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Catalyst particles with macroporous structures have been attracting much attention because of their high
molecular diffusions and catalytic activities. In this study, macroporous-structured three-way catalyst
(TWC) particles were synthesized via a template-assisted spray process followed by an additional heating
process. Several process parameters, i.e., carrier-gas type, template size, and reaction temperature, were
investigated to enable preparation of macroporous particles with controllable porous structures and
interconnected pore networks. The mass transfer coefficients of the obtained macroporous TWC particles
were assessed using the Linear Driving Force approximation to understand the effects of the macroporous
structure on the mass transfer improvement. The results showed that the introduction of macropores into
TWC particles enhances the mass transfer coefficient.
� 2022 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

A heterogeneous catalyst is one kind of catalysts, where its
phase differs from those of reactants and products [1]. Heteroge-
neous catalysts have a wide range of applications because this
phase difference enables easy removal and recovery of the catalyst
from the mixtures after reactions [2–4]. However, the activation of
a heterogeneous catalytic process requires a large amount of
energy [5]. It is therefore essential to boost the catalytic activity
to minimize energy consumption and the environmental impact.
Many previous studies have shown that the introduction of porous
structures improves the catalytic performance [6–8]. Porous struc-
tures are getting a lot of attraction from scientists because of their
ability to interact with the reactants, adsorbents, ions, and atoms
on their surfaces and interiors. The pore classifications are identi-
fied according to their size: the pores with size below 2 nm are
called micropores, those in size range of 2–50 nm are denoted as
mesopores, and those above 50 nm are macropores [9].

Macroporous structures are highly attractive in many applica-
tions, e.g., photocatalytic, electrocatalytic, adsorption, and energy
storage applications, because of their high mass transfer efficien-
cies [10–12]. In terms of photocatalytic applications, Iskandar
et al. and Arutanti et al. produced the macroporous structures that
improve the photocatalytic performances of TiO2 and WO3/Pt cat-
alysts [13–15]. The organic compound photodegradation activities
under visible light of the prepared macroporous catalysts showed
five to ten times higher than those of dense and nanostructured
catalysts. Regarding electrocatalytic applications, Balgis et al. used
an aerosol method to synthesize the macroporous carbon-
supported Pt particles with enhanced electrocatalytic activities
[16–18]. These results indicated that the macroporous structures
can allow high Pt loading and improve the electrocatalytic perfor-
mance as a result of their greater active surface area and mass
transfer promotion. In terms of adsorption, Rahmatika et al. pre-
pared the macroporous particles by aerosol spray method for pro-
tein adsorption [19–21]. These macroporous particles exhibited
excellent protein adsorption capacities and gave rapid adsorption
rates because the macroporous structure promoted the protein
transportation. Furthermore, Zheng et al. prepared three types of
porous catalysts, namely mesoporous, micro-mesoporous, and
micro-meso-macroporous structures, for electrochemical perfor-
mances [22]. The results demonstrated that lithium-storage per-
formances were enhanced by the introduction of macroporous
structures. These improvements in material performances arise
from the mass transfer enhancement by the macroporous struc-
tures, where reactants or adsorbates are quickly transported from
the outer surface into the inner pores of the structures [23]. The
attractive advantages of the macroporous structures suggest that
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the concept ‘‘introduction of macroporous structure” would be
able to utilize in other functional powder materials.

Three-way catalyst (TWC) is a crucial and efficient material,
which is utilized in vehicle’s aftertreatment systems to reduce
hydrocarbon, CO, and NOx emissions into the environment [24–
26]. These three primary exhaust components can be simultane-
ously converted to CO2, H2O, and N2 by the catalysis of platinum
group metals (PGM) in TWC [27]. The PGM components are
anchored to the strong stabilizers, i.e., Al2O3 and CexZr1�xO2,
because of their excellent thermal stabilities and oxygen storage
capacities [28,29]. Until now, the TWC materials have been ade-
quate for achieving removal of harmful gases to meet current emis-
sion regulations. However, governments across the world continue
to issue new regulations with lower emission limits to minimize
the adverse impacts on human health and the environment of air
pollution caused by exhaust emissions [30]. Therefore, finding an
efficient utilization of TWC to improve its catalytic performance
is still a challenge, and macroporous-structured TWC is expected
to achieve this goal.

