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cess: a promising strategy for
preparing an egg-shell-type Cu/g-Al2O3 catalyst
for direct N2O decomposition†

Eun-Han Lee, ab In-Heon Kwak,c Hansung Kim *b and Shin-Kun Ryi *a

The egg-shell-type g-Al2O3 catalyst having a Cu shell was developed using the simple quick drying (QD)

technique. The fabricated catalyst is developed for use in a direct N2O decomposition (deN2O)

technology. To observe the effective manufacturability of egg-shell-type catalysts, we compared three

different drying methods: oven drying (OD), vacuum oven drying (VOD), and quick drying (QD). The

SEM/EDS analysis, deN2O test, and kinetic properties (activation energy, reaction rate and turnover

frequency) confirmed that the QD method is suitable for the effective manufacturability of the egg-

shell-type catalyst. The simple QD method induces the formation of a thin and uniform Cu shell on the

surface of the pellet support, which promotes N2O decomposition. A series of QD-Cu(x)/g-Al2O3 (x = 5,

10, and 15 wt%) catalysts were prepared by the QD method. The QD-Cu(10)/g-Al2O3 catalyst with an

appropriate amount of Cu exhibited an outstanding N2O decomposition conversion rate and abundant

Cu1+ active sites with high reducibility. A long-term stability test with 1% and 20% N2O was carried out

for 360 h and 500 h, respectively. During the long-term stability tests under changing feed conditions,

such as temperature, air, and steam, the catalytic activity and copper distribution remained very stable,

indicating that the QD-Cu(10)/g-Al2O3 catalyst has high durability and reliability.
1. Introduction

Nitrous oxide (N2O) is a greenhouse gas with a global warming
potential (GWP) of ∼300 and a lifetime of 121 years.1 Recent
studies have shown that N2O has become the third most
important greenhouse gas, followed by CO2 and CH4, due to its
gradual increase in emissions yearly.2 Even worse, the atmo-
spheric concentration of N2O is gradually increasing and is
expected to reach two times the current emissions by 2050 due
to human activities.3 Human activities that contribute to N2O
emissions include biomass burning, fossil fuel combustion,
industrial activities, etc.4 N2O is usually emitted from adipic
acid production tail gas, nitric acid production tail gas, three-
way catalyst exhaust gas, and the direct use of ammonia as
a fuel.5 N2O emissions can be decreased in two ways: limiting
the formation of N2O or aer-treatment technologies.6 Several
aer-treatment technologies have been developed and applied
to control N2O emissions. These can be categorized into
), 152 Gajeong-ro, Yuseong-gu, Daejeon

ane@kier.re.kr

ineering, Yonsei University, 50 Yonsei-ro,

rea. E-mail: elchem@yonsei.ac.kr

ineering, Korea University, 145 Anam-ro,

tion (ESI) available. See DOI:

056–5067
thermal decomposition,7 non-selective catalytic reduction
(NSCR),8 selective catalytic reduction (SCR),9,10 and direct
decomposition (deN2O).4 Among them, deN2O (eqn (1)) has
attracted great attention from due to its high decomposition
efficiency, low energy consumption, economy, simplicity, and
sustainability.11,12

2N2OðgÞ ���!Catalyst
2N2ðgÞ þO2ðgÞ DH ¼ �81:5 kJ mol�1 (1)

Various catalytic materials have been tested for deN2O,
including supported noble metals,13,14 ion-exchanged
zeolites,15,16 and metal oxides.17,18 Noble metal (such as Rh,
Ir, Sm, etc.) doping in catalysts can improve deN2O activity
while reducing the use of precious metals, and widespread
industrial applications of noble metals are limited by their
high cost and insufficient poisoning resistance. The ultimate
goal in catalyst industries is to identify optimal earth-
abundant materials.13,14 Lucentini et al.19 reported that there
is a linear relationship between the price and GWP of a catalyst
because it is related to the abundance of the element in the
earth. For this reason, noble metals, such as Au, Pd, Pt, and
Ru, have a high price and environmental impact. They also
reported that using elements in the lower range, such as Al,
Zn, Cu, Co, and Cr should be preferred. Therefore, there is
a need to develop non-noble metal catalysts with improved
catalytic activity and durability for practical applications.
This journal is © The Royal Society of Chemistry 2025
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Numerous papers have reported that CuO has excellent
performance and can achieve high redox, which is a prom-
inent property for N2O decomposition.20–22 Tanaka et al.23 re-
ported that the high activity of copper catalysts is quite
interesting from a practical point of view, as copper catalysts
have approximately the same activity as noble metals. Pekridis
et al.24 evaluated the performance of several metals, i.e., Pd,
Rh, Ru, Cu, Fe, In, and Ni supported on g-Al2O3 catalysts, and
it was concluded that noble metals (Pd, Ru, and Rh) followed
by Cu exhibited the best catalytic performance.

