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Highly ordered porous structured particles comprising three-way catalyst (TWC) nanoparticles have
attracted attention because of their remarkable catalytic performance. However, the conditions for con-
trolling their pore arrangement to form interconnected pore structures remain unclear. In particular, the
correlation between framework thickness (distance between pores) or macroporosity and the diffusion of
gaseous reactants to achieve a high catalytic performance has not been extensively discussed. Here, the
interconnected pore structure was successfully controlled by adjusting the precursor components (i.e.,
template particle concentration) via a template-assisted spray process. A cross-sectional image analysis
was conducted to comprehensively examine the internal structure and porous properties (framework
thickness and macroporosity) of the porous TWC particles. In addition, we propose mathematical
equations to predict the framework thickness and macroporosity, as well as determine the critical con-
ditions that caused the formation of interconnected pores and broken structures in the porous TWC par-
ticles. The evaluation of CO oxidation performance revealed that porous TWC particles with an intercon-
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nected pore structure, thin framework, and high macroporosity exhibited a high catalytic performance
owing to the effective diffusion and utilization of their internal parts. The study findings provide valuable
insights into the design of porous TWC particles with interconnected pore structures to enhance exhaust
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Introduction

Air pollution is a critical, global environmental and public
health challenge primarily aggravated by the widespread use of
internal combustion engines. The combustion process gener-
ates several toxic compounds, including CO, NO,, hydro-
carbons, and particulate matter, which degrade air quality." ™
Various technologies and regulatory measures have been devel-
oped to mitigate these emissions. Among them, three-way cata-
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gas emission control in real-world applications.

lyst nanoparticles (TWC NPs) integrated into catalytic conver-
ters play important roles in converting toxic compounds into
less harmful substances, such as CO,, N,, and H,0.%>"® Despite
their effectiveness, TWCs present several limitations. Precious
metals, such as Pt, Pd, and Rh, used in TWCs, are expensive
and limited in supply.®™* Another challenge is the strict emis-
sion regulations that require catalytic converters to exhibit
higher efficiency in the reduction of pollutants.">'* A crucial
factor in overcoming these challenges is enhancing the cata-
Iytic performance through the effective diffusion of reactants
to the active sites of TWCs. An improvement in the catalytic
performance can enhance the utilization of active sites, which
can reduce the need for expensive precious metals and ensure
compliance with emission standards.’>™*® Thus, to enhance
the catalytic performance of TWCs, catalysts with effective
diffusion are required.

Nanostructuring aggregate TWC NPs into porous structures,
known as porous TWC particles, is an innovative engineering
design for enhancing catalytic performance because it can
promote the development of a remarkable interconnected pore
structure. The interconnected pore structure is a type of pore

Nanoscale, 2025, 17, 2841-2851 | 2841


http://rsc.li/nanoscale
http://orcid.org/0000-0002-3249-7803
http://orcid.org/0000-0001-9986-6127
http://orcid.org/0000-0002-9845-2376
http://orcid.org/0000-0003-3622-0606
http://orcid.org/0000-0003-3982-857X
https://doi.org/10.1039/d4nr03770g
https://doi.org/10.1039/d4nr03770g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr03770g&domain=pdf&date_stamp=2025-01-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03770g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017005

Open Access Article. Published on 08 January 2025. Downloaded on 1/9/2026 1:20:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

arrangement that forms a continuous network by connecting
surface and internal pores, thereby facilitating the penetration
of reactants from the surface to the internal parts of
catalysts.'®® Studies have indicated that porous TWC par-
ticles synthesized through the polymer template-assisted spray
method exhibit higher mass transfer coefficients owing to the
effective diffusion of gaseous reactants facilitated by the inter-
connected pore structure.'*? Other studies have shown that
porous TWC particles with interconnected pore structures can
significantly enhance CO oxidation performance by facilitating
high intraparticle convective diffusion within macropores.'*>°
According to the aforementioned studies, the effective
diffusion of reactants facilitated by an interconnected pore
structure in porous TWC particles is important for increasing
the catalytic performance of the particles. In addition, a thin
framework and high macroporosity are crucial for enhancing
the molecular and convective diffusion of gaseous reactants in
porous TWC particles.">'**'73% However, in previous studies,
the conditions for precisely controlling the formation of inter-
connected pore structures were unclear. Furthermore, the cor-
relation among the framework thickness, macroporosity, and
catalytic performance of porous TWC particles has not been
extensively discussed. These factors are essential for achieving
a high catalytic performance in porous TWC particles, which
improves adherence to stringent emission standards and
reduces costs by decreasing the required amount of catalyst.

