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This study investigates the synthesis and catalytic performance of nano-confined manganese oxide
(MnO,) on SBA-15 for ethylene oxidation. A “med-synthesis” approach, involving dry impregnation of
manganese nitrate on as-synthesized SBA-15 via grinding, was employed to achieve high MnO, loading
and controlled dispersion within the mesoporous channels. The resulting catalysts (xMn/SBA-154) were
characterized by XRD, SAXS, TEM, TGA, and XPS to understand the impact of MnO, content on
structural properties and catalytic activity. The results demonstrate that the dry impregnation method
leads to well-dispersed MnO, nanoparticles within the SBA-15 framework, even at high loadings (up to
30 wt%). In contrast, wet impregnation resulted in larger MnO, particles and a loss of the ordered
mesoporous structure. The nano-confined MnO, particles exhibited excellent thermal stability, resisting
sintering even after prolonged exposure to high temperatures (550 °C) under reaction conditions.
Catalytic testing revealed that the 20 wt% Mn loaded on SBA-15 via the med-synthesis approach
displayed superior activity for ethylene oxidation compared to the wet-impregnated counterpart,
achieving complete conversion at lower temperatures. In situ TEM studies further confirmed the stability
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of the nano-confined MnO, particles, highlighting the potential of this med-synthesis approach for
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1. Introduction

Volatile organic compounds (VOCs) are hazardous air pollutants
emitted from both natural and anthropogenic sources. VOCs
encompass various families of hydrocarbons, such as alkanes,
alkenes, and aromatics."” Exposure to VOCs is a human health
hazard because they are carcinogenic, teratogenic, toxic, and
mutagenic.’> Moreover, VOCs are also recognized as one of the
primary drivers of photochemical smog, tropospheric ozone
formation, and stratospheric ozone depletion.® Ethylene is one
of the most studied VOCs in literature due to its harmful effects
on humans and the environment. Numerous approaches have
been explored and implemented to remove ethylene from indus-
trial sources, including adsorption, incineration, and catalytic
combustion.”” This study selected ethylene as a model compound

@Clean Energy Research Platform, Physical Sciences and Engineering Division,
King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900,
Saudi Arabia. E-mail: aamir.farooq@kaust.edu.sa

b KAUST Catalysis Center, Physical Sciences and Engineering Division,
King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900,
Saudi Arabia. E-mail: javier.ruizmartinez@kaust.edu.sa

¢ Imaging and Characterization Lab, King Abdullah University of Science and
Technology (KAUST), Thuwal 23955-6900, Saudi Arabia

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ma01235f

© 2025 The Author(s). Published by the Royal Society of Chemistry

developing highly active and durable catalysts for volatile organic compound oxidation.

to represent the diverse range of hydrocarbons present in vehicle
exhaust gases. As noted by Impens et al.,® the four most prevalent
hydrocarbons in vehicle exhaust are typically ethylene (constitut-
ing 25 mol% of the total hydrocarbons), acetylene and methane
(each accounting for 20 mol%), and aromatic compounds such as
toluene (15 mol%) and benzene (5 mol%). Prior research demon-
strates that ethylene exhibits reaction behavior comparable to that
of toluene and benzene.”® The key elimination methods to reduce
VOC emissions at low concentrations and temperatures is the
implementation of catalytic oxidation, which allows for the com-
bustion of those hazardous compounds at lower temperatures
compared to those required in gas phase reactions. The design of
the catalytic material is the key step in guaranteeing efficient VOC
removal.">%'° The catalytic active material can consist of two
main classes: noble and non-noble metal-based catalysts. Non-
noble metals are characterised by their good activity in VOC
oxidation due to their high stability, poison resistance, wider
availability and lower cost compared to noble metals.""*
Transition metal oxides are widely studied in the literature
for hydrocarbon oxidation.'> Among these, manganese oxide-
based catalysts are reported to be among the most efficient
transition metal compounds for oxidation catalysis, and they
are environmentally friendly as well.'*> However, the catalytic
performance of MnO, nanoparticles as oxidation catalysts has
not been fully recognized. In particular, little attention has
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been paid to the catalytic behaviour of MnO, catalysts in
oxidation/combustion reactions at low temperatures (e.g:,
below 300 °C), which are usually performed with noble metal
catalysts."*™"” Generally, the catalytic activities of transition
metal oxide catalysts are lower than those of noble metal
catalysts. However, the inherent advantages of metal oxide
catalysts, such as low cost, high thermal stability, and high
mechanical strength, make them a promising alternative in
several catalytic applications.'®'® Therefore, the controlled
synthesis of MnO, nanomaterials has attracted considerable
attention from both academia and industry perspective.**™
Recently several reports on dry impregnation of metal precur-
sors have achieved high dispersion with well-controlled particle
size.”® Generally, inorganic precursors are first introduced into
the channels of host materials, such as mesoporous silica, and
then metal precursors are calcined to produce metal nano-
particles with replicas of the confined space.>**” Several meso-
porous materials like CeO, and ZrO, have been used; however,
due to their low surface area, their performance remains less
attractive.>**”