Based on the above background, this study focused on the
preparation of the macroporous TWC particles. Macroporous
TWC particles were synthesized via a template-assisted spray
approach [31,32] with subsequent additional heating process,
and the assistance of a poly(methyl methacrylate) (PMMA) as a
template. As preliminary experiment, this paper focused on inves-
tigating the effects of important experimental parameters, i.e.,
carrier-gas type, reaction temperature, and template size on the
preparation of macroporous TWC particles. In addition, the effec-
tiveness of the macroporous structure of the TWC particles was
investigated by using the Linear Driving Force (LDF) approximation
to assess their mass transfer coefficients. To the best of our knowl-
edge, this is the firstly reported study focused on synthesizing
macroporous TWC particles to improve their mass transport
efficiency.
2. Materials and methods

2.1. Materials

Macroporous TWC particles were prepared from precursor solu-
tions containing TWC nanoparticles and commercial PMMA parti-
cles in deionized water. The raw TWC sample with particle size of
8 ± 3 nm, which was counted approximately 150 particles from
transmission electron microscopy (TEM) images, is shown in
Figure S1(a) (Supplementary material). Figure S1(b) and (c)
(Supplementary material) show the morphologies of two kinds of
PMMA (i.e., 67 ± 8 and 242 ± 14 nm, respectively) and their particle
size distributions, which were obtained by counting approximately
300 particles from scanning electron microscopy (SEM) images. A
slurry containing 20 wt% of TWC nanoparticles was obtained from
the Mitsui Mining & Smelting Co., ltd., Tokyo, Japan. Commercial
PMMA particles were obtained as powders from the Sekisui Plas-
tics Co., ltd., Tokyo, Japan. Deionized water was used as the solvent
in all experiments.
2.2. Preparation of macroporous TWC particles

Prior to the experiments, the precursor solutions were ultrason-
icated for several minutes at room temperature to ensure homoge-
neous dispersion of the TWC and PMMA particles. The TWC
concentration was set at 1.0 wt% under all conditions, and two
types of PMMA (i.e., 67 and 242 nm) were used at a PMMA/TWC
mass ratio of 1.0. A control sample without PMMA (denoted by
P0-TWC) was prepared under the same conditions for comparison
with the macroporous TWC particles.
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The precursor solutions were then introduced into the spray
apparatus; a schematic diagram of the set-up is shown in Fig. 1
(a). A more detailed description of the components and mechanism
of the spray method are available in a previous publication [33].
Briefly, the precursor solutions were pumped into an ultrasonic
nebulizer (NE-U17, Omron Healthcare Co., ltd., Kyoto, Japan, oper-
ated at 1.7 MHz), in which droplets were generated. The droplets
were then transported by the carrier gas through a ceramic furnace
(diameter 12 mm, length 1500 mm) with four temperature zones
set at 250, 350, 500, and 500 �C, respectively. Nitrogen (N2) or air
was used as carrier gas at a flow rate of 2 L min�1. The final prod-
ucts were then obtained from a glass fiber filter, which was heated
at 150 �C to prevent water condensation. All samples were denoted
by A-TWC-B, where A represents the PMMA types (A = P1 and P2
for samples prepared from PMMA 67 and 242 nm, respectively)
and B indicates the carrier-gas type (B = A for air and blank for
N2). The effects of the carrier-gas type on the particle morphology
were investigated by preparing a TWC/PMMA composite under the
following conditions: PMMA 242 nm were used at a PMMA/TWC
mass ratio of 1.0; the four temperature zones were set at 150,
300, 300, and 300 �C, respectively; and N2 at a flow rate of 1 L
min�1 was used as the carrier gas. Another macroporous sample
was prepared from a PGM-free TWC and PMMA 242 nm in an air
flow as the carrier gas (denoted by P2-WP-A) to investigate the
effects of the PGM on the PMMA decomposition rate in air. After
preparation of the macroporous TWC particles by the spray
method, an additional heating process was required to completely
remove the remaining PMMA from the products. The heating pro-
cess was performed in a horizontal furnace (Fig. 1(b)), and the tem-
perature was increased to 500 �C with the increasing step of
5 �C min�1 and kept for 1 h. Air was introduced 30 min prior to
the heating process at a flow rate of 3 L min�1 to remove the other
gases inside the furnace, and the gas flow rate was then set at 1 L
min�1 during the heating process. All samples that had been sub-
jected to the additional heating step are denoted by A-TWC-B-H.
Details of the precursor contents and spray conditions are given
in Table 1.