Here, the formation of interconnected pore structures was
carefully investigated via a template-assisted spray process by
varying the concentration of a poly(methyl methacrylate)
(PMMA) template. The obtained porous TWC particles were
examined through focused ion beam (FIB) cross-sectional ana-
lysis to confirm their interconnected pore structure and deter-
mine the porous properties of the TWC particles, including
framework thickness and macroporosity. Furthermore, the
porous properties of the synthesized particles were predicted
through experimental findings and theoretical modeling. In
addition, we propose mathematical equations for determining
the critical conditions for the formation of interconnected
pores and broken structures of porous TWC particles. CO oxi-
dation was selected as a test reaction to investigate the catalytic
performance of the particles. The results showed that the CO
oxidation performance increased because of the development
of an interconnected pore structure, a thin framework, and the
high macroporosity of the porous TWC particles. The study
findings provide strategies for designing porous TWC particles
with interconnected pore structures, which can enhance the
diffusion of gaseous reactants to catalytic
performance.

improve

Experimental section

Catalyst preparation

The TWC NPs used in this study were provided by Mitsui
Mining & Smelting Co., Ltd, Japan. Detailed information about
TWC NPs is provided in section 1 of the ESL.{ The precursors
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were prepared by mixing TWC NPs with 0.36 pm-sized PMMA
particles (M,: 100 000 g mol™", Nippon Shokubai, Japan). The
concentration of the TWC NPs was kept constant at 1 wt%,
while the concentration of PMMA was varied at 0.1, 0.5, 1, 2,
and 3 wt%. The particles obtained from these conditions were
named TPO0.1, TP0.5, TP1, TP2, and TP3 samples, respectively.
The TWC NPs and PMMA particles had positive zeta potentials
of +53.3 and +40.6 mV, respectively. Ultrapure water was used
as the dispersing medium, and the precursor was mechani-
cally mixed at room temperature through magnetic stirring for
15 minutes followed by ultrasonication for another 15 minutes
to ensure uniform particle dispersion. The precursors were fed
into a spray drying apparatus comprising an ultrasonic nebuli-
zer, a tubular furnace, a bag filter, and a water trap (Fig. 1a).
The tubular furnace was segmented into four zones with temp-
eratures of 250 °C, 350 °C, 500 °C, and 500 °C, while the bag
filter was maintained at 150 °C. The droplets generated from
the nebulizer were transported to the furnace by an inert
carrier gas (N,) at 0.1 MPa and 5 L min~'. The remaining
PMMA from the spray drying process was removed by heating
at 900 °C at an increasing temperature rate of 5 °C min™" in
air and a gas flow rate of 1 L min~" for 1 h (Fig. 1b).