Since the first synthesis of SBA-15 by Zhao et al*® with a
hexagonal pore network, the tuneable pore size has facilitated the
accommodation of larger molecules, mitigating mass transfer
limitations compared to other conventional metal oxides. There-
fore, the inert nature and inherent hydrophobic properties of SiO,
make mesoporous SBA-15 a promising support material for the
incorporation of various active compositions.”>*° Extensive
research efforts have gone into the modification of silica-based
materials with active nanoparticles, with two main strategies for
the synthesis of silica supported materials: the “one-pot” method
(or pre-synthesis method) and the “loading” method (or post-
synthesis method).>! With the “one-pot” method, the silicon
source and the active metal precursor are mixed, and they
subsequently interact with the template to form a porous frame-
work. This method is simple and results in an atomic-level
mixture of active sites within the porous material. However,
adding extra heteroatoms to the framework could disrupt the
ordered mesoporous structure and cause further collapse during
calcination.*”** The “loading” method mainly involves first pre-
paring a stable mesoporous silica matrix and then adding the
active component to it ref. 35-37. Several variations of this strategy
have been reported in literature including impregnation,** deposi-
tion—precipitation,®® graft hybrid,> colloidal immobilization,*
and vacuum calcination.*" A notable challenge with this method
is the distribution of active species, such as nanoclusters of metals
or metal oxides, within the elongated pore channels. This dis-
tribution may be susceptible to sintering effects during high-
temperature calcination. Moreover, achieving high metal loading
inside the channels of SBA-15 remains challenging.*

An intriguing alternative is the “med-synthesis” approach,
positioned as an intermediate method between pre- and post-
synthesis techniques. In this approach, denoted as med-synthesis,
the template is retained within the pores. Med-synthesis holds the
potential to amalgamate the advantages of both pre- and post-
synthesis approaches. This includes achieving a well-distributed
active phase and maintaining a defined structure, offering a
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Scheme 1 Synthesis process for mesoporous silicate loaded with MnO,
via the med-synthesis approach.

MnO,

promising compromise in the realm of porous material synthesis.
In their earlier work, Zhu and Sun’s group*** reported the
existence of extraordinarily confined spaces between the silica
walls in the as-synthesized SBA-15 (as-SBA-15). By efficiently
utilizing this space, a high degree of monolayer dispersion of
active metal oxides with high loading can be achieved. The nano-
confinement of metals within SBA-15 pores via the “med-
synthesis approach” is accomplished by dry impregnation of
metal precursor over as-SBA-15 via grinding. This method
employs pluronic P-123 in as-SBA-15 as a surfactant to assist in
impregnation and agglomeration prevention>*>"4>4¢

The incorporation of high metal loading opens the door for
the utilization of transition metal oxides as an economical
alternative to noble metals such as Pt which is considered an
optimal catalyst for hydrocarbon oxidation applications.*>*

In this study a manganese precursor was directly incorpo-
rated into as synthesized SBA-15 by employing the med-synthesis
approach using solid state grinding of the precursor (Scheme 1).
The subsequent calcination in air was conducted to obtain the
resultant material which where denoted as (xMn/SBA-154). Man-
ganese nitrate was used in the preparation of the supported
systems due to the ease of removing nitrates anions during the
calcination. The best performing catalyst prepared via dry
impregnation was benchmarked against manganese oxide cata-
lysts synthesized by the wet impregnation method. The con-
trolled crystal growth has gained significant attention for several
oxidation reactions, specifically low temperature CO and hydro-
carbon oxidation,*®>° and in this context, this work investigates
synthesis of MnO, on SBA-15 support by controlled dispersion.
This study also aims to enhance the understanding of the
catalyst structure, dispersity, and catalytic properties of MnO,
nanoparticles for ethylene oxidation, which is crucial for miti-
gating the impact of unburned hydrocarbons on global warming.

2. Experiment
2.1 Materials

Manganese(n) nitrate hydrate (Mn(NOj),-xH,0), tetraethyl
orthosilicate (TEOS, 98%), hydrochloric acid (HCI, 37%), and
Pluronic P-123 (EO,,PO;(EO,, M, = ~5800) were purchased
from Sigma-Aldrich.

2.2. Catalyst synthesis

2.2.1 Synthesis of SBA-15. The well-known synthesis pro-
cedure was adopted from the literature.">" Briefly, 4.0 g of
P-123 were dispersed overnight in 110 ml of DI water. 20 ml of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HCI are then added over the P-123 solution and left to stir for
20 min. The solution temperature is elevated to 36 °C and then
8 g of TEOS are added dropwise and the mixture is kept stirring
for 4 hour. The formed suspension is hydrothermally treated at
130 °C for 16 hour. The precipitated material is collected and
dried at 80 °C overnight. The dried precipitate is denoted as as-
SBA-15.

2.2.2 Dry impregnation to synthesize xMn/SBA-15 catalyst.
Manganese(u) nitrate is dry impregnated over as-SBA-15 by
grinding both solids well for 30 min as demonstrated in
Scheme 1. The manganese precursor weight is adjusted to
produce the following weight percentages respectively: 10, 15,
20, 25, and 30 wt%. The solid mixture is then calcined at 550 °C
for 6 hour at 1 °C min " and left to cool naturally. The produced
catalysts are denoted as 10Mn/SBA-154, 15Mn/SBA-154, 20Mn/
SBA-154, 25Mn/SBA-154, and 30Mn/SBA-154 respectively.