2.3. Characterization of porous TWC particles

The morphologies of the as-prepared samples were examined
by a field-emission SEM (FE-SEM; S-5200, 3–5 kV, Hitachi Corp.,
ltd., Tokyo, Japan) and a TEM (JEM-2010, 200 kV, JEOL Corp., ltd.,
Tokyo, Japan). TEM Tomography and energy dispersive X-ray spec-
troscopy (EDS) element mapping of the prepared samples were
performed at an accelerating voltage 297 kV (JEM-3000F, JEOL
Corp., ltd., Tokyo, Japan). Three-dimensional (3D) reconstruction
and visualization were performed with TEMography software
(SYSTEM IN FRONTIER Inc.). The crystal structures of the prepared
particles were determined by X-ray diffraction (XRD; D2 PHASER,
Bruker Corp., Billerica, MA, USA). The decomposition and remain-
ing amounts of PMMA in the different types of carrier gas were
analyzed by thermogravimetric analysis (TGA; TGA-50/51, Shi-
madzu Corp., Kyoto, Japan). The TGA was performed with N2 or
air at a gas flow rate of 50 mL min�1, and the temperature was
increased at a rate of 10 �C min�1. The N2 adsorption–desorption
isotherms were conducted at 77 K using a BELSORP-max (Micro-
tracBEL Japan, Osaka, Japan); the specific surface area (SSA) and
pore characteristics were determined by using Brunauer-
Emmett-Teller, Barrett-Joyner-Halenda (BJH), and Horvath–Kawa-
zoe methods. The CO2 adsorption capacities and CO2 adsorption
rates were also performed at 298.15 K by using the BELSORP-
max instrument. Mass transfer coefficients were determined from
the CO2 adsorption rate and by using the LDF approximation;
details are available in a previous publication [34]. Briefly, the
change in the adsorbed amount with time is written as.



Fig. 1. Experimental set-up for spray method (a) and additional heating process (b).

Table 1
Conditions for synthesis of porous TWC particles.

Sample TWC type PMMA size
[nm]

PMMA concentration
[wt%]

Carrier gas

P0-TWC With PGM – – N2

P1-TWC With PGM 67 1.0 N2

P2-TWC-A With PGM 242 1.0 Air
P2-WP-A Without PGM 242 1.0 Air
P2-TWC With PGM 242 1.0 N2
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dC
dt

¼ kLDFðCe � CÞ

where kLDF is the particle mass transfer coefficient [s�1], Ce is the
adsorbed amount at equilibrium, and C is adsorbed amount at time
t [s]. Integration of this equation with the boundary conditions, t = 0
and C = C0 gives.

ln
C � Ce

C0 � Ce

� �
¼ �kLDF � t

The particle mass transfer coefficient can be obtained from
above equation. All samples were pretreated for 6 h at 110 �C
under vacuum conditions to eliminate water.

3. Results and discussion

3.1. Morphology of porous TWC particles

The effects of the carrier-gas type on macroporous TWC particle
formation are shown in Fig. 2. The SEM image in Fig. 2(a) demon-
strates that the spherical and macroporous TWC particles were
formed when the carrier gas was N2. The macroporous particles
formation using template in our study is consistent with previ-
ously reported results [18,32,33]. Fig. 2(b) shows that broken por-
ous TWC particles were obtained when air was used as the carrier
3

gas instead of N2. For better understanding this phenomenon, the
TWC/PMMA composite particles were prepared by a spray method
at a low temperature. The SEM images of the TWC/PMMA compos-
ite (Fig. 2(c)) shows the spherical particles with some surface
pores, which arise from partial decomposition of PMMA. The
TWC/PMMA composite was then analyzed by TGA with different
gases, as shown in Fig. 2(d). The TGA curves show rapid decompo-
sition of PMMA at 320 �C in air, but slow decomposition in N2.
These results show that the air atmosphere promoted decomposi-
tion of PMMA in the TWC/PMMA composite, and this resulted in
particle breakage. The reason for promotion of PMMA decomposi-
tion might come from the catalysis of active components in TWC. A
TWC material usually contains PGM components for the catalytic
conversion and CexZr1�xO2 as an oxygen storage material, which
can adsorb and release oxygen for the reactions in the TWC system
[28]. The PGM or CexZr1�xO2 components in the TWC material
could therefore promote the PMMA decomposition in air, with for-
mation of broken TWC particles.