Characterization

The zeta potentials of the TWC NPs and PMMA particles were
measured using a dynamic light scattering instrument
(Zetasizer Nano ZSP, Malvern Instruments Ltd, Malvern, UK).
Field-emission scanning electron microscopy (FE-SEM; S-5200,
1-5 kv, Hitachi Corp., Japan) was performed to examine the
particle morphologies. Using the Image] program, the dia-
meter of approximately 300 particles was measured to deter-
mine the average size of the particles from the SEM images. In
addition, the images were used to determine the surface pore
density of the obtained porous TWC particles. Transmission
electron microscopy (TEM; JEM-2010, 200 kV, JEOL Corp.,
Japan) was conducted to observe the inner structure of the par-
ticles. FEI Helios PFIB Dual Beam plasma-FIB (PFIB)-SEM
equipment was used to obtain cross-sectional SEM images of
the samples through an Xe" PFIB system. The cross-sectional
SEM images were used to measure the framework thickness of
the porous TWC particles. Furthermore, the images were used
to determine the macroporosity of the particles using the Otsu
thresholding technique with Image]J software.**** X-ray diffrac-
tion (XRD; D2 PHASER, Bruker Corp., Billerica, MA, USA) was
employed to examine the crystal structure of the samples. N,
adsorption-desorption isotherms, measured at 77 K using
BELSORP-max (Microtract BEL, Japan) according to the
Brunauer-Emmett-Teller and Barrett-Joyner-Halenda
methods, were used to study the specific surface area (SSA)
and pore properties of the particles. The samples were out-
gassed under vacuum for 6 h at 110 °C to eliminate moisture
and other volatile substances prior to the N, adsorption-de-
sorption isotherm analysis.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Experimental setup of (a) the spray drying process, (b) furnace, and (c) catalytic evaluation by gas chromatography.

Catalytic performance evaluation

To evaluate the CO oxidation performance, the porous TWC
particles (15 mg) were placed in a quartz tube (inner diameter
= 3.8 mm). To ensure stable packing, two layers of quartz wool
were placed above and below the sample (Fig. 1c). The first pre-
treatment involved the introduction of H,/Ar (5.0 vol%/95.0
vol%), and the second pretreatment was conducted by introdu-
cing CO/0,/N, (0.80 vol%/0.80 vol%/98.40 vol%). Each pretreat-
ment was conducted at a gas flow rate of 100 mL min™" for
30 min at 200 °C. A gas chromatograph (GC-14B, Shimadzu,
Japan) was used to evaluate the catalytic performance. The
same mixture and gas flow rate used in the second pretreat-
ment were applied, with the furnace temperature set to the
range of 50 °C-300 °C. Eqn (1) was used to calculate the CO
conversion to CO,:

COin — COgyt

CO conversion to CO, [%] = o
in

x 100%, (1)
where CO;, and CO,,, represent the peak areas of CO mole-
cules (mol) at the inlet and outlet of the catalyst bed,
respectively.

Results and discussion

Fig. 2 shows the morphology of the porous TWC particles
when PMMA was used as a template at different concen-
trations in the precursor. At PMMA concentrations of
0.1-2 wt%, while maintaining the TWC concentration at
1 wt%, spherical porous TWC particles with large open pores
on the particle surface were obtained after removing the tem-
plate (Fig. 2a-d). However, at a PMMA concentration of 3 wt%,
certain porous TWC particles were observed to have broken in

This journal is © The Royal Society of Chemistry 2025

the TP3 sample (Fig. 2e). This indicated that spherical par-
ticles were obtained when the mass ratio of PMMA to TWC
was up to 2. A deviation from this ratio can result in non-
spherical and fragmented particles. Moreover, increasing the
PMMA concentration from 0.1 to 2 wt% led to an increase in
the volume of the porous TWC particles, indicated by an
increase in their mean geometric diameter from 0.66 to
1.29 pm, respectively (Fig. S5). In addition, owing to the use
of PMMA particles with a uniform size of 0.36 pm, the surface
pores had similar sizes with an average diameter of 0.30 pm
(Fig. S6t). This slight reduction in pore size can be attributed
to particle shrinkage, which occurred as a result of exposure to
high temperatures during the synthesis process.'>"'*?>%3%3¢
However, after the spray and template removal process, no sin-
tering was observed within the porous TWC frameworks in all
samples, indicating the stability of the porous TWC particles
and their active components. These stability characteristics are
primarily maintained by the support materials, CeZrO, and
Al,O3, present in the TWC particles. Detailed information
regarding the stability analysis of porous TWC particles during
the synthesis process is provided in section 2 of the ESIL.{ The
SEM images showed that the number of pores increased with
an increase in the PMMA concentration, indicating that the
number of pores can be controlled by adjusting the PMMA
concentration. Fig. 2f shows that the experimental surface pore
density (number of pores on the surface of a porous TWC par-
ticle divided by its surface area) increased from 0.67 to 3.31
pore per pm” with an increase in the PMMA concentration
from 0.1 to 2 wt%, respectively. Detailed information regarding
the experimental surface pore density is provided in section 4
of the ESI.{ To verify the potential for internal pore formation
in porous TWC particles, the theoretical surface pore density
was calculated. Detailed calculations regarding the theoretical

