Transform Infrared Spectroscopy
(FTIR)

Functional groups and chemical bonds were
identified wusing a  Shimadzu 8400S FTIR
spectrophotometer. Pellets were prepared by mixing 1.5
mg of catalyst with 0.5 g of spectroscopic-grade KBr
followed by compression in a hand pellet press. The
spectra were recorded in the wavenumber range of 4,000
- 400 cm™L.

Surface area and porosity analysis

The specific surface area, pore volume, and pore
diameter were determined via nitrogen adsorption-
desorption isotherms using a Micromeritics Gemini VII
Surface Area and Porosity Analyzer. Prior to analysis,
samples underwent a degassing process at 125 °C for 3
h under a nitrogen flow of 30 cm®*/min. The specific
surface area was calculated using the Brunauer-Emmett-
Teller (BET) method, while the pore size distribution
was analyzed using the Barrett-Joyner-Halenda (BJH)
method.

Surface acidity measurement (Pyridine
Adsorption-FTIR)

The type and relative amount of acid sites (Lewis
and Brensted) were determined using the pyridine
adsorption-FTIR method. 20 mg of catalyst was placed
in a glass tube, stabilized with glass wool, and pre-
heated at 150 °C for 1 h under N, flow. Subsequently,
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50 uL of pyridine was added dropwise. The sample was
then heated at 150 °C for an additional 3 h under N> to
remove physisorbed pyridine. FTIR scans were
performed in the range of 2,000 - 1,250 to identify
characteristic peaks at approximately 1,450 cm’!
(Lewis) and 1,540 cm™' (Brensted).

Morphology and elemental mapping (FESEM-
EDX)

Surface morphology and elemental distribution
were observed using a Hitachi FlexSEM 100 Field
Emission Scanning Electron Microscope equipped with
Energy Dispersive X-Ray Spectroscopy (EDX).
Samples were coated with carbon tape and analyzed at
an acceleration voltage of 15 kV with a magnification of
5,000x.

UV-Vis spectroscopy

The concentration of reactants and products during
catalytic testing was monitored using a Genesys 10S
UV-Vis spectrophotometer. Quantitative analysis was
conducted based on calibration curves at specific
maximum wavelengths: 317 nm for p-nitrophenol
(PNP), 410 nm for p-nitrophenolate (PNP-), and 710 nm
for p-aminophenol (PAP) after reaction with the alkaline

nitroferricyanide reagent.

Catalytic activity testing

The catalytic performance of the synthesized
Magnesium Tin Fluoride (MSF) was evaluated through
the reduction of p-nitrophenol (PNP) to p-aminophenol
(PAP) using sodium borohydride (NaBH4) as the
reducing agent. Prior to the activity tests, the calcined
MSF catalysts were activated by heating at 100 °C for
60 min to ensure the availability of active sites on the
catalyst surface.

The experimental procedure was conducted by
mixing a 50 ppm PNP solution with 20 mg of in a
beaker. Subsequently, 10 mg of the MSF catalyst was
added to the mixture. The reaction was carried out at
room temperature under constant stirring for 1 h to
facilitate optimal electron transfer. Control experiments
were also performed without the catalyst and without the
reducing agent to verify the synergistic necessity of both
components in overcoming the kinetic barrier of the

reaction.

Upon completion of the reaction, the filtrate was
separated and analyzed wusing a UV-Vis
spectrophotometer (Genesys 10S). Quantitative and
qualitative analyses were performed based on
calibration curves at specific maximum wavelengths:
317 nm to monitor the residual p-nitrophenol (PNP),
410 nm to detect the p-nitrophenolate (PNP-)
intermediate, and 710 nm to quantify the formation of
p-aminophenol (PAP).

For the accurate detection of PAP, the filtrate was
first reacted with an alkaline nitroferricyanide reagent
(prepared by dissolving 0.1 g sodium nitroprusside and
0.1 g sodium carbonate in 10 mL of methanol, 50%
(v/v)) to produce a stable blue-green color prior to

absorbance measurement.

The catalytic efficiency was calculated using the

following equations.

Conversion (%) =
initial mol of PNP—residual mol of PNP
initial mol of PNP

x 100% (1)

mol of product formed

Yield (%) =

x 100% )

initial mol of reactant

) __ mol of specific product formed

Selectivity (%

mol of converted reactant

100% 3

Results and discussion

Catalyst characterization

XRD Analysis

The diffractogram of the synthesized Magnesium
Tin Fluoride (MSF) catalyst provides crucial insights
into its crystallographic structure and phase purity. As
shown in the diffraction pattern (Figure 1), the sample
matches the standard MgF. pattern from the JCPDS
database (PDF No. 70-2269), which displays major
diffraction peaks at approximately 20 =27.229°, 40.43°,
and 53.489°. This is consistent with previous studies,
such as those reported by [18], which also identified
similar peak positions in the synthesized MgF- catalyst,
confirming the reliability of the synthesized material
and the methodology used. No diffraction peaks
attributable to crystalline SnO, (JCPDS No. 77-0452;
characteristic peaks at 20 = 26.6°, 33.8°, and 51.56°)
were detected in any doped sample, confirming the
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formation of a single-phase MgF> solid solution rather

than a physical mixture or phase-separated system.
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Figure 1 XRD patterns of MSF with reference sticks (a) MSOF; (b) MS1F; (c) MS2F; (d) MS3F; (e) MS4F; (f) MS5F. All

peaks match tetragonal MgF, while systematic peak shifts confirm Sn incorporation and changes in lattice structure.