2.2.3 Wet impregnation to synthesize 20Mn/SBA-15
catalyst. For the preparation of the wet impregnated catalyst,
Mn(NO;),-xH,O is dissolved in 100 ml of DI water. The pre-
cursor corresponding to 20 wt% is mixed well, and SBA-15
support recovered after calcination is added for impregnation.
The rotary evaporator was used to desiccate the sample and dry
it in vacuum. After the solvent is completely dried, the sample
was dried for 12 hour at 80 °C and calcined at 550 °C for 6 hour.
Temperature was ramped from room temperature to 550 °C
with 1 °C min~". The sample is denoted as 20Mn/SBA-15,,.

2.3 Characterization

Crystal structure of the catalyst was characterized by powder
X-ray diffraction (XRD) on a Bruker D8 Advance using Cu k,
radiation source with a wavelength of 1.5418 A at 40 kv and 40
mA in the range of 10-90°. The same instrument was used for
small-angle X-ray scattering (SAXS).

Analyzer 5500 (TA Instruments, US) was used to analyze
thermogravimetric (TGA) properties of the samples. Measure-
ments were conducted under an air atmosphere with a flow rate
of 20 ml min~". The samples used had an approximate mass of
4.0 mg.

Textural properties of the catalyst were evaluated by N,
physisorption in Micromeritics ASAP-2020 equipment. Catalysts
(300 mg) were first degassed for 5 h at 150 °C. Specific surface
area was calculated in the relative pressure range of 0.01-0.2,
assuming the N, molecule has a cross-sectional size of
0.162 nm”.

Catalyst morphology was probed using a TEM Titan Themis
microscope. To record the in situ evolution of MnO, particles
with temperature, K3 direct detection camera was used. Surface
compositions and chemical states were analyzed by X-ray
photoelectron spectroscopy on a XPS Amicus. High-resolution
X-ray photoelectron spectroscopy (HrXPS) using a Kratos Axis
Ultra photoelectron spectrometer (Kratos Analytical Ltd) was
employed to analyze the chemical bonding states of the FAC
anodes. Prior to analysis, the samples underwent Ar* ion beam
etching for a duration of 30 minutes. The HrXPS measurements
were conducted using a Kratos Axis Ultra DLD spectrometer
with a monochromatic Al K X-ray source, operating at 150 W

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and an energy of iv = 1486.6 eV. The spectrometer was equipped
with a multichannel plate, delay line detector, and maintained a
vacuum level of 1 x 10~ % mbar. The entire survey spectra and
high-resolution spectra were acquired at fixed analyzer pass
energies of 160 and 20 eV, respectively. The binding energies
were calibrated using the C 1s peak set at 284.8 eV. Analysis of
the XPS spectra was performed using CasaXPS, a commercially
available software. The fitting method described by Biesinguer
et al.>®> was employed for spectrum analysis, and a Shirley back-
ground was applied to the Mn 2p;/, region.

Mn loading in the prepared catalysts is quantified using a
wavelength dispersive XRF spectrometer (Bruker S8 TIGER WD-
XRF).

2.4 Catalytic testing

Catalytic testing was performed in a U-shaped reactor. For each
test 30 mg of pelletized catalyst (45-60 mesh) were loaded into
the reactor and sandwiched between two layers of glass wool.
The reactor bed was heated by an electric oven and a k-type
thermocouple touching the catalyst bed was used for tempera-
ture measurement. The inlet feed consists of 850 ppm ethylene,
15% oxygen, and balance nitrogen. The gas hourly space
velocity is 64000 ml g.,. " h™'. Agilent gas chromatograph
(7890 B) with FID and TCD detectors was used to monitor the
reactant concentration. Ethylene conversion is defined as:

XEthylene (lnltlal) - XEthylene (flnal)

XEthylene(lnltlal) x %

Conversion% =

To evaluate the apparent rate constant, calculations were
performed under the following assumptions:

(1) The rate expression is assumed to be first order
power law that is dependent on ethylene partial pressures,
Le, r=kPcpmu,

(2) The occurring reaction is assumed to be complete
combustion.

(3) Atmospheric pressure, isobaric conditions, throughout
the catalyst bed.

(4) Isothermal conditions throughout the catalyst bed.

(5) The change in total molar flow rate (Fi.) is negligible
since the ethylene stream is diluted (<1% C,H, in all cases).

(6) The absence of heat and mass transfer limitations and
other parasitic phenomena.

To derive the expression of the rate constant, the change in
the molar flow rate of ethylene with respect to catalyst loading
is expressed as:

dFc,
o = ~kPen,
P, T
where Fo 1, = Q-Cou,, Con, = R-;"h’ 0= Qom (to account
P
for flow expansion with temperature). Thus Fc,u, = QRCZP;‘
dFc,n 0 dPcn 1 dPcn .
d 24— 24— 2+ where R is th
W TRT Aw T R-27315 dr 0 e e

m?3 atm
mol K

gas constant (R:8.2x 10*5[ }) 7 is the catalyst
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weight-to-volumetric flow rate ratio t=—[gsm™].