Nanoscale, 2025,17, 2841-2851 | 2843
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Fig. 2 SEM images of porous TWC particles at PMMA concentrations of (a) 0.1, (b) 0.5, (c) 1, (d) 2, and (e) 3 wt%. (f) Surface pore density at various

PMMA concentrations.

surface pore density are available in section 4 of the ESL{ As
the result, a similar trend was observed in the calculated
curve, where the theoretical surface pore density increased
from 1.25 to 4.10 pores per pm*> at PMMA concentrations of
0.1-0.5 wt%, closely matching the measured values (Fig. 2f).
Furthermore, with an increase in the PMMA concentration to 1
and 2 wt%, the differences between the experimental and
theoretical surface pore density widened. Although the concen-
tration shifted from 0.5 to 1 and 2 wt%, there was no substan-

tial improvement in the experimental surface pore density,
indicating that at both concentrations, the porous TWC par-
ticles may possess both surface and internal pores. The
internal pores could not be measured from the SEM images,
leading to discrepancies between the experimental and calcu-
lated results. Thus, further analysis was required to observe
the internal parts of the porous TWC particles.

TEM was conducted to observe the internal structure of the
TWC particles (Fig. 3). The TEM images showed that without

Fig. 3 TEM images of (a) aggregate TWC particles at a concentration of 1 wt% without PMMA and porous TWC particles at PMMA concentrations of

(b) 0.1, (c) 0.5, (d) 1, (€) 2, and (f) 3 wt%.
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PMMA, no pores were observed in the aggregate TWC particles
(Fig. 3a). When PMMA was introduced at concentrations
ranging from 0.1 to 2 wt%, certain pores formed in the
samples (Fig. 3b-e). Consistent with the SEM images, the
number of pores in the porous TWC particles increased with
an increase in the PMMA concentration, confirming the con-
trollable pore formation in these particles. Furthermore, the
TEM images showed that the TP1 and TP2 particles were more
porous than the TPO0.5 particles, although the SEM images
indicated that these samples had similar experimental surface
pore densities. This confirmed the formation of internal pores
in porous TWC particles at PMMA concentrations of 1 and
2 wt%. In addition, the broken framework structure of TP3
particles was evident in the TEM analysis when a PMMA con-
centration of 3 wt% was used in the precursor (Fig. 3f). This
broken structure was undesirable and was not investigated
further.

Further analysis using FIB cross-sectional SEM images was
conducted to observe the internal structure of the porous TWC
particles. Fig. 4a shows cross-sectional images captured using
the FIB-SEM imaging method. Twelve images of particle slices,
taken every 50 nm in depth, were used to comprehensively
observe the interconnected pore structure formation in the
porous TWC particles. This enabled a deeper understanding of
the surface and internal pore distribution in the porous TWC
particles at different PMMA concentrations. Fig. S7at shows
the highlighted regions of surface and internal pores in the
cross-sectional image of the porous particles. TP0.5, TP1, and
TP2 were selected as representative samples. According to
Fig. 4b1-12, the TP0.5 particles only exhibited several con-
nected pores located at the periphery of the particles, known
as surface pores. This corresponded with the experimental
surface pore density, which was similar to the theoretical value
at a PMMA concentration of 0.5 wt%, indicating that no
internal pores were generated. Furthermore, the TP1 particles
only possessed several surface pores at a slice depth in the
range of 250-350 nm (Fig. 4c1-3). However, in deeper slices,
it was confirmed that a pore was located in the middle of
the particles. This pore was categorized as an internal pore
because it was located at a slice depth between 400 nm and
the middle of the porous TWC particles (Fig. 4c4). At a slice
depth in the range of 550-700 nm, all the surface and
internal pores were connected, forming an interconnected
pore structure (Fig. 4c7-10). This suggested that internal
pores play crucial roles in forming interconnected pore net-
works. Moreover, TP2 began to exhibit an interconnected
pore structure from the beginning to the end of the slice
depth (Fig. 4d1-12). This demonstrated that at this concen-
tration, the porous TWC particles had a more extensive inter-
connected pore structure compared with those formed with
a PMMA concentration of 1 wt%. At higher PMMA concen-
trations, there were more areas where pores could form,
increasing the pore regions that created interconnected pores
throughout the porous TWC particles. Thus, the intercon-
nected pore regions in TP2 became more extensive than
those in TP1.