Rietveld refinement performed using the Rietica
software package with reference data from ICSD No.
8121 confirmed that the undoped MSOF possesses a
tetragonal structure with space group P4./mnm (No.
136). The
agreement factors: Rp =5.77, Rwp = 4.27, and GoF (y?)

refinement converged with excellent

= 0.2044, all well within the accepted thresholds (Rp
and Rwp < 20%; GoF < 4%), confirming the high
quality of the structural model. The refined lattice
parameters for MSOF are a=b =4.622 A, ¢ =3.054 A,
with a unit cell volume of 65.246 A3, in excellent

agreement with published MgF- standards.

Table 1 20 positions, d-spacing values, relative crystallinity and average crystallite size of MSF catalysts.

Catalyst 20(110) 20 (111) 20(211) d(110) d(111) d211) Crystallinity  Average Crystallite
© ©) ©) A) A) A) (%) Size (nm)
MSOF  27.437 40590  53.677  3.248 2221  1.706 100 20.885
MSIF 27339 40479  53.562 3259 2227  1.709 81.88 22.170
MS2F 27264 40379 53522 3268 2231 1711 63.81 18.813
MS3F 27272 40395 53537 3267 2231 1710 47.77 14.983
MS4F 27338 40482  53.545 3260 2226  1.710 46.30 15.405
MSSF 27314 40436 53.564 3262 2229  1.709 37.10 12.590
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Systematic peak shift analysis (Table 1)
demonstrates a progressive shift in 26 positions with
increasing Sn content, accompanied by corresponding
changes in d-spacing values (Table 2). The initial shift
toward lower 20 values (higher d-spacings) from MSOF
to MS2F-MS3F, followed by a partial recovery, is
consistent with the substitutional incorporation of Sn**
(ionic radius: 0.69 A) into Mg+ (ionic radius: 0.72 A)
lattice sites. When Sn** replaces some of the Mg?" ions
in the crystal lattice, the interplane distance (d-spacing)
changes, leading to the observed shift in the diffraction
peaks [19]. This behavior is in line with findings from

similar doping studies, where the addition of smaller

ions causes a subtle shift in the lattice parameters [20].
The Rietveld-refined lattice parameters in Table 2
reveal a systematic increase in both a and ¢ parameters
and unit cell volume from MSOF to MS4F (65.246 A3 to
65.676 A?%), confirming that Sn*" substitution causes a
net lattice expansion despite the smaller ionic radius
attributable to charge compensation and Coulombic
effects upon aliovalent substitution. At MSSF, both a
(4.602 A) and c (3.042 A) decrease, and the unit cell
volume drops to 64.420 A3, indicating that the crystal
lattice has reached the saturation capacity for dopant
incorporation, with excess Sn*" likely undergoing

surface segregation or inducing structural distortion.

Table 2 Lattice parameters and unit cell volume from Rietveld refinement (Rietica software, ICSD No. 8121).

Catalyst a=b(A) c(A) Volume (A3)
MSOF 4.622 3.054 65.246
MSIF 4.626 3.059 65.392
MS2F 4.627 3.056 65.432
MS3F 4.633 3.059 65.673
MS4F 4.635 3.057 65.676
MSS5F 4.602 3.042 64.420

Furthermore, the decrease in peak intensity with
increasing Sn content indicates a decrease in
crystallinity and reduction in crystallite size from 20.885
nm (MSOF) to 12.590 nm (MSS5F) (Table 1) indicating
that the presence of Sn*" disrupts the regular atomic
arrangement in the MgF. lattice. This observation is
supported by the literature, which shows that doping
elements can introduce defects in the crystal structure,
thereby decreasing the overall crystallinity as shown in
the study by [21].

FTIR spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR)
analysis was performed on the synthesized Magnesium
Tin Fluoride (MSF) catalyst, providing information on
the chemical bonds and functional groups present in the
material and shown in Figure 2. Figure 2 shows
characteristic peaks indicate the presence of various
functional groups, including hydroxyl (—OH), metal
fluoride (Mg-F), and possible tin-linked bonds,

confirming the successful synthesis of the MSF material
[22,23].

The prominent peak observed at around 3,400
cm™ can be attributed to the stretching vibration of the
hydroxyl (-OH) group, likely caused by moisture
adsorption during the synthesis process [22]. The
presence of this hydroxyl group is significant, as it can
act as a Brensted acid site, which is essential for various
catalytic reactions. The role of hydroxyl groups in
enhancing acidity and catalytic performance has been
well documented [24].

Furthermore, peaks located in the 600 - 700 cm™
range indicate stretching vibrations associated with the
Mg-F bond, which are characteristic of metal fluorides.
The intensity of these peaks was observed to increase
with the stoichiometric addition of Sn, supporting the
idea that tin doping can alter the electronic environment
around Mg and enhance the stability of the Mg-F

framework.
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Figure 3 FTIR deconvolution analysis of MSOF and MSS5F catalysts. (a, b) Deconvoluted hydroxyl stretching region
(3,000 - 3,800 cm™) and (c, d) Deconvolution of the metal—fluoride vibration region (400 - 700 cm™).

To gain a deeper understanding of the surface
functional groups and structural distribution, Gaussian
deconvolution was applied to the broad FTIR absorption
bands (Figure 3). In the hydroxyl stretching region
(3,000 - 3,800 cm™), the broad envelope was resolved

into individual components representing various surface
hydroxyl environments. For the undoped MgF, (MSOF),
deconvolution revealed four individual components
with a primary peak at 3,449.97 cm™ (R? = 0.99926). As
Sn doping levels increased, the distribution became
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more complex; the MS5F sample exhibited six resolved
peaks, indicating a higher wvariety of hydroxyl
environments induced by the dopant. This increased
area of specific resolved peaks provides semi-
quantitative evidence for a higher density of Brensted
acid sites (BAS), which are crucial for the final
protonation step of the p-nitrophenolate intermediate
into p-aminophenol (PAP).