QO

change in molar flow rates of ethylene with respect to conver-

The

sion (X) is expressed as Fc,, :F&H“(l — X). The partial

F;

pressure is calculated as P; = - PY =y, - P°. Thus, the rate

total
constant is calculated by fitting a kinetic integral model over

the bed loading via the following expression:

1 1
k:R~273-rln(1—X>

To investigate water resistance of the optimum dry impreg-
nated catalyst and its wet-impregnated counterpart, tests were
conducted under wet feed conditions. The inlet feed for these
tests consisted of 850 ppm ethylene, 15% oxygen, 5% water
vapours, and balance nitrogen. The gas hourly space velocity
was maintained at 64000 ml g, * h™ .

To investigate the thermal stability, the catalyst was exposed
to elevated temperatures for 6 hours under reaction flow
conditions. After keeping the catalyst under isothermal condi-
tions for 6 hours, it was cooled down to 125 °C and the catalytic
testing was performed by incrementing the temperature gra-
dually until complete conversion was attained. Two tests were
performed in the case of 20Mn/SBA-154 samples, where their
catalytic performance was evaluated after their exposure to
reaction flow conditions at 550 °C and 625 °C. For the case of
20Mn/SBA-15,, it was exposed to 550 °C. Moreover, time-on-
stream stability test for 100 hours was performed for the best
performing catalyst (20Mn/SBA-154) at 225 °C.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the SBA-15 support
and metal-loaded catalysts with different loading concentrations.
The wider peak appearing at 22.6° corresponds to amorphous
SiO,. The catalysts loaded up to 15 wt% did not show a well
observed crystal structure of MnO,, indicating that the metal
oxide is well dispersed. As shown in Fig. 1, the main crystalline
structures of Mn in the 10-30 wt% Mn/SBA-15 samples after
calcining were Mn,0; (89-4836) and MnO, (89-5171). This sug-
gests that the amorphous MnO, crystalize to MnO, MnO, and
Mn,0; at 550 °C. It is worth noting that the crystal size in the case
of wet impregnated catalyst is greater. We hypothesize that in wet
impregnation particles grow on the unprotected SBA-15 surface.
Consequently, these particles begin to sinter when calcined at
higher temperatures (550 °C). However, in dry impregnation,
MnO, crystals are nanoconfined within SBA-15 pores.

The SAXS patterns displayed in Fig. 2 illustrate the distinc-
tive features of the dry impregnated and pristine SBA-15
samples. The appearance of three diffraction peaks within the
range of 20 = 0.4°-3° provides evidence for the development of
neatly arranged hexagonal pores. Specifically, these peaks
correspond to the (100), (110), and (200) planes, which are
indicative of the well-defined hexagonal (p6mm) pores found in
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Fig.1 X-ray diffraction patterns of all the MnO,/SBA-15 prepared
catalysts.

10Mn/SBA-15

SBA-15

SBA-15.°*°* These distinctive features of ordered pores are
absent in the case of the wet-impregnated sample.

Fig. 3 shows thermogravimetric analysis (TGA) curves of the
polymers P-123 which is used as a template for SBA-15. In the
TGA curve for P-123, weight loss started sharply at around 50 °C
and was complete at 250 °C. The observed thermal decomposi-
tion of bare as-made SBA-15 shows a single weight loss of
47 wt% at about 120 °C, which is associated with the decom-
position of the triblock copolymer P-123 slightly embedded in
the siliceous pore walls. We identified 221 °C as a critical
temperature point, attributed to the onset of manganese nitrate
decomposition. Weight losses observed below 221 °C are
assigned to the release of surface and structural water, while
at temperatures above 221 °C the decomposition of nitrate
resulted in the release of NO, gas and a further substantial

20Mn/SBA-15,,

25Mn/SBA-154

20Mn/SBA-15

15Mn/SBA-15,

(100

Intensity (a.u.)

SBA-15

0.5 1.0 15 2.0 25 3.0
26°

Fig. 2 SAXS patterns depicting the structural features of pristine SBA-15
and Mn-loaded SBA-15 samples at various manganese loading levels.
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Fig. 3 TGA curves of (a) P-123 template and Mn(NOsz),-xH,O and (b)

TEOS condensed on P-123, and 20 wt% Mn loaded on SBA-15 at a heating
rate of 10 °Cmin1.

Temperature [°C]

weight loss of 35 wt%. Sample 20Mn/SBA-15,, calcined in air
shows a substantial decrease in weight below 200 °C due to
lower onset temperatures for the release of water and manga-
nese nitrate decomposition compared to bare manganese
nitrate.

N, adsorption and desorption isotherms were measured on
all samples to evaluate the surface and structural properties.
The N, adsorption curves are presented in Fig. 4, and the data
are summarized in Table 1.

Both pure SBA-15 and xMn/SBA-154 samples exhibited
adsorption isotherms of type IV with hysteresis loops, which
are characteristic of nanostructured materials with uniform
mesopores. The adsorption and desorption isotherms showed
a large increase in the relative pressure (P/P,) ranging from 0.6
to 0.8 for SBA-15 and from 0.5 to 0.7 for MnO, on SBA-15, which
is caused by capillary condensation into the mesopores. N,
adsorption data presented in Fig. 4(a).