This journal is © The Royal Society of Chemistry 2025
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The porous properties (framework thickness and macropor-
osity) were determined from the FIB cross-sectional SEM
images and compared with theoretical calculations. Detailed
information regarding the measurements and calculations of
the framework thickness and macroporosity is available in
section 5 of the ESL{ Fig. 4e shows that the thickness of the
particle framework decreased with an increase in the PMMA
concentration. Among the three samples, the TP2 sample
exhibited the thinnest framework (75.1 nm). The particle
framework thickness observed in the experiment was higher
than that calculated in all cases. The rearrangement of TWC
NPs from the interconnected pore area to other spaces led to
the formation of a thicker framework in the real porous TWC
particles. However, a similar trend of a decrease in the frame-
work thickness with an increase in the PMMA concentration
was observed in the curve. This phenomenon suggested that
controlling the formation of the interconnected pore structure
by varying the PMMA concentration affected the framework
thickness, which can be predicted through calculations. Here,
the macroporosity of the porous TWC particles refers to the
porosity resulting from the formation of macropores due to
the decomposition of PMMA particles. Fig. 4f shows that the
macroporosity of the porous TWC particles was directly pro-
portional to the PMMA concentration. The decomposition of
PMMA particles produced macropores, which created voids in
the particles. Higher PMMA concentrations led to the for-
mation of larger voids, thereby increasing the macroporosity.
When the PMMA concentration was increased from 0.5 to
2 wt%, porous TWC particles with macroporosities ranging
from 39% to 76.5% were obtained. In addition, the macropor-
osities obtained from the calculations consistently exceeded
the experimental results. The shrinkage of the TWC particles
after the reheating process may have reduced the macroporos-
ity of the particles, resulting in a lower macroporosity than
that predicted by the calculations. However, a similar trend of
an increase in macroporosity with an increase in the PMMA
concentration suggested that the change in this property could
be predicted by calculations.

As previously mentioned, the interconnected pore structure
begins to generate when all the surface and internal pores of
the porous TWC particles are connected. According to the mor-
phological analysis, at low PMMA concentrations of 0.1 and
0.5 wt%, pores were only observed on the surface of the porous
TWC particles. At these concentrations, the low number of
PMMA particles allowed the porous TWC particle surface area
to accommodate all the PMMA particles on the surface. Under
these conditions, interconnected pore formation was not
observed because of the absence of internal pore formation in
the porous TWC particles. Conversely, porous TWC particles
with interconnected pore structures were obtained when the
PMMA concentration was increased to 1 and 2 wt%. This struc-
ture formed when both surface and internal pores existed in
the porous TWC particles. This phenomenon occurred
because the porous TWC particle surface area was not
sufficiently large to accommodate all the PMMA particles on
the surface, resulting in their distribution on the surface and

Nanoscale, 2025,17, 2841-2851 | 2845


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03770g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 January 2025. Downloaded on 1/9/2026 1:20:04 AM.