In the fingerprint region (400 - 700 cm™),
deconvolution was used to analyze the structural
integrity of the metal-fluoride framework. The
overlapping bands were resolved into five distinct fit
peaks for both MSOF and MSSF. A characteristic shift
in the peak centers (x.) was observed following Sn
incorporation; notably, the dominant stretching
component shifted from 453.48 cm ™! in MSOF to 455.71

!in MS5F. These spectroscopic shifts confirm that

cm
Sn*" ions (0.69 A) have successfully substituted Mg?*
(0.72 A) within the lattice, causing local electronic
perturbations. This structural 'disorder' identified
through deconvolution aligns with the XRD results and
confirms the formation of a single-phase Magnesium
Tin Fluoride structure, which enhances -catalytic
efficiency by providing a more reactive and accessible

surface.

Surface area and porosity

The Brunauer-Emmett-Teller (BET) method is a
widely used technique for determining the surface arca
and porosity of materials, which are critical factors
influencing the catalytic performance of metal-based
catalysts. The BET analysis of the synthesized
Magnesium Tin Fluoride (MSF) catalysts reveals
significant insights into the effects of Sn doping on the
surface characteristics and pore structure of the
materials.

The BET analysis revealed specific surface areas
ranging from 10.391 to 36.096 m?/g across different Sn
doping levels. Analysis shows that the MSF catalyst
exhibits a significant increase in specific surface area
with increasing Sn doping levels, peaking at an optimal
concentration of 0.10 mole of Sn. The highest observed
BET surface area is 36.096 m?/g, which is in line with
previous literature findings showing that higher metal
loading can facilitate the formation of more active
surface sites [25]. The correlation between increased
surface area and enhanced catalytic activity is well
documented, with larger surface areas allowing better

reactant accessibility to active sites.

0,07 4

0,06

i

=3

n
L

P

S

&
1

0,03 4

dV (r) (cm*/nm/g)

0,02

0,01

0,00 4

— - MSOF
¥ MSIF
MS2F

¥ MS3F

¥ MS4F

¥ MSSF

50 60 70 80 90

Pore Diameter (nm)

Figure 4 Pore size distribution of MSF catalysts derived from BJH analysis. All samples exhibit mesoporosity, with more

uniform pores at optimal Sn doping and slight pore blockage at higher concentrations.

It is well known that the surface area of a catalyst
influences its reactivity. In the case of MSF, the
increased surface area due to Sn doping can enhance the

mass transfer rate, thereby improving the overall

catalytic reaction efficiency [26]. The additional
porosity also allows for better accommodation of
reactants and products within the structure, further
promoting catalytic switching.
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Pore size distribution (PSD) analysis using the
Barrett-Joyner-Halenda (BJH) method showed that the
MSF samples predominantly exhibited mesoporous
characteristics (Figure 4). The average pore diameter
shifted with changes in Sn concentration, indicating that
doping affects not only the quantity but also the
morphology of pores within the catalyst. the highest
pore volume of 0.225 cm?g observed in MSA4F,
highlighting the importance of surface characteristics in
catalytic efficiency [27]. However, as Sn doping levels
exceed the optimal threshold (MSS5SF), a structural
breakdown is observed. The pore volume decreases to
0.199 cm?/g, following the trend of reduced specific
surface area (21.134 m?/g). This reduction is attributed

to heavy particle agglomeration caused by excessive Sn

Table 3 BET surface area, pore volume, and pore diameter.

species, which partially blocks the mesoporous channels
and covers active surface sites. Unlike MS4F, which
maintains an ideal pore structure for reactant diffusion,
the MSS5F catalyst’s structural integrity is compromised,
leading to a significant drop in PAP yield and
selectivity.

The narrowing of pore size at higher Sn doping
levels may indicate agglomeration or the formation of
dense clusters, which can hinder active site accessibility
and potentially lead to decreased catalytic performance.
This is supported by research showing that optimal pore
dimensions are critical for catalytic efficiency pores that
are too large or too small can limit the transport of
reactants and products [28].

Catalyst Seet (M?/g) Average pore diameter (nm) Pore volume (cm?/g)
MSOF 10.391 12.408 0.098
MSIF 19.892 11.554 0.156
MS2F 17.395 11.408 0.150
MS3F 24.341 11.478 0.145
MS4F 36.096 11.485 0.225
MSSF 21.134 11.609 0.199

Surface acidity analysis (Pyridine-FTIR)

The surface acidity of the MSF catalysts was
qualitatively and semi-quantitatively evaluated using
pyridine-adsorption FTIR spectroscopy. The resulting
spectra (Figure 5) reveal three characteristic bands at
approximately 1,450, 1,490, and 1,540 cm™. The band
at 1,450 cm™ is attributed to the coordination of pyridine
with Lewis acid sites (LAS) [29], while the band at
1,540 cm™ indicates the formation of pyridinium ions
on Brensted acid sites (BAS) [30]. The intermediate
band at 1,490 cm™ represents the combined interaction

of pyridine with both types of acid sites [31].

Integration of the peak areas (Table 4)
demonstrates a clear correlation between Sn-doping and
surface acidity. For the undoped catalyst (MSOF), the
total acidity is relatively low at 0.198 units. Upon the
incorporation of Sn*' ions, the acidity progressively
increases, reaching a maximum of 0.557 units for the
MS4F sample (0.10 mol Sn). This enhancement in LAS
is primarily due to the substitution of Mg by Sn*" in the
MgF. lattice, which creates structural defects and
increases the surface electrophilicity, making the active
sites more capable of accepting electron pairs from the

reactants.
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Figure 5 FTIR spectra of catalyst after pyridine adsorption (a) MSOF; (b) MS1F; (c) MS2F; (d) MS3F; (e) MS4F; (f)
MSSF. Pyridine-FTIR spectra of MSF catalysts showing bands of Lewis (~1,450 cm™) and Brensted (~1,540 cm™) acid

sites. Increasing intensity with Sn doping indicates enhanced surface acidity.