According to the literature, various researchers have
prepared catalysts in a uniform manner, i.e., the active phase is
homogeneously distributed in the support. If the active metals
were selectively located on the outer part of the support, we
could have reduced the characteristic diffusion distance by the
classical 7 steps for heterogeneous catalysts and reduced the
use of active metals.25–27 From this perspective, egg-shell-type
catalysts have been proposed for rapid reactions such as
methane stream reforming,28–30 Fischer–Tropsch synthesis,31

purication of automobile exhaust gases,32 and selective
hydrogenation of pyrolysis gasoline.33,34 Cho et al.30 prepared an
egg-shell-type Ni/Ru bimetallic alumina pellet catalyst by using
the repulsion between hydrophobic 1-octanol and a hydrophilic
ruthenium nitrosyl nitrate solution to selectively locate Ru in
the outer region inside the alumina pellet. Similarly, Zhuang
et al.35 synthesized egg-shell catalysts using n-undecane as an
organic solvent to prevent the distribution of the aqueous
impregnation solution to the core of the pellet. Kim et al.36

prepared a Ni-based egg-shell-type catalyst on cylindrical
alumina pellets. To minimize the penetration of the hydrophilic
solution containing Ni nitrate, they used a blocking solvent
such as 1-octanol or ethylene glycol in the cylindrical pellet. The
Ni precursors were then selectively loaded onto the pellet, and
the hydrophobic and hydrophilic solvents were removed by
drying. Xu et al.37 used hydrophobic solvents to suppress the
penetration of aqueous silver precursor solution into the pores
of SiO2 pellets.

So far, researchers have focused on blocking surface pores to
prevent active metal solutions from settling into the pore. The
application of these methods on a commercial scale is impeded
by their additional process costs and non-scalable synthesis. In
particular, the development of egg-shell-type catalysts without
the use of chemical agents is challenging due to the rapid
diffusion of the metal solution into the pores of the support. In
the absence of a chemical agent to block the pores of the
support, the thickness of the shell depends on the transport of
the metal solution through a pore. In general, the drying rate
can be affected by temperature and operating pressure.38

Therefore, controlling the factors that determine the drying rate
is a key point in designing egg-shell-type catalysts without
chemical agents.

This study aims to improve the drying rate to prepare a thin
egg-shell-type Cu/g-Al2O3 catalyst for deN2O with high surface
exposure of active metal, and to optimise the amount of Cu
loading. First, three types of drying methods were compared
to investigate the feasibility of controlling the egg-shell
structure by using pressure and temperature: (1) oven drying
This journal is © The Royal Society of Chemistry 2025
(OD), (2) vacuum oven drying (VOD), and (3) quick drying
(QD). SEM/EDS characterisation, the deN2O test, and kinetic
properties (activation energy, reaction rate and turnover
frequency (TOF)) showed that the QD process was the best
method for preparing an egg-shell-type catalyst with fast
solution evaporation rates. XPS, H2-TPR analysis and the
deN2O test indicated that the appropriate Cu content in the
QD process was 10 wt%. The effects of oxygen, steam, and N2O
concentration on the deN2O activity were veried. In addition,
a long-term stability test for 360 and 500 h was performed to
conrm the potential of the QD-Cu(10)/g-Al2O3 catalyst to
reduce N2O under various conditions, such as N2O concen-
tration (1, 20%), steam (0–7.5%), oxygen, and temperature
(500–650 °C). As a result, the QD-Cu(10)/g-Al2O3 catalyst
showed high durability without any degradation. Based on the
results obtained in this study, it was suggested that the QD
process has a high potential for fabricating effective egg-shell-
type catalysts by a simple physical method and has a high
potential for application as an industrial N2O decomposition
catalyst.
2. Experimental section
2.1 Catalyst preparation

The g-Al2O3 pellet (5 mm × 5 mm) supports were prepared by
extrusion and heat treatment with boehmite (Sasol, high purity,
50 nm). The boehmite powder was mixed with deionized water
in a plastic bag and extruded using a lab-scale table extruder as
described in our previous study.39 The extruded boehmite was
dried at 80 °C for 12 h and calcined in amuffle furnace at 700 °C
for 4 h. The Cu/g-Al2O3 catalyst was prepared by spray coating
followed by drying. The respective amounts of Cu(NO3)2$3H2O
(Sigma Aldrich) were dissolved in 20 mL of deionized water for
the spray coating solution.