Table 1 show that the pore diameter and surface area
comparison of the prepared catalysts. The specific surface area
of SBA-15 was found to be 518 m* g~ '. The surface of catalyst

o = SBA-15 0.074-=SBA-15
£5 19009 . 1oMn/seA-15, (a) - —-10Mn/SBA-15, (b)
o +— 15Mn/SBA-15, o0.06{-+ 15MnISBA-15,
S 8004 -« 20Mn/SBA-15, p -+ 20Mn/SBA-15, [
g + 25Mn/SBA-15, £ 0.054 + 25Mn/SBA-15, | |
= 600 30Mn/SBA-15, o 30Mn/SBA-15, | |
2 - 20Mn/SBA-15,, 3 T 0.044 . 20MnisBA-15, |
S 400 o003 Pk
< g |
200 Zo.02 i
2 3 i
2 © 001 V
S o N
c 0.00 Ry o —

00 02 04 06 08 10 0 2 4 6 8 10 12 14 16 18 20
Relative Pressure (P/Po) Pore Diameter [nm]

Fig. 4 (a) N, adsorption desorption isotherm (b) BJH pore size distribu-
tion of prepared catalysts.

Table 1 BET surface area and pore size calculated from BJH pore size
distribution

Catalyst Surface area [m” g~ '] Pore size [nm]
SBA-15 518 8.5
10Mn/SBA-154 397 10.2
15Mn/SBA-154 358 9.8
20Mn/SBA-154 361 9.7
25Mn/SBA-154 354 9.9
30Mn/SBA-154 340 10.3
20Mn/SBA-15,, 320 20.4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(xMn/SBA-15,) after calcination decreased up to 340 m> g~ " for
30Mn/SBA-154 which is the highest loading in dry impregna-
tion method. The highest decrease in area is noted for catalyst
prepared by wet impregnation, indicating that the pores were
progressively blocked by MnO,. nanoparticles. In contrary to dry
impregnated samples wet, impregnated one exhibited adsorp-
tion isotherms of type type III, which indicates the loss of
ordered mesoporosity, which is in accordance with SAXS
resultshe BJH pore size distribution (Fig. 4b) reveals a mono-
modal distribution for both SBA-15 and the dry-impregnated
catalyst. In contrast, the wet-impregnated sample exhibits a
bimodal distribution, indicating the presence of pores both on
the surface and within the silica support.®”

TEM observation results and EDS mapping of xMn/SBA-15
under vacuum conditions are shown in Fig. 5. It is remarkable
that MnO,, up to 20% did not grow significantly in size due to
the nanoconfinement inside the porous walls of SBA-15. In the
wet impregnation method, the particles are mostly on the
surface and are not strongly encapsulated by thick walls. EDX
mapping analysis was used to test the elemental dispersion of
xMn/SBA-154 composites (see Fig. 5). The mapping images of
15-25Mn/SBA-154 demonstrated that Mn element was uni-
formly distributed on SiO, after calcination. The xMn/SBA-154
composites have a stable structure under 550 °C. The effect was
attributed to the interaction between SBA-15 and MnO, as well
as the channel limiting effect.

The comparison for the manganese oxide particle size dis-
tribution of dry impregnated 20Mn/SBA-154 and wet impreg-
nated catalyst 20Mn/SBA-15,, is given in Fig. 6 with average
particle size of 7.3 nm and 48 nm, respectively. The growth of
particle in wet impregnation implies that the particles are
already sintered when calcined at high temperature (550 °C)
for the activation of the catalyst. In case of dry impregnation,
the particles are not sintered, rather they remained intact.

15Mn/SBA-15, 20Mn/SBA-15,
) =]

25Mn/SBA-15, 20Mn/SBA-15w
=] —J

Fig. 5 TEM and EDX color mapping of catalysts prepared with dry and wet
impregnation methods.
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To investigate sample stability under reaction conditions,
TEM results for spent catalysts are reported in Fig. 7. The spent
catalyst 20Mn/SBA-154 in Run-1 shows a slight increase in
particle size after 6 hours at 550 °C as the average particle size
is 10 nm. However, after exposure to reaction conditions in
Run-2 at 625 °C for 6 hours, the average particle size of 20Mn/
SBA-154 increased to 16.7 nm, which gives an indication on the
thermal stability limit of this catalyst. In the case of wet
impregnated sample, the average particle size increased after
Run-1 from 48 nm to 54.1 nm. The average particle size
distribution for the spent catalysts is reported in Fig. S1 (ESIT).

Since atomic movement is easily influenced by temperature
and partial pressure of gas surrounding the sample, adjusting the
reaction temperature can change atomic dispersion and modify
catalyst surface defects, thereby affecting reactivity. We utilized
in situ TEM to investigate the behavior of MnO, particles under
controlled gas conditions and temperature variations. The
dynamic evolution process of uncalcined 20Mn/SBA-15, catalyst
under increasing temperature and switching oxygen/nitrogen
conditions was monitored with TEM measurements. In Fig. 8,
TEM measurements are taken at conditions closely resembling air
conditions: 80% N, with 20% O, at a total flow rate of 1 ml min .
Pressure was maintained at 1 atm, and temperature was ramped
from 175 to 625 °C with a ramping rate of 1 °C min ' and
intermediate temperature intervals of 350, 450, and 550 °C.