Table 4 The results of the integration area under the peak to determine the Lewis and Brensted acidity of the MSF catalyst.

Acid site (Unit area)

Amount of Brensted &

Catalyst Bronsted Lewis Lewis acid areas
MSOF 0.158 0.040 0.198
MSIF 0.209 0.162 0.371
MS2F 0.222 0.191 0.413
MS3F 0.233 0.225 0.478
MS4F 0.312 0.245 0.557
MSS5F 0.301 0.175 0.476

The significance of these findings lies in the
structure—activity relationship observed during the
catalytic tests. The increased concentration of BAS in
the MS4F sample plays a pivotal role in the final stage
of the reaction mechanism, specifically facilitating the
protonation of the p-nitrophenolate (PNP") intermediate
into the target p-aminophenol (PAP) product.

Meanwhile, the LAS facilitate the initial adsorption of
the nitroaromatic substrate onto the catalyst surface.
However, a decline in acidity to 0.476 units was
observed for the MS5F sample. This overdoping effect
suggests that excessive Sn concentration leads to the
agglomeration of Sn species or the blocking of active
sites, which inhibits pyridine interaction and
subsequently reduces the overall catalytic efficiency
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[32]. Thus, precise control of the Sn dopant level is
essential for optimizing the synergistic interaction
between Lewis and Brensted sites required for efficient
PNP reduction.

Morphological studies
SEM images (Figure 6) show a marked change in

particle morphology with increasing Sn doping levels.

The undoped MSF catalyst exhibited relatively uniform,
spherical particles, while samples with higher Sn
concentrations exhibited an aggregated structure with
irregular particle shapes. This observation aligns with
previous studies showing that metal doping tends to alter
particle shape and size due to complex interactions
between the metal and the host matrix [19].

iipia PSAD,1 Bk 1500 SE(L) ; 100um

O B et RN TR
Kimia FSAD 15k x500 SE(U) f & 100um

Figure 6 Surface Morphology of catalysts (a) MSOF and (b)MS4F. Sn doping produces finer particles and rougher

surfaces, indicating improved dispersion and increased availability of active sites.

The particle size distribution analyzed from SEM
images shows a trend where optimal Sn doping
(approximately 0.10 mol) results in finer and more

consistent particle sizes. This confirms the findings of

Mg Kal,2

[20], who emphasized that controlled doping levels can
improve catalyst particle uniformity, thus generating

more active sites for catalytic processes.
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Figure 7 EDX spectrum of MSOF confirming the presence of Mg and F elements without detectable impurities, indicating
high phase purity.
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Figure 8 EDX spectrum of MS4F confirming the presence of Mg, F, and Sn, demonstrating successful and uniform Sn

incorporation.

However, excessive Sn doping resulted in particle
agglomeration, resulting in larger agglomerates with
reduced surface area. This clumping can hinder the
accessibility of reactants to the catalytic site, which has
been documented to negatively impact catalytic activity
and selectivity [33]. This finding is significant, as it
demonstrates that while doping can improve certain
characteristics, there is an optimal threshold beyond
which negative effects can occur.

In addition to dimensional changes, SEM analysis
revealed variations in surface roughness at different
doping levels. The presence of rough surfaces has been
associated with increased catalytic activity, as increased
roughness can facilitate reactant adsorption and enhance
mass transfer during reactions [34]. The rougher
surfaces observed in highly doped samples may help
explain the increased competitive reaction rate, despite

the presence of significant agglomeration.

Catalytic performance

This study extensively investigated the catalytic
activity of magnesium tin fluoride (MSF) in the
(PNP)
sodium borohydride

selective reduction of p-nitrophenol to
(PAP) using

(NaBH4) as a reducing agent. This study revealed

p-aminophenol

important insights into how various physicochemical
properties of catalysts directly affect their catalytic
performance, confirming previous findings in the
literature [35].

The results (Figure 9) showed a significant
influence of catalyst characteristics such as crystallinity,
surface area, and pore volume on the PNP conversion
rate and PAP yield. Specifically, the MS4F catalyst,
with an optimal Sn doping of 0.10 mol, demonstrated
the highest performance, achieving a PNP conversion of
98.55% and a PAP yield of 72.46%. This performance
correlation corroborates the assertion by [36] regarding
the enhancement of catalytic activity through careful

tuning of metal doping.
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Figure 9 Catalytic performance of MSF catalysts with varying Sn-doping levels for the reduction of p-nitrophenol (PNP)
to p-aminophenol (PAP). (Red: PNP Conversion; Blue: PAP Yield; Yellow: PNP~ Yield; Green: Others Yield). Reaction
conditions: 50 ppm PNP, 20 mg, 10 mg catalyst, 1 h reaction time.

Figure 9 illustrates the synergistic effect between
the MSF catalyst and the reducing agent. The control
experiments (PNP + Catalyst and PNP + Red) show
negligible PAP yields (< 2%), confirming that neither
the catalyst nor the reducing agent alone can overcome
the kinetic barrier of electron transfer.

As Sn doping levels increase from MSOF to
MSA4F, a significant rise in PAP yield (from 4.99% to
72.46%) is observed. This correlates with the increased
specific surface area and optimized Brensted acidity
found in MS4F, which facilitates the protonation of the
intermediate. The reduction in the yellow bar (Yield of
PNP") for MS4F (9.51%) indicates high catalytic
efficiency in completing the reduction pathway.
However, MSS5F shows a sharp decline in performance
due to overdoping, which leads to particle
agglomeration and blockage of active sites, as evidenced
by the increase in intermediates and side products.