For the preparation of the egg-shell structured catalyst, three
different methods were used to coat copper (Fig. 1). The OD
method included spraying Cu solution and drying in an oven at
80 °C. The difference between the VOD method and OD was
vacuum drying instead of oven drying. Aer spraying Cu solu-
tion on the surface of g-Al2O3 pellets, the catalyst was dried in
a vacuum drying oven at 80 °C at a gauge pressure of −100 kPa.
The QDmethod involved spraying Cu solution and quick drying
with a heat gun. The catalysts were then obtained by calcination
at 500 °C for 4 h.
2.2 Catalytic performance tests

The schematic of the testing system is shown in Fig. S1,† which
consisted of a vertical furnace, mass ow controllers (MFC,
Alicat Co.), a water pump (NS, NP-KX-210) and a water trap. The
N2O decomposition reaction was conducted in a 25.4 mm
diameter Inconel 600 reactor packed with 20mL of catalysts and
placed in the center of a vertical furnace. N2O was supplied to be
1 or 20% by dry basis. In the case of steam effect testing, water
was supplied by a water pump and vaporized in the preheating
zone of the reactor. The conditions of the deN2O tests are shown
in Table S1.† The concentration of N2O was analyzed by using
J. Mater. Chem. A, 2025, 13, 5056–5067 | 5057
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Fig. 1 Schematic illustration for the preparation process of g-Al2O3, and three types of Cu/g-Al2O3 catalysts.
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a gas chromatograph equipped with an 80/100 Porapak Q
column (6 , SS) and a thermal conductivity detector. The NOx

(NO and NO2) concentration at the outlet of the catalytic reactor
was detected using NO and NO2 detection tubes (Gastec
Corporation). The N2O conversion rate was calculated by using
the following equation:

N2O conversion rate ¼ ðN2OÞin � ðN2OÞout
ðN2OÞin

� 100 (2)

where (N2O)in and (N2O)out represent the inlet and outlet N2O
ow rates, respectively.

The activation energy (Ea) for the N2O decomposition was
calculated by using the following equation:

k ¼ �F0lnð1� xÞ
ðN2OÞWcat

(2-1)

k ¼ A exp

�
� Ea

RT

�
(2-2)

where F0 (mol s−1) is the total gas ow over the reaction reactor,
x is the N2O decomposition conversion, (N2O) (mol cm−3) is the
concentration of N2O at the inlet, Wcat (g) is the amount of
catalyst, T (K) is the temperature, A is the pre-exponential factor,
and R (8.314 J mol−1 K−1) is the gas constant.

Based on the specic surface area (SBET), normalized reac-
tion rates (Rs) were calculated by using the following equation:

Rs

�
mol m�2 s�1

� ¼ � CinletF

mcat:SBET

lnð1� XN2OÞ (2-3)

where Cinlet is N2O concentration in the inlet gas, F (mol s−1) is
the ow rate, mcat (g) is the amount of catalyst, SBET (m2 g−1) is
5058 | J. Mater. Chem. A, 2025, 13, 5056–5067
the specic surface area obtained by N2 adsorption–desorption
analysis, and XN2O is the N2O decomposition efficiency.

The specic reaction rate (r) and turnover frequency (TOF)
for N2O decomposition was calculated by using the following
equation:

r
�
mmol s�1 gcat

�1� ¼ p0F2000� 10�6

RT0mcat

� Conv:% (2-4)

TOF
�
s�1

� ¼ r

n
(2-5)

where p0 (101 325 Pa) is the atmospheric pressure, F (ml s−1) is
the total ow rate of the feed gas mixture, R (8.314 J mol−1 K−1)
is the gas constant, T0 (298 K) is room temperature, and mcat (g)
is the amount of the catalyst. In eqn (2-5), n (mmol gcat

−1) is the
amount of active sites detected by O2-TPD.2
2.3 Catalyst characterization

A digital vernier caliper was used to measure the Cu shell
thickness. Field emission scanning electron microscopy (FE-
SEM, HITACHI S-4800) and energy dispersive X-ray spectros-
copy (EDS, HORIVA XMAX 50) were used to determine the
morphology images and Cu distribution. Surface areas and pore
volumes were measured by the Brunauer–Emmett–Teller (BET,
Micromeritics 3Flex 3500) method with N2 adsorption–desorp-
tion at −196 °C. X-ray diffraction (XRD, Rigaku smartLab)
patterns were obtained to identify the crystalline structures of
the catalysts and the average particle size. The surface oxidation
states of the Cu species were measured by the X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Scientic) method
using Al Ka as the radiation source. The temperature pro-
grammed reduction of H2 (H2-TPR, MicrotracBEL Belcat 2)
This journal is © The Royal Society of Chemistry 2025
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analysis was performed to investigate the reducibility of the
catalysts. Prior to the analysis, the catalysts were pretreated at
500 °C for 1 h in an atmosphere of helium to remove impurities.
Then, the temperature was decreased to