[{ec

View Article Online

Paper Nanoscale

5 8
6 7

nth cross-sectional

— —

1000 mmm Experiment 100 ( i) s Experiment

E —o—Calculation ’\? —e—Calculation
v =

100 - =
% 2 60 -
= g
£ 0 E

[
aZ) S 20 4
[
iy 1 - 0 -
0.5 1 2 0.5 1 2
PMMA concentration [wt%] PMMA concentration [wt%]

Fig. 4 (a) Schematic illustration of the cutting plane for cross-sectional observations. FIB cross-sectional SEM images of porous TWC particles pre-
pared at PMMA concentrations of (b) 0.5, (c) 1, and (d) 2 wt% and their (e) framework thicknesses and (f) macroporosities.

in the particles. Thus, a simple numerical equation was devel- where npymasdroplety Ac-Fwpmma, and Ag,e represent the number
oped to formulate the critical condition for interconnected of PMMA particles in one droplet, the area of one PMMA par-

pore structure formation in the porous TWC particles. ticle including its framework thickness (Fig. S8f), and the
porous TWC particle surface area, respectively. Eqn (2) shows
MpMMa /droplet X Ac-rwpmma > Aspe, (2)  that when the required surface area for PMMA particles on the
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surface (Mpmmasdroplet X Ac-rwpmma) €xceeded the porous TWC
particle surface area (4gp.), PMMA particles were present on
the surface and in the TWC particles. Conversely, when
NpmMa/droplet X Ac-rwpmma Was equal to or less than Agp,, all the
PMMA particles could be accommodated on the surface of the
particles because there was sufficient available space. Detailed
information regarding the calculation of the critical point of
internal pore formation is provided in section 6 of the ESLf
Fig. 5a shows the plotting curve of this equation. According to
the curve, at PMMA concentrations of 0.1 and 0.5 wt%, the
required surface area for PMMA particles on the surface,
Mpmmasdroplet X Ac-rwpmma (0.81 and 2.37 um?, respectively) was
lower than their porous particle surface area, Ay, (1.60 and
2.68 um?, respectively). Thus, all the pores were accommo-
dated on the surface of the particles. Under these conditions,
no internal pore formation was observed in the porous TWC
particles because of the absence of PMMA particles in the
center of the particles. Thus, at PMMA concentrations of 0.1
and 0.5 wt%, no interconnected pore structure formation was
observed in TP0.1 and TPO.5, consistent with the results of the
particle morphology analysis. The curve showed that the criti-
cal point for interconnected pore structure formation from the
calculation was at a PMMA concentration of 1.3 wt%. This
result was sufficiently close to the experimental result where
internal pores began to form at a PMMA concentration of
1 wt%. The difference was attributed to the less uniform pore
distribution in the real porous TWC particles, resulting in
internal pores forming at lower PMMA concentrations than
those predicted via calculations. However, the total area of the
PMMA particles exceeded the particle surface area at a PMMA
concentration of 2 wt%. Thus, not all the PMMA particles
could be accommodated on the surface of the porous particles.
At this point, 41 PMMA particles were located on the surface,
whereas 4 PMMA particles were in the particles (Table S37).
Thus, porous TWC particles with interconnected pore struc-
tures were obtained because of the presence of surface and
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internal pores. In line with this, the critical point of broken
structure formation was determined. With an increase in the
PMMA concentration, more TWC NPs were needed to form
adequate frameworks around the PMMA particles. Thus, the
minimum number of TWC NPs required for PMMA concen-
trations ranging from 0.1 to 3 wt% was calculated and com-
pared with the provided TWC NPs at a TWC concentration of
1 wt%. Detailed information regarding the calculation process
is provided in section 7 of the ESI.{ According to the curve, the
minimum number of TWC NPs required increased with an
increase in the PMMA concentration (Fig. 5b). The critical
point for the formation of broken structures was at a PMMA
concentration of 2.1 wt%.