The reduction process begins with the
deprotonation of the hydroxyl group on PNP, producing
the intermediate p-nitrophenolate (PNP"). The
subsequent adsorption of PNP~ and hydride ions from
NaBH4 onto the catalyst surface facilitates the electron
transfer necessary for the reduction reaction [37]. This
multi-step mechanism demonstrates the crucial role of
the catalyst in enhancing electron transfer, as described
in a previous report. Without a catalyst, the reduction

success is significantly lower, as evidenced by the
minimal PAP yields when the reaction was carried out
without a catalyst or reducing agent (0.77% and 1.74%,
respectively).

In this context, the synergy between the catalyst
and NaBH4 emerged as a crucial factor for the successful
reduction of PNP. The effective transfer facilitated by
MSF catalysts enhances the conversion rate, while the
inherent stability of the fluoride framework, achieved
through controlled aging and high-temperature
calcination at 375 °C, provides a robust foundation for
consistent catalytic performance. Furthermore, the
catalyst demonstrated excellent physical stability
throughout the process and was easily recovered from
the reaction mixture via simple filtration, indicating its
potential for reuse. Detailed multi-cycle reusability tests
and post-reaction characterization are scheduled for a
follow-up study to further wvalidate its long-term
durability.

This study emphasizes the importance of Sn
doping on the catalytic properties of MSF. Gradual Sn
addition significantly improves catalytic performance
while achieving optimal acidity and surface properties,
as reflected in the increase in PAP yield from only
4.99% using an undoped catalyst (MSOF) to a maximum
of 72.46% with MS4F. The increase in Bronsted acidity
directly correlates with increased conversion efficiency
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through protonation of the p-nitrophenolate (PNP-) compromises the structure and availability of active
intermediate to PAP. However, these findings also sites on the catalyst. This is in line with existing
highlight critical concerns regarding overdoping. The literature showing that optimal doping levels are crucial
observed decrease in catalytic activity and PAP yield at for maintaining structural integrity and catalytic
higher Sn ratios (MSS5F) underscores the delicate efficiency [36,38].

balance required in catalyst design. Excess Sn
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Figure 10 Product selectivity of p-aminophenol (PAP), p-nitrophenolate (PNP") intermediate, and other side products in
the reduction of p-nitrophenol over MSF catalysts with varying Sn doping levels.

Selectivity analysis is a crucial parameter for Interestingly, the selectivity toward the
evaluating the ability of Magnesium Tin Fluoride (MSF) p-nitrophenolate (PNP") intermediate showed a
catalysts to specifically direct the reduction of downward trend as the catalysts became more active.
p-nitrophenol (PNP) toward the target product, PNP- selectivity peaked at 47.44% for MSIF but
p-aminophenol (PAP). According to the data in Figure dropped drastically to just 9.65% for MS4F. This sharp
10, there is a significant increase in PAP selectivity as decrease in intermediate selectivity serves as strong
Sn doping levels rise, reaching an optimal point with the evidence that the MS4F catalyst is highly efficient in
MSA4F sample. driving the further transformation of PNP~ into PAP,

The MSA4F catalyst (0.100 mol Sn) demonstrated thereby minimizing the accumulation of intermediate
the most superior performance, achieving the highest compounds within the reaction system.

PAP selectivity of 73.53%. This indicates that at this Selectivity towards side products (others) was also
specific composition, the catalyst possesses the most sharply reduced in the optimal catalytic system. From a
ideal balance of Lewis and Brensted acid sites to high of approximately 82.21% in the control tests (PNP
facilitate complete electron transfer and protonation. In + catalyst without reductor), this figure shrank to its
contrast, the undoped catalyst (MSOF) exhibited very lowest level of 16.82% for MS4F. These side products
low selectivity toward PAP, at only 5.36%, with the are suspected to be partial reduction compounds, such as
reaction product being dominated by side compounds p-nitrosophenol or p-hydroxylaminophenol, which
(57.76%). This confirms that pure MgF, surfaces lack typically form when electron transfer is incomplete. The
the specific directing capability required to efficiently success of MS4F in suppressing these side products
form the amine group. suggests that its mesoporous structure and high density

of active sites effectively stabilize intermediates and
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guide the entire reaction pathway toward the target
product.

Optimizing technical reaction conditions is vital
for further minimizing side products and achieving
higher selectivity toward p-aminophenol (PAP). While
the use of NaBHj creates a basic environment necessary
for the deprotonation of p-nitrophenol to the
p-nitrophenolate (PNP") intermediate, the final
reduction step requires an adequate supply of protons to
facilitate the complete cleavage of the N = O bond. In
this system, the MSF catalyst acts as a solid acid,
providing Bronsted acid sites that supply protons locally
at the active surface. Future optimizations focusing on
pH regulation could balance the hydride donor
efficiency of NaBH4 with proton availability at the
catalyst surface. Additionally, increasing the stirring
speed would enhance mass transfer rates, ensuring more
effective contact between reactants and the mesoporous
active sites, thereby preventing the accumulation of
partial reduction intermediates such as p-nitrosophenol
or p-hydroxylaminophenol.

However, Figure 10 also illustrates the negative
impact of overdoping in the MS5F sample (0.150 mol
Sn). At this concentration, PAP selectivity plummeted
back to 22.91%, while the selectivity for side products
increased again to 34.38%. This phenomenon occurs

because excessive Sn concentrations lead to particle

agglomeration that covers the surface-active sites,
disrupting the specific interaction between the reactants
and the catalyst’s acid sites, which ultimately results in
a loss of reaction control.