To identify which components in TWC promoted the PMMA
decomposition in air, the same procedure was used to produce
macroporous TWC particles (P2-WP-A) from a TWC material that
did not contain PGM components. The SEM image of this sample
(Fig. 3(a)) shows that spherical macroporous TWC particles were
obtained in the absence of PGM components. The TGA curves in
Fig. 3(b) show fast decomposition of PMMA in an air atmosphere



Fig. 2. SEM images of P2-TWC (a), P2-TWC-A (b), and prepared TWC/PMMA composite (c) and its TGA curves in N2 and air atmospheres (d).
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in the presence of PGM, but slow decomposition of PMMA for
PGM-free TWC. The PGM components are therefore mainly
responsible for fast decomposition of PMMA in air. Generally, Pal-
ladium (Pd) in PGM is used to promote the oxidation of the organic
compounds in the exhaust emissions with the cooperation of oxy-
gen in the air [35]. The presence of Pd component in the macrop-
orous TWC particles was confirmed, as shown in Figure S2
(Supplementary material). The oxidation of PMMA was therefore
accelerated by the catalysis of Pd during template decomposition
at high temperatures. Rapid decomposition of the template could
lead to a massive gas release in a short time from the inside of
the particle. This gas release could destroy the wall formed by
TWC nanoparticle aggregations, which would result in the broken
particles. Based on above results, Fig. 3(c) proposes the formation
mechanisms of macroporous TWC particles derived from TWC
materials with and without PGM in air as carrier gas. Briefly, after
the water has evaporated from the droplets, spherical TWC/PMMA
composite particles are obtained. For TWC that contains PGM, the
PGM component catalyzes PMMA decomposition in air, and then
large quantities of gas from the PMMA decomposition process
are released in a short time. The large amount of gas destroys
the TWC wall, which results in particles breakage. Meanwhile, in
case of TWC without PGM, the PMMA decomposition rate is low,
and the gas is slowly released from the TWC particles. Spherical
TWC particles are obtained from the PGM-free TWC even though
the presence of oxygen in process. In conclusion, spherical macro-
porous TWC particles were successfully prepared by using N2 as
the carrier gas in the case of PGM-containing TWC materials.
4

The TGA curve of TWC/PMMA composite in a N2 atmosphere
shows the continuous reduction up to 500 �C, indicating the spray
temperature was insufficient for the complete PMMA decomposi-
tion. The TGA results in Fig. 2(d) also show that PMMA was com-
pletely decomposed before 500 �C in air. Therefore, an additional
heating step in air was required to completely remove the PMMA
from the prepared macroporous TWC particles after the spray pro-
cess. However, prolonged heating at a high temperature decreases
the TWC surface area and activity because of migration and incor-
poration of the PGM components in the TWCmaterials [36,37]. The
temperature for the additional heating step was therefore set at
500 �C in an air atmosphere. Fig. 4 shows the morphologies of
the TWC particles prepared with and without a template as well
as before and after the additional heating process. Fig. 4(a) shows
SEM and TEM images of the spherical and aggregate TWC particles
that were obtained in the absence of PMMA. Spherical and macro-
porous particles were formed in the presence of PMMA, as shown
in Fig. 4(b) and (c). These results demonstrate that the spherical
morphology was retained during the change from an aggregate
structure to a macroporous structure by addition of PMMA as a
template. Furthermore, the morphologies of the prepared TWC
particles were retained during the additional heating process both
without (Fig. 4(a-1) and (a-2)) and with (Fig. 4(b-1), (b-2) and
(c-1), (c-2)) template. Because most of the PMMA had decomposed
during the spray process, not much gas was released during the
additional heating process, therefore no broken particles were
obtained. However, the particle sizes of all the samples decreased
during the additional heating process because of particle shrinkage



Fig. 3. SEM images of P2-WP-A (a), TGA curves of mixtures of TWC with and without PGM, and PMMA 242 nm in air (b), and proposed mechanisms of macroporous TWC
particle formation from TWC materials with and without PGM using air as carrier gas (c).
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at high temperatures [38]. Specifically, additional heating caused a
decrease in the particle size of the aggregate TWC particle
(P0-TWC) from 629 to 590 nm. Similar reductions in the particle
sizes also occurred for the P1-TWC and P2-TWC samples, from
778 to 733 nm and from 859 to 805 nm, respectively. Because of
the presence of the macropores, the macroporous TWC particles
were larger than the aggregate particles. In a comparison of the
results achieved with two different template sizes, i.e., 67 and
242 nm, the larger template provided the larger particle diameter.
The TEM images in Fig. 4(a-3)-(c-3) show the internal structures of
the porous TWC particles. In the absence of a template, the spher-
ical aggregate TWC particles were obtained by aggregations of
TWC nanoparticles (Fig. 4(a-3)), whereas use of PMMA as a tem-
plate gave spherical TWC particles with homogeneously dis-
tributed macropores (Fig. 4(b-3) and (c-3)).