When the temperature was systematically increased from
175 to 625 °C, MnO, particles remained elusive until the
temperature reached 625 °C. This observation indicates a
temperature threshold for the appearance of MnO, particles in
the given conditions (shown in the inset of Fig. 8). Further
investigation involved continuous heating at 550 °C for 60 minutes,
during which TEM images were captured. Surprisingly, despite the

(a) 2 (b)

200 am 200 am

Fig. 7 TEM images of spent catalysts after thermal stability catalytic
testing: (@) 20Mn/SBA-154 at 550 °C, (b) and 625 °C, (c) 20Mn/SBA-15,,
at 550 °C.
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175 °C (vacuum)

200 m
550°C

200 nm

Fig. 8 Growth of MnO, nano particles in a TEM (200 kV). Temperature
from the start of the irradiation is displayed on each image. Diffusion of
MnO, on the surface is seen. Beam current density: 200 A cm™2. Each
image represents an area of 9.2 x 9.2 nm?.

prolonged heating, there was no discernible evolution of particles
from the MnO, material.

To validate and understand the particle growth phenom-
enon, we elevated the temperature to 625 °C. This additional
temperature increment was chosen to confirm and observe any
subsequent changes in MnO, particles.

In Fig. S2 (ESIt), we examined the particle growth under a
specific temperature condition of 550 °C. To capture the
potential evolution of MnO, crystals, we conducted a series of
sequential imaging experiments at a slightly higher temperature,
namely 625 °C. The imaging sessions were performed at specific
intervals of 15 minutes, 45 minutes, 1 hour and 45 minutes, 2
hours and 45 minutes, and finally, 3 hours and 15 minutes. This
approach aimed to assess whether MnO, crystals exhibit growth
at 550 °C over an extended duration.

Across all TEM image frames obtained from sequential
imaging sessions, a consistent observation emerges: there is
no discernible evidence of particle growth at 550 °C even when
subjected to prolonged durations. This absence of observable
growth underlines the stability and resistance of MnO, crystals
to significant changes in size or morphology under the speci-
fied temperature conditions.

Fig. S3 (ESIY) presents in situ validation of the growth and
sintering behavior of MnO, particles. TEM images were cap-
tured at a temperature of 625 °C for varying durations (5, 30,
and 60 minutes) to observe the sintering behavior of the
particles. Upon analysis of both STEM and TEM images (top
and bottom, respectively), MnO, nanoclusters are apparent on
the SBA-15 surface. The particle size increased with time from
6 nm at 5 min to 14.5 nm at 60 min (see Fig. S4, ESIt). This
result is consistent with the ex situ results of spent catalyst at
625 °C, where in both cases the average particle size increases
with temperature. It is worth noting that due to the limited
resolution of STEM imaging in in situ gas conditions, the clear
identification of MnO, particles is very difficult. Moreover, due
to the sample thickness and complex morphology, even small
changes in focus/astigmatism can disrupt the image of small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mn oxide particles or it may highlight some defects in the SBA-
15 structure that could be mistakenly identified as highly
contrasted Mn oxide particles.

The resistance to sintering, as evidenced by the images,
provides valuable insights into the robust nature of MnO,
particles within the SBA-15 framework. These observations
contribute to our understanding of the thermal stability and
behavior of MnO, particles under the specific conditions
explored in this study.

From Fig. 8 and Fig. S2 and S3 (ESIY) it is evident that there
is diffusion of MnO, particles emerging on the surface and
migrating from the edges to the center. This observation is
consistent with the recorded video Video S1 (ESIt) showing Mn
migration across the surface with temperature elevation from
350 to 650 °C. We postulate that the facilitated Mn migration is
due to the presence of P-123 in accordance with its proposed
role in enhancing metal dispersion.*"*>*°

X-ray photoelectron spectroscopy (XPS) was conducted to
elucidate the surface chemical state of manganese (Mn). The
atomic concentration of elements on the surfaces of 20Mn/SBA-
154 and 20Mn/SBA-15,, samples obtained by XPS are given in
Table 2.

As shown in Fig. 9, high-resolution XPS spectra of Mn 2p
core level was acquired for both samples. Subsequently, spec-
tral deconvolution was employed to fit Mn 2p;, spectrum,
using a combination of the standard references, namely
MnO,, Mn,0;, and MnO.>* Notably, the results revealed the
absence of MnO, in both samples. In the case of 20Mn/SBA-154
catalyst, the presence of manganese was determined to be
primarily in the form of Mn®* oxides, whereas in the 20Mn/
SBA-15,, sample, manganese was found to exist in a combi-
nation of Mn®** and Mn** oxidation states. The utilization of the
wet impregnation method thus resulted in a significant
reduction in the concentration of Mn,O; to 69%.