Correlation between catalytic results and
catalyst characteristics (Structure-activity
relationship)

The catalytic performance of Magnesium Tin
Fluoride (MSF) in the reduction of p-nitrophenol (PNP)
to p-aminophenol (PAP) is fundamentally governed by
a synergistic structure—activity relationship involving
surface chemistry and textural properties. A critical
factor is the surface acidity, which significantly
increases upon tin doping. The substitution of Mg*"
(0.72 A) with the smaller Sn** (0.69 A) creates structural
defects and enhances Lewis acid sites (LAS), which are
essential for the initial adsorption of the nitroaromatic
substrate onto the catalyst surface. Simultaneously, the
presence of surface hydroxyl groups (—OH) acting as
Bronsted acid sites (BAS) facilitates the final reaction
step, the protonation of the p-nitrophenolate (PNP-)
intermediate into the target PAP product. The MS4F
catalyst (0.10 mol Sn) achieved the highest total acidity
(0.557 units), directly correlating with its maximum
PNP conversion of 98.55% (Figure 11) and PAP yield
of 72.46% (Figure 12).
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Figure 11 Correlation between p-nitrophenol (PNP) conversion (a) with Brensted acid (b), Lewis and Brensted acid

number (c), and crystallinity (d).
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Figure 12 Relationship between PAP yield and catalyst acidity. Increased acidity enhances protonation steps, resulting

in higher PAP formation.

Crystallinity and structural disorder also
significantly influence catalytic reactivity (Figure 11).
As Sn doping levels increase, the XRD peak intensities
decrease, indicating a reduction in crystallinity and an
increase in structural defects. While undoped MgF-

(MSOF) is highly crystalline and regular, the semi-

crystalline nature of MS4F introduces more exposed
active sites and lattice distortions that accelerate
electron transfer kinetics. This structural “disorder” is
strategically beneficial for higher conversion rates
compared to the overly ordered structure of undoped

magnesium fluoride.
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Figure 13 Correlation of PAP yield with surface area and pore volume. Improved textural properties enhance catalytic

performance, with an optimum at intermediate Sn doping.

The textural characteristics, specifically surface
area and pore volume (Figure 13), play a vital role in
reactant accessibility to these active sites. Sn doping was

found to triple the specific surface area, increasing from

10.391 m?*g in the undoped MSOF to 36.096 m*g in

MSA4F. This dramatic increase provides a higher density
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of active sites for electron transfer between the BH4
donor and the PNP acceptor. Furthermore, the increase
in pore volume, peaking at 0.225 cm?®/g for MS4F,
facilitates faster reactant diffusion and more effective
contact within the mesoporous framework.

Catalytic selectivity is strongly influenced by the
average pore diameter. Catalysts with larger pore sizes,
such as MSOF (12.408 nm), demonstrate lower
selectivity, resulting in a high yield of side products
(53.75%). In contrast, the MS4F catalyst features a more
optimal and narrower pore distribution (11.485 nm),
which effectively guides the reaction toward the target
PAP product and minimizes side products to only
16.58%. Higher concentrations of Lewis and Brensted
sites further stabilize intermediates, preventing the
formation of undesired by-products such as nitroso or
hydroxylamine compounds.

Finally, the study highlights the detrimental
effects of overdoping observed in the MS5F sample
(0.150 mol Sn). Excessive tin levels lead to particle
agglomeration and a subsequent reduction in specific
surface area and available acid sites. This structural
breakdown causes a sharp decline in PAP yield—
dropping from 72.46% in MS4F to only 22.56% in
MSS5F—as the reactant molecules can no longer
efficiently access the blocked active sites. Thus, precise
control of the Sn dopant level is the single most
important factor in optimizing the structure—activity

synergy of fluoride-based catalysts.

Conclusions

In this study, we successfully synthesized a
Magnesium Tin Fluoride (MSF) catalyst via a sol-gel
method, exploring the impact of varying tin (Sn) doping
levels on its physicochemical properties and catalytic
performance in the reduction of p-nitrophenol (PNP) to
p-aminophenol (PAP). The XRD results confirmed the
tetragonal structure of MgF., with characteristic peaks
matching those in the JCPDS database (PDF No. 70-
2269), indicating successful synthesis. The optimal Sn
doping level of 0.10 mol (MS4F) significantly improved
the catalytic performance, achieving a PNP conversion
of 98.55% and a PAP yield of 72.46%. These findings
demonstrate the critical role of Sn metal doping in
optimizing catalytic activity and highlight the delicate
balance required in catalyst design: Excessive doping

leads to agglomeration and decreased catalytic

effectiveness. The enhanced catalytic activity of the
MSF catalyst illustrates the importance of tailoring the
structural characteristics of fluoride-based materials to
facilitate better electron transfer mechanisms during the
reduction of nitro compounds. Our study supports a
growing body of literature advocating the strategic
incorporation of metals to enhance catalyst performance

in environmentally friendly chemical processes.

Acknowledgements

The authors gratefully acknowledge Indonesian
Education Scholarship (BPI), Center for Higher
Education Funding and Assessment (PPAT), and the
Indonesian Endowment Fund for Education (LPDP) for
the doctoral programme scholarship, and the Ministry of
Research, Technology and Higher Education of the
Republic of Indonesia for the financial support with the
contract Number 017/C3/DT.05.00/PL/2025 and the
derivative contract Number 1273/PKS/ITS/2025

through the basic research scheme.

Declaration of Generative Al in Scientific Writing
During the preparation of this manuscript, the
authors used Paperpal (by Editage) to refine the
language, grammar, and academic tone of the text. This
Al-assisted technology was employed solely to enhance
readability and ensure the manuscript adheres to
standard English academic writing conventions,
particularly in addressing previous concerns regarding
linguistic clarity. After using this tool, the authors
reviewed and edited the generated suggestions as
necessary and take full responsibility for the integrity
and accuracy of the scientific content presented in the

publication.