An interconnected pore structure increases the mass transfer
efficiency [12,39]. Molecules easily penetrate from the outer sur-
face to the interior structure through the interconnected pore net-
work. The internal structure of the macroporous TWC particles was
clarified by using TEM Tomography analysis to measure the inte-
rior structure and construct a 3D structural representation. TEM
Tomography volume rendering videos of two samples derived from
PMMA of different sizes, i.e., 67 nm (P1-TWC-H) and 242 nm (P2-
TWC-H), are shown in Videos S1 and S2 (Supplementary videos),
respectively. Images of the 3D structures of P1-TWC-H and P2-
TWC-H are shown in Fig. 5. The images of the 3D structure of the
macroporous TWC sample derived from PMMA 67 nm (Fig. 5(a-
1)) shows an association of macropores and an interconnected pore
5

structure. The slice image of this sample in Fig. 5(a-2) shows the
macropore distributions inside the structure; these macropores
are connected to form an interconnected pore network inside the
particle. Fig. 5(b-1) shows the 3D structural images of the macro-
porous TWC sample derived from PMMA 242 nm; the intercon-
nected pore structure is more straightforward to be observed.
The slice image of this sample (Fig. 5(b-2)) shows the distributions
of the macropores inside the particles and the presence of some
voids between them. These voids are formed via the connections
between two adjacent macropores. Molecules can easily penetrate
deeper into the inner structure of the particle through these voids.
These results show that the macroporous TWC particles derived
from PMMA 242 nm possess an interconnected pore network. In
conclusion, use of PMMA 67 and 242 nm with PMMA/TWC at a
mass ratio of 1.0 can generate macroporous particles with inter-
connected pore structures.

The effectiveness of the additional heating process was con-
firmed by using TGA to determine the amounts of PMMA remain-
ing in the samples before and after additional heating. After the
additional heating process, PMMA had been completely eliminated
from the macroporous TWC particles (Figure S3(a), Supplementary
material). XRD measurements were also performed to determine
the TWC crystal structures after the spray and additional heating
processes. The results (Figure S3(b), Supplementary material)
show that the crystal structures were retained after the prepara-
tion, which indicates that the porous TWC particles possess similar
catalytic performances. Full details of the TGA and XRD results are
given in Supplementary material.



Fig. 4. SEM images (left) of P0-TWC (a-1), P1-TWC (b-1), and P2-TWC (c-1) samples before heating process, SEM (middle) and TEM (right) images of P0-TWC-H (a-2, a-3), P1-
TWC-H (b-2, b-3), and P2-TWC-H (c-2, c-3) samples after heating process.
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3.2. Gas adsorptions of porous TWC particles

N2 adsorption–desorption isotherms were measured and used
to evaluate the physical properties of the porous TWC samples
(Fig. 6(a)). The sample prepared in the absence of PMMA (P0-
TWC-H) exhibits a type IV isotherm with a hysteresis loop at high
relative pressures (P/P0 > 0.7); this is characteristic of a meso-
porous structure [40]. The N2 adsorption–desorption isotherms of
the samples prepared with PMMA (P1-TWC-H and P2-TWC-H)
possess type II isotherms with hysteresis loops at high relative
pressures; these indicate the characteristic of a macroporous struc-
tures [41]. The significant increases of N2 adsorption capacities at
the low relative pressures (P/P0 < 0.01) as well as the slow
increases at medium relative pressures demonstrate the presence
of microporous structures in these TWC particles [42,43]. More
details of the pore size distributions of P0-TWC-H, P1-TWC-H,
and P2-TWC-H are shown in Fig. 6(b). The P0-TWC-H sample pos-
sesses mesopores, which are constructed by aggregation of TWC
nanoparticles. The macroporous TWC particles derived from
PMMA 67 nm possess a macropore peak at 124 nm, and the
obtained macropore size is larger than the template size because
of the connections between macropores in the particles. A macro-
pore peak is not observed in the P2-TWC-H pore size distribution
(Fig. 6(b)) because the obtained macropores are larger than
200 nm, and their sizes cannot be determined by the BJH method.