Fig. S10f shows the interconnected pore structure for-
mation mechanism in the porous TWC particles, enabling a
deeper comprehension of the particle self-assembly behavior
of the precursor components during drying and their resulting
porous properties. This process began with the generation of
droplets containing precursor components of TWC NPs and
PMMA particles through atomization. Considering that the
precursor components possessed the same positive surface
charges, repulsive interactions occurred, causing them to
move individually.>’° As water evaporated under the heat of
the vertical furnace, the droplet shrank, causing the particles
to compact into composite particles.*’*° At a low PMMA con-
centration of 0.5 wt%, a few PMMA particles, a large surface
area, and many spaces were observed in the droplet
(Fig. S10at). This condition allowed all the PMMA particles to
be accommodated on the surface composite particles. After
the template removal process, porous particles with no inter-
connected pore structure, a thick framework, and low macro-
porosity were formed in the TP0.5 samples. At a concentration
of 1 wt%, a moderate number of PMMA particles were present.
This condition resulted in their distribution on the surface
and in the composite particles because their surface area was
not sufficiently large to accommodate all the PMMA particles
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TWC NPs
800000 4——The provided TWC

NPs
600000 -
400000 - .
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200000 1 Unbroken
structure
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Fig. 5 Ciritical condition curves for the formation of (a) internal pores and (b) broken structures of porous TWC particles as the effect of PMMA