CRediT Author Statement

Amirul Hilmi: Conceptualization, Methodology,
Investigation, Data curation, Formal analysis, Writing —
original draft. Riska Amelia Lawarti:
Conceptualization, Methodology, Investigation, Data
curation, Formal analysis, Writing — original draft.
Mintang Mulyanto: Conceptualization, Methodology,
Investigation, Data curation, Formal analysis, Writing —
original draft. Harsasi Setyawati: Formal analysis,
Validation, Writing — review & editing. Ika Fitri
Ulfindrayani: Formal analysis, Validation. Doty Dewi

Risanti: Formal analysis, Resources (Characterization



Trends Sci. 2026; 23(12): 13670

18 of 20

support).

Afifah Rosyidah: Formal analysis,

Validation. Irmina Kris Murwani: Conceptualization,

Resources, Supervision, Funding acquisition, Project

administration, Writing — review & editing.

References

(1]

(2]

(3]

(4]

(6]

M Soto-Hernandez, M Palma-Tenango and R
Garcia-Mateos. Phenolic compounds - Natural
sources, importance  and
IntechOpen, London, 2017.

M Qian, Y Zhang, Y Bian, X Feng and Z Zhang.

Nitrophenols in the environment: An update on

applications.

pretreatment and analysis techniques since 2017.
Ecotoxicology and Environmental Safety 2024;
281, 116611.

A Farajollahi and AP Marjani. A practical
approach for reduction 4-nitrophenol to 4-
aminophenol using CoMn,O, (a = 2, and b =
4)/MWCNT nanocatalyst. Journal of Alloys and
Compounds 2024; 988, 174240.

H Badamasi, Z Nacem, G Antoniolli, AP Kumar,
AA Olaleye, IS Sadiq, NI Durimin-Iya and MS
Khan. A review of recent advances in green and
sustainable technologies for removing 4-
nitrophenol from the water and wastewater.
Sustainable Chemistry and Pharmacy 2025; 43,
101867.

JL Chen, JY Hu, QF Wang, P Ge, QH Wang and
ZS Lou. Multistep synthesis of paracetamol in
continuous flow. Pharmaceutical Fronts 2023;
05(3), el61-e167.

S Gu, S Wunder, Y Lu, M Ballauff, R Fenger, K
Rademann, B Jaquet and A Zaccone. Kinetic
of the
Nitrophenol by metallic nanoparticles. The
Journal of Physical Chemistry C 2014; 118(32),
18618-18625.

E Kemnitz. Nanoscale metal fluorides: A new

analysis catalytic reduction of 4-

class of heterogeneous catalysts. Catalysis Science
& Technology 2015; 5(2), 786-806.

T Krahl and E Kemnitz. Aluminium fluoride — the
strongest solid Lewis acid: Structure and
reactivity. Catalysis Science & Technology 2017;
7(4), 773-796.

D Gao, X Wu, P Wang, Y Xu, H Yu and J Yu.
Simultaneous realization of direct photoinduced
Hs-evolution

deposition and improved

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

performance of Sn-nanoparticle-modified TiO»
photocatalyst. ACS Sustainable Chemistry &
Engineering 2019; 7(11), 10084-10094.

JLee, A Kumar, MG Kim, T Yang, X Shao, X Liu,
Yang Liu, Y Hong, AR Jadhav, M Liang, NQ Tran
and H Lee. Single-metal-atom dopants increase
the lewis acidity of metal oxides and promote
nitrogen fixation. ACS Energy Letters 2021; 6(12),
4299-4308.

B Wu, Y Cao, X Yin, X Dai, Y Tian, Y Gan, Y
Ye, R Cai and X Zhang. Sn-doping facilitating
electronic modulation and surface reconstruction
of 3D hierarchical nanoflowers assembled by
Fe(PO3)2/Ni,P nanosheets to trigger oxidation
evolution reaction. Journal of Alloys and
Compounds 2023; 966, 171639.

K Scheurell and E Kemnitz. Fluorolytic Sol-gel
synthesis of nanometal fluorides: Accessing new
materials for optical applications. Inorganics
2018; 6(4), 128.

C Perego and P Villa. Catalyst preparation
methods. Catalysis Today 1997; 34(3-4), 281-305.
H Wang, Y Zhu, J Li, X Liu, Y Ma, Y Yao, J
Zhang and L Pan. Machine learning-accelerated
exploration on element doping-triggering material
performance improvement for energy conversion
and storage applications. Journal of Materials
Chemistry A 2025; 13(23), 17197-17213.

IK Murwani, E Kemnitz, T Skapin, M Nickkho-
JM  Winfield.

investigation of the hydrodechlorination of

Amiry and Mechanistic

1,1,1,2-tetrafluorodichloroethane on metal
fluoride-supported Pt and Pd. Catalysis Today
2004; 88(3-4), 153-168.

Sol-Gel Processes of Functional Powders and
Available at:
https://www.intechopen.com/chapters/55951,
accessed October 2025.

E Yilmaz and M Soylak. 15 - Functionalized
nanomaterials for sample preparation methods.
Chemistry 2020. https://doi.org/10.1016/B978-0-
12-816699-4.00015-3

E Kemnitz, S Wuttke and SM Coman. Tailor-
made MgF»>-Based Catalysts by Sol-Gel Synthesis.
European Journal of Inorganic Chemistry 2011;
2011(31), 4773-4794.

Films,



Trends Sci. 2026; 23(12): 13670

19 of 20

[19]

[22]

(23]

[24]

[25]

[26]

(27]

T Dippong, O Cadar and EA Levei. Effect of
transition metal doping on the structural,
morphological, and magnetic properties of
NiFex04. Materials 2022; 15(9), 2996.

Z Chen, N Han, W Wei, D Chu and BJ Ni. Dual
doping: An emerging strategy to construct
efficient metal catalysts for water electrolysis.
EcoEnergy 2024; 2(1), 114-140.