The data presented in Table 2 show that the samples prepared
without a template possesses a SSA of 100 m2 g�1, and its
mesopore volume (0.259 cm3 g�1) was abundant compared with
6

micropore volume (0.037 cm3 g�1), and macropore volume
(0.025 cm3 g�1). When PMMA 67 nm was used as a template,
macropores were formed and the macropore volume increased
(0.136 cm3 g�1); the mesopore volume was maintained at
0.271 cm3 g�1. The mesopore volume of macroporous TWC parti-
cles derived from PMMA 242 nm was similar to that of the sample
prepared without a template. This indicates that the macropores
did not occupy mesopores in the structure. The mesopore volumes
of the macroporous samples (P1-TWC-H and P2-TWC-H) were
therefore similar to that of the aggregate sample (P0-TWC-H).
The micropore volumes of all the samples prepared with and with-
out PMMA remained at approximately 0.037–0.041 cm3 g�1.
Because the micropore and mesopore volumes were maintained
after the introduction of macropores, the SSAs were similar for
all the prepared samples. Macroporous TWC particles with similar
SSAs can therefore be successfully prepared with additions of
PMMA as a template and by using a spray method and subse-
quently additional heating process.

The CO2 adsorption performances of the as-prepared samples at
298.15 K in the pressure range of 0–110 kPa are shown in Fig. 7(a).
The results show that the adsorption capacities increased propor-
tionally with increasing pressure. The Langmuir and Freundlich
adsorption models were approached to investigate CO2 adsorption
properties on the porous TWC particles. The adsorption data of the
prepared samples were fitted into Langmuir and Freundlich equa-
tions to determine which model give the best correlation to exper-
imental data. The fitting and calculation data in Figure S4 and
Table S1 (Supplementary material) show that the CO2 adsorptions



Fig. 5. TEM Tomography volume rendering images (left) and slice images (right) of P1-TWC-H (a) and P2-TWC-H (b). Red dotted arrows illustrate the gas transportations
through the macroporous structures.

Fig. 6. N2 adsorption–desorption isotherms (a) and pore size distributions (b) of P0-TWC-H, P1-TWC-H, and P2-TWC-H.
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of as-prepared porous TWC particles follow the Freundlich model.
As discussed in Supplementary material, the Freundlich adsorption
model describes the heterogeneous adsorption of molecules on the
adsorbent’s surface without the limitation of an adsorption layer.
The adsorption of CO2 on the porous TWC materials can therefore
be assumed to be the physisorption [44]. In physisorption, the
7

adsorption capacity varies proportionally with the SSA of the
adsorbent. Generally, an adsorbent with higher SSA possesses a
higher adsorption capacity [45,46]. As previously discussed, the
prepared porous TWC particles have similar SSA, which indicates
that they possess similar CO2 adsorption capacities (Fig. 7(a)).
Although they have similar adsorption capacities, the adsorption



Table 2
Specific surface areas (SSAs), and micropore, mesopore, macropore, and total pore volumes of all prepared samples after additional heating process.

Sample SSA
[m2 g�1]

Vmicro

[cm3 g�1]
Vmeso

[cm3 g�1]
Vmacro

[cm3 g�1]
Total pore volume
[cm3 g�1]

P0-TWC-H 100 0.037 0.259 0.025 0.321
P1-TWC-H 112 0.041 0.271 0.136 0.448
P2-TWC-H 107 0.039 0.256 0.054 0.349

Fig. 7. CO2 adsorption capacities (a) and CO2 adsorption rates (b) of prepared porous TWC particles.
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rates of the prepared samples differ because of structural differ-
ences among the particles. Fig. 7(b) shows the plots of (C � Ce)/
(C0 � Ce) versus dimensionless time (t/teq; t is the adsorption time
[s] and teq is the adsorption equilibrium time [s]) for the as-
prepared samples. The results show that P1-TWC-H possesses
the highest adsorption rate, P0-TWC-H has the lowest adsorption
rate, and a moderate adsorption rate was P2-TWC-H. The LDF
approximation was utilized to calculate the mass transfer coeffi-
cient (kLDF) from the CO2 adsorption rate; kLDF determines the effi-
ciency of CO2 molecule transportation in the porous TWC particles.