Table2 Atomic concentration of elements on the surfaces of 20Mn/SBA-
154 and 20Mn/SBA-15,, samples obtained by XPS

Catalyst (s) C1s O 1s Si 2p Mn 2p
20Mn/SBA-15,, 10.67 57.37 30.82 1.14
20MnO/SBA-154 7.48 59.55 29.56 3.41
20Mn/SBA-15, (a) 20 Mn/SBA-15,, (b)
—Mn203 —Mn203
= —~ | —MnO
0 7
g g
z z
2 z
1 s
E E

670 665 660 655 650 645 640 635 631 670 665 660 655 650 645 640 635 630
Binding energy (eV) Binding Energy (eV)

Fig. 9 XPS spectra of Mn 2p of (a) 20Mn/SBA-154 and (b) 20Mn/SBA-15,,
catalysts.
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Fig. 10 H,-TPR profile of 20Mn/SBA-15 catalyst prepared by (a) dry
impregnation, and (b) wet impregnation.

To investigate bulk redox properties, H,-TPR profiles of
20Mn/SBA-154 and 20Mn/SBA-15,, were recorded (see Fig. 10).
The reduction process of MnO,, into MnO by H, is reported over
the temperature range of 200-550 °C.>*>’ This reduction pat-
tern is observed in both cases of 20Mn/SBA-154 and 20Mn/SBA-
15,. The 20Mn/SBA-154 H, evolution showed a broad peak
centered at 336 °C, which can be assigned to the highly
dispersed MnO, (as shown in XRD and TEM results).>® The
20Mn/SBA-15,, catalysts showed two consecutive reduction
peaks at 285 °C and 352 °C and a narrow peak shoulder at
412 °C. Jacob et al®® discovered that Mn;O, is the main
intermediate reduction product, the lower-temperature peak
was ascribed to the reduction of MnO,/Mn,0; to Mn;0,, and
the higher-temperature peak is attributed to the further
reduction of Mn;O, to MnO. The two-stage reduction pattern
in the case of wet impregnated sample indicates more hetero-
geneity in the manganese species compared to the dry method.

The bulk average oxidation state from H,-TPR is calculated
based on the metal loading and hydrogen consumption assum-
ing the reduction of all Mn species into MnO with
Mn,0;.>>°”%° Hydrogen consumption and average oxidation
state for each sample are reported in Table 3. These findings
align with our observations in the context of XPS measure-
ments, suggesting coherence between surface and bulk proper-
ties of the MnO, in the synthesized samples. The higher
oxidation state in the case of dry impregnated sample is
attributed to the enhanced oxygen uptake by smaller nanocrys-
tals, as the oxidation rate is proportional to the surface to
volume ratio.®’"®®

Fig. 11 shows the conversion profiles of ethylene using SBA-
15 with different manganese loadings. By increasing the metal-
lic loading from 10 to 20 wt%, the light-off temperature is
shifted to lower temperatures by ~100 °C. Catalyst activity
decreases with further increase of metal content as observed
with 25 and 30 wt% Mn/SBA-15 in dry impregnation. This trend

Table 3 Mn average oxidation state of 20Mn/SBA-154 and 20Mn/SBA-15,,
samples obtained by XPS and H,-TPR

Average Average

Catalyst Mn,0; MnO oxidation H, consumption oxidation
(s) (%) (%) state XPS (mmol g ") state H,-TPR
20Mn/SBA-15,, 31 69 2.31 2.64 2.45
20Mn/SBA-154 98 2 2.98 3.53 2.94
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Fig. 11 Temperature screening of C,H, oxidation on supported MnO,/
SBA-15 catalysts at a space velocity of 64000 ml ge,e * h™™.

suggests the onset of metal agglomeration, resulting in a
reduction in the number of available active sites. The normal-
ized conversion per Mn loading is shown in Fig. S5 (ESI{). The
observed trend of increased activity with particle size growth
in the 5-10 nm range aligns with the enhanced catalytic perfor-
mance typically seen in transition metal oxide-based catalysts
during redox reactions. Beyond this particle size range, the
reduction in surface-to-volume ratio becomes dominant, leading
to a decline in activity.®#® In this study, MnO, did not exhibit well
defined crystalline peaks in XRD pattens for Mn loadings below
20%, and TEM images did not reveal any observable surface nano
particles at these loadings. However, at 20% Mn lading, MnO,
nanoparticles within the postulated optimum size range (5-10 nm)
were observed in XRD pattens corresponding to crystalline MnO,
phases. Turn over frequency (TOF) values as a function of tem-
perature are reported in Fig. S6 (ESIt); the results confirm the
observed activity trends in Fig. S5 (ESIt) below 250 °C. The Ty,
value of 20Mn/SBA-154 is 250 °C while that of 20Mn/SBA-15,, is
300 °C. This difference in performance could be attributed to the
enhanced dispersion in the case of dry impregnated catalyst along
with the higher average oxidation state. Shaheen et al.®® reported
decrease in activity with increased crystallinity, which is in accor-
dance with our observation where wet impregnated sample has
more pronounced XRD peaks due to the agglomeration of MnO,
nanoparticles. Another factor that explains the enhanced catalytic

Table 4 Rate constant values at 150 °C for various Mn-based catalysts
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Fig. 12 Catalytic activity tests of MnOj catalysts at GHSV of 64 000 ml gey *h™*
in dry and wet conditions; (a) 20Mn/SBA-154 and (b) 20Mn/SBA-15,,. Test
conducted with 850 ppm ethylene, 15% O,, 5% H,O (wet conditions) and
balance N, at 250 °C.