C Wang, H Liu, G Wang, F Ye, S Tao, X Li, P Qiu
and Z Huang. Ni (II) doping induced lattice
distortion in Zn3In,S¢/BiOBr-OVs for boosting
photocatalytic removal of antibiotics and Cr (VI)
performance. and  Purification
Technology 2023; 324, 124457.

Z Huang, D He, W Deng, G Jin, K Li and Y Luo.

[lustrating new understanding of adsorbed water

Separation

on silica for inducing tetrahedral cobalt(II) for
propane dehydrogenation. Nature
Communications 2023; 14(1), 100.

YT Gebreslassie and HG Gebretnsae. Green and
Cost-effective synthesis of tin oxide nanoparticles:
A review on the synthesis methodologies,
mechanism of formation, and their potential
applications. Nanoscale Research Letters 2021;
16(1), 97.

S Shao, G Wang, Z Gong, M Wang, J Hu, J Peng,
K Lu and S Gao. Insights into the role of hydroxyl
carboxyl-modified MWCNTs in

accelerating atenolol removal by Fe(Ill)/H,0,

group on

system. Chemical Engineering Journal 2021; 425,
130581.

F Gheybi, M Rashidi-Huyeh and MR
Mohammadi. High catalytic activity of iron and
cobalt-iron oxide nanoparticles synthesized via a
green method for the oxygen-evolution reaction.
Discover Materials 2025; 5(1), 132.

VH Rane, ST Chaudhari and VR Choudhary.
Influence of alkali metal doping on surface
properties and catalytic activity/selectivity of CaO
catalysts in oxidative coupling of methane.
Journal of Natural Gas Chemistry 2008; 17(4),
313-320.

P Bernard, P Stelmachowski, P Bros, W
Makowski and A Kotarba. Demonstration of the
Influence of Specific Surface Area on Reaction
Rate in Heterogeneous Catalysis. Journal of
Chemical Education 2021; 98(3), 935-940.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

M Sabharwal and M Secanell. Understanding the
effect of porosity and pore size distribution on low
loading catalyst layers. Electrochimica Acta 2022;
419, 140410.

JD Song, TY Song, TT Zhang, Y Wang, MF Luo

and JIQ Lu. High performance
V205/MgF2catalysts for gas-phase
dehydrofluorination of 1,1,1,3,3-

pentafluoropropane: Support-induced evolution of
new active sites. Journal of Catalysis 2018; 364,
271-281.

H Qin, X Hu, J Wang, H Cheng, L Chen and Z Qi.
Overview of acidic deep eutectic solvents on
synthesis, properties and applications. Green
Energy & Environment 2020; 5(1), 8-21.

H Xiao, J Zhang, P Wang, Z Zhang, Q Zhang, H
Xie, G Yang, Y Hana and Y Tan. Mechanistic
insight to acidity effects of Ga/HZSM-5 on its
activity for propane aromatization. RSC Advances
2015; 5(112), 92222-92233.

G Garbarino, P Riani, A Comite, E Finocchio and
G Busca. Effect of large d° cation doping on
gamma-alumina’s  acid-base and catalytic
properties. Journal of Chemical Technology &
Biotechnology 2024; 99(3), 727-736.

P Gururani, P Bhatnagar, B Bisht, KK Jaiswal, V
Kumar, S Kumar, MS Vlaskin, AV Grigorenko
and KG Rindin. Recent advances and viability in
sustainable thermochemical conversion of sludge
to bio-fuel production. Fuel 2022; 316, 123351.
0Q Carvalho, P Adiga, SK Murthy, JL Fulton, OY
Gutiérrez and KA Stoerzinger. Understanding the
role of surface heterogeneities in electrosynthesis
reactions. iScience 2020; 23(12), 101814,

M Zhang, Z Guan, Y Qiao, S Zhou, G Chen, R
Guo, W Pan, ] Wu, F Li and J Ren. The impact of
catalyst structure and morphology on the catalytic
performance in NH3-SCR reaction: A review. Fuel
2024; 361, 130541.

CY Zhang, J Yu, C Huang, C Huang, G Sun, L
Balcells, J Li, X Qi, CZ Yi, J Herrero-Martin, L
Simonelli, F Fauth, R He, X Pan, J Li, J Arbiol, JY
Zhou and A Cabot. Metal doping activation of
anion-mediated electron transfer in catalytic
reactions. Journal of the American Chemical
Society 2025; 147(8), 7070-7082.



Trends Sci. 2026; 23(12): 13670 20 of 20

[37] E Pocock, M Diefenbach, M Diefenbach, TM the American Chemical Society 2024; 146(29),
HoodMichael, N Richards, V Krewald and RL 19839-19851.
Webster. Synthetic and mechanistic studies into [38] M Liu, C Zhang, Y Ying, Y Zhao, Z Zhao, Y Jia,
the reductive functionalization of nitro compounds Y Chen, J Shi and Y Li. Optimization strategies
catalyzed by an Iron(salen) complex. Journal of for enhancing the stability of Cu-based catalysts.

Materials Reports: Energy 2025; 5(3), 100355.




  C o n v e r s i o n    ( % ) =   i n i t i a l   m o l   o f   P N P − r e s i d u a l   m o l   o f   P N P  i n i t i a l   m o l   o f   P N P × 100 %


  Y i e l d    ( % ) =   m o l   o f   p r o d u c t   f o r m e d  i n i t i a l   m o l   o f   r e a c t a n t × 100 %


  S e l e c t i v i t y    ( % ) =   m o l   o f   s p e c i f i c   p r o d u c t   f o r m e d  m o l   o f   c o n v e r t e d   r e a c t a n t × 100 %