Determination of the CO2 adsorbed amount is an easy task.
However, the mass transfer coefficient for the kinetic of adsorption
rate was not easy to be calculated at constant volume and variable
pressure. Many factors that can adversely affect the mass transfer
coefficient calculation have been reported, e.g., the effect of
adsorption heat, heat transfer to the surrounding environment, late
time responses, and the pressure step size [47]. Taking into
account all the previously described limitations, the mass transfer
coefficient was calculated from selected CO2 uptake rates by using
a simple LDF approximation. For this purpose, only some experi-
mental uptake rates at specific partial pressures were used to cal-
culate the kLDF, especially at the low pressure.

The adsorption rates and mass transfer coefficients were
obtained at similar equilibrium pressures, and the results are
shown in Table 3. The mass transfer coefficient of the macroporous
sample (P1-TWC-H, kLDF = 1.04 � 10�2 s�1) is higher than that of
aggregate sample (P0-TWC-H, kLDF = 5.52 � 10�3 s�1). This is
Table 3
Mass transfer coefficients (kLDF) of prepared TWC particles.

Sample Equilibrium pressure [Pa] Mass transfer coefficient [s�1]

P0-TWC-H 158.8 5.52 � 10�3

P1-TWC-H 139.7 1.04 � 10�2

P2-TWC-H 185.3 6.49 � 10�3

8

because macropores promote gas transfer from the surface to the
inner structure, which results in a faster adsorption rate and higher
mass transfer coefficient. Whereas the mesopores, which are smal-
ler sizes, limit gas transportation. These results indicate that the
introduction of macropores enhances the mass transfer coefficient.
However, the results in Table 3 show that further increases in the
macropore size would decrease the mass transfer coefficient. The
mass transfer coefficient (kLDF = 6.49 � 10�3 s�1) of the macrop-
orous sample (P2-TWC-H) prepared with PMMA 242 nm is lower
than that of P1-TWC-H sample, which was prepared with PMMA
67 nm. The limitations of larger macropore size on gas transporta-
tion are shown in Figure S5 (Supplementary material). A larger
template provides larger macropores, and this results in a thicker
wall between macropores. Because this thicker wall contains more
mesopores, it limits the transportation of gas molecules to the
adsorption sites, and decreases the adsorption rate and mass trans-
fer coefficient. These results are consistent with those of the previ-
ous studies [23,48], in which molecules transportations in
macropores of various sizes were simulated. Although macropores
enhance mass transfer inside the porous structure, further increas-
ing the macropore size limits gas transportation and decreases the
mass transfer coefficient. Determination of the optimal macropores
size for achieving the maximum mass transfer coefficient is there-
fore important. More experiments need to be performed to inves-
tigate the effects of different template sizes and others
experimental parameters on the mass transfer efficiency.
4. Conclusions

This report describes the synthesis of macroporous TWC parti-
cles via a template-assisted spray process followed by the addi-
tional heating process with the association of two templates, i.e.,
PMMA 67 and 242 nm. Spherical macroporous TWC particles were
obtained when N2 was used as the carrier gas. When air was used
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instead of N2, the PGM components in the TWC promoted PMMA
decomposition in the presence of oxygen, which resulted in the
broken porous TWC particles. The morphologies of the macrop-
orous TWC particles were retained during the additional heating
process. However, slight reductions in the particle size were
observed because of particle shrinkage at high temperatures dur-
ing the additional heating step. TEM Tomography 3D structures
showed interconnected macroporous structures in the TWC parti-
cles prepared at a PMMA/TWC mass ratio of 1.0. The mass transfer
coefficients were enhanced by introducing interconnected macro-
pores into the TWC particles. Therefore, the mass transfer coeffi-
cient of the macroporous sample derived from PMMA 67 nm was
higher than that of the aggregate sample. However, larger macro-
pores decreased the mass transfer coefficient because of limitation
of gas transfer to the adsorption sites. Overall, this study shows the
benefits of using a PMMA template to control and design macrop-
orous TWC particles to improve gas transportation inside the par-
ticles. These results suggest that macroporous TWC particles could
be used in the commercial products for achieving lower exhaust
emission levels. In future work, the macropores size will be further
investigated to achieve the maximum mass transfer coefficient.
Macroporous TWC particles could then be used to investigate
removal of three main exhaust components to achieve a green
environment.
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