concentrations.
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on the surface (Fig. S10bf). This arrangement led to the for-
mation of interconnected pores, as well as moderate frame-
work thickness and macroporosity in the TP1 samples.
Furthermore, increasing the PMMA concentration to 2 wt%
resulted in a large number of PMMA particles in the droplet
(Fig. S10ct). Under this condition, there was not much space
in the droplet, and the particle surface area was not sufficiently
large to accommodate all the PMMA particles on the surface.
Thus, TP2 exhibited unique structural morphologies,
including interconnected pores, a thin framework, and high
macroporosity, obtained after removing the PMMA template.
Porous TWC particles obtained at various PMMA concen-
trations were subjected to CO oxidation tests to evaluate their
catalytic performance. Fig. 6a shows that at low temperatures
from 50 °C to 110 °C, all the samples had similar CO oxidation
performances. This indicated that at such low temperatures,
the reaction rate was solely controlled by the inherent reactivity
of the catalyst, which originated from the same physical cata-
lytic properties. The characterization of the crystal structure,
N, adsorption-desorption isotherms, pore-size distributions,
and SSA of the selected samples (porous TWC particles with
PMMA concentrations of 0.5, 1, and 2 wt%) indicated that the
samples had similar physical properties (section 9, ESIT).
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Fig. 6
(c) framework thickness and (d) macroporosity at 130 °C.
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Thus, the different structural morphologies of the porous TWC
particles did not significantly contribute to the catalytic per-
formance at low temperatures, resulting in similar catalytic
performances.” Interestingly, within the temperature range of
120 °C-300 °C, significant differences in the CO oxidation per-
formance were observed. According to the curve, porous TWC
particles with PMMA concentrations of 0.1, 0.5, 1, and 2 wt%
achieved 100% CO oxidation at 290 °C, 210 °C, 160 °C, and
130 °C, respectively. This indicated that within the aforemen-
tioned temperature range, the catalytic performance was pri-
marily controlled by the different diffusion efficiencies of the
gaseous reactants in the porous TWC particles because of their
different internal structures. TP0.1 and TPO0.5 required higher
temperatures to achieve 100% CO oxidation compared with
TP1 and TP2, suggesting a lower efficiency in the diffusion of
the gaseous reactants. These phenomena were attributed to
the absence of an interconnected pore structure in TP0.1 and
TPO.5. According to the morphological analysis, these samples
only possessed surface pores. Consequently, it was difficult for
the gaseous reactants to access the active sites in the porous
TWC particles. Thus, the reactants mainly interacted with the
active sites around the surface pores. Conversely, the higher
catalytic performance of TP1 and TP2 corresponded to the
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(a) CO conversion into CO, and (b) CO oxidation rate of porous TWC particles at different PMMA concentrations and its relationship with the
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interconnected pore structure formation in these samples. The
continuous network extending from the surface to the interior
of the porous TWC particles, provided by the interconnected
pore structure, allowed gaseous reactants to access more active
sites on the surface and in the internal pores. However, the
more extensive interconnected pore structure observed in TP2
enhanced the convective diffusion of gaseous reactants in the
TP2 particles, resulting in their superior catalytic performance
compared with that of TP1. Furthermore, the CO oxidation
rates of the porous TWC particle samples at 130 °C were inves-
tigated to compare the effective utilization of their internal
parts (Fig. 6b). Among the other samples, the TP2 sample
exhibited the highest CO oxidation rate (53.3 mL (min ge.) ).
The catalytic performance of TP2 was twice that of TP0.1. This
result showed an improvement in the catalytic performance of
the porous TWC particles, facilitated by the effective diffusion
of gaseous reactants. To better understand the improvement
in the diffusion of gaseous reactants, the correlation among
framework thickness, macroporosity, and the rate of CO oxi-
dation was determined. Fig. 6¢c shows that the CO oxidation
rate increased with a decrease in the framework thickness of
the porous TWC particles. Porous TWC particles with a thin
framework create lower limitations for gaseous reactants to
diffuse into the framework. This condition promotes a high
molecular diffusion of the gaseous reactants and effectively
utilizes the internal parts within the frameworks of the porous
TWC particles. Furthermore, the CO oxidation performance
increased with an enhancement in the particle macroporosity
(Fig. 6d). Porous TWC particles with high macroporosity can
enhance the convective diffusion of gaseous reactants in the
pores. Higher macroporosity indicates that macropores are
more extensively distributed on the surface and internal part
of porous TWC particles. These macropores provide large
channels that reduce diffusion barriers and enable gaseous
reactants to access the active sites more efficiently within the
porous structure. Compared to catalysts with lower macropor-
osity, where reactants encounter more resistance and restricted
access to active sites, the presence of larger macropores facili-
tates a greater volume of accessible channels, which can
reduce diffusion resistance. Thus, porous TWC particles from
a PMMA concentration of 2 wt%, with an interconnected pore
structure, the thinnest framework, and the highest macropor-
osity, demonstrated a higher CO oxidation performance than
the other samples. Following its impressive catalytic perform-
ance, this sample was further evaluated to investigate its long-
term stability structure under catalytic operating conditions.
Details of this investigation are provided in section 10 of the
ESL.t The results demonstrate that porous TWC particles
exhibited excellent stability of the porous structure, as indi-
cated by the absence of morphological changes, such as frame-
work collapse, pore coalescence, or structural degradation,
even after a 6 h test at 130 °C. With characteristics that demon-
strate high catalytic performance and structural stability over
long-term usage, these particles offer great potential for use in
catalytic converters for vehicle emission control. By evenly dis-
tributing the particles on the wall of the ceramic monolith in
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the catalytic converters, the porous TWC particles promote
efficient contact with gaseous reactants. Moreover, the porous
structure provides effective diffusion of gaseous reactants,
leading to improved utilization of the internal part of the cata-
lyst and enhancing catalytic performance.

Conclusions

Porous TWC particles with a precisely controlled intercon-
nected pore structure, thin framework, and high macroporosity
were fabricated using a template-assisted spray method. By
adjusting PMMA concentrations (0.1-2 wt%) during the spray
process, the internal pore generation was effectively controlled,
forming a continuous interconnected pore network that facili-
tated access to active sites. Through comprehensive experi-
mental observations and theoretical modeling, the pore struc-
ture, framework thickness, and macroporosity of the porous
TWC particles were successfully predicted. FIB cross-sectional
SEM images show that at a low PMMA concentration
(0.5 wt%), the porous TWC particles only exhibited surface
pores with several connected pores. At an optimal PMMA con-
centration of 2 wt%, the particles exhibited a thin framework
and high macroporosity, which enhanced both molecular and
convective diffusion of gaseous reactants, thereby improving
the effective utilization of the internal structure. These find-
ings highlight the importance of precisely controlled pore
structures in improving mass transfer and catalytic efficiency
in TWC particles, offering valuable insights for catalyst design.
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