1004 20M

BA-15, 1004 20Mn/SBA-15,

—a— pristine catalyst
—e— After 550 °C

—a— After 625°C —s— pristine catalyst

—o— After 550°C

C2Hg4 conversion (%)
C2H4 conversion (%)
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Fig. 13 Thermal stability evaluation of catalyst: (a) 20Mn/SBA-154 (b)
20Mn/SBA-15,,.

performance of dry impregnated catalysts is related to the abun-
dance of Mn,0O; phases as quantified from XPS surface species.
Mn,0; phase in MnO,. is considered to be a highly desirable phase
in oxidation reactions.®”*®

The best performing catalyst activity in this work exhibits
superior catalytic activity to several manganese-based catalyst
for ethylene catalytic combustion. The activity is compared with
literature results in Table 4 on the basis of the apparent rate
constant (k [atm > s™' g7 ']) at 150 °C.

To evaluate the performance of synthesized catalyst under
wet conditions (which represent more realistic scenarios for
VOC catalytic combustion),">*" conversion profiles are pre-
sented in Fig. 12. These profiles show that the catalytic activity
of the dry impregnated catalyst surpasses that of its wet
impregnated counterpart, with Ty, values of 300 °C and
333 °C for dry and wet impregnated catalysts, respectively.

Thermal stability catalytic testing (Fig. 13) shows that the dry
impregnated catalyst activity is maintained at 550 °C, while that

Catalyst Conditions k[mol atm " s g'] Ref.

Mn, 05 500 ppm C,H,, 10% O,, GHSV = 22000 ml g * h™" 1.4 x 107° 4°
Fe;Mn,;Cu, Oy 165 ppm C,H,, 10% O,, GHSV = 60000 ml g~ h™* No conversion reported 69

Mn;0, 1000 ppm C,H,, 10% O,, GHSV = 30000 ml g * h™* 1.13 x 107° 70

MnCu, sFe, 5 500 ppm C,H,, 10% O,, GHSV = 20000 ml g * h™* 1.93 x 107° 71
Mn,0;-SG550 500 ppm C,H,, 10% O,, GHSV =22730 ml g ' h™* 2.2 x10°° 72
CessMn,;s-SiC 500 ppm C,Hy, 10% O,, GHSV = 15400 ml g ' h™* 9.8 x 10°° 3
20Mn/SBA-154 850 ppm C,H,, 15% O,, GHSV = 64000 ml g~ ' h™* 3.04 x 10°° This work

% Conversion values were reported at 160 °C instead of 150 °C.
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of wet impregnated catalyst drops after the exposure to the
same condition. This shows the higher thermal stability of dry
impregnated sample. However, at 625 °C the activity of the dry
impregnated sample drops significantly. These results are in
accordance with the TEM findings where the catalyst deactiva-
tion is correlated to particle growth. The dry impregnated
catalyst exhibited a stable catalytic performance at 225 °C, as
shown in Fig. S7 (ESIT). These results are consistent with the
recyclability assessments, where the light-on run showed no
significant difference compared to the light-off conversion
profiles, as shown in Fig. S8 (ESIT).

4. Conclusions

This study investigated the utilization of nanoconfinement
effects facilitated by as-synthesized SBA-15 to disperse MnO,
nanoparticles within its channels. The controlled synthesis
resulted in highly dispersed MnO, nanoparticles with a size
of ~7.3 nm and a loading content of up to 30 wt%. With the
med-synthesis approach, nanoconfinement in dry impregna-
tion allowed particles to disperse on the inner surface of SBA-
15, while maintaining an undecorated surface of SBA-15 sur-
rounding each nanoparticle. MnO, nanoparticles served as
active sites for the oxidation of ethylene.

The choice between dry and wet impregnation methods for
preparing Mn/SBA-15 catalyst significantly influences its cata-
lytic performance and thermal stability in ethylene combus-
tion. The observed variations in ethylene conversion rates and
temperature dependencies highlight the importance of the
preparation method in tailoring catalyst properties for specific
applications. In comparison to MnO, deposited through conven-
tional wet impregnation, the nanoconfined catalyst exhibited
superior performance. In situ TEM studies provided insights
into the growth behavior of the nanoparticles, highlighting their
stability and uniform distribution within the SBA-15 channels.
Furthermore, our investigation revealed significant advantages of
the nanoconfinement approach in terms of catalytic activity.
Specifically, the oxidation of C,H, exhibited a lower Ty, tempera-
ture (250 °C) with the nanoconfinement catalyst compared to the
catalyst synthesized using wet impregnation (Tgp = 300 °C). The
temperature investigation, along with EDX color mapping, pro-
vided valuable information on the dispersion and growth behavior
of MnO, nanoparticles at elevated temperatures. These findings
demonstrate the potential of the nanoconfinement approach using
SBA-15 for the development of efficient catalytic systems based on
MnO, nanoparticles.

Our study highlights the successful synthesis and character-
ization of nanoconfined MnO, nanoparticles within SBA-15.
The results emphasize the advantages of the nanoconfinement
approach in terms of particle size control, dispersion, and
catalytic performance. Further research and optimization of
the nanoconfinement strategy could unlock new opportunities
for the design and development of advanced catalysts for
various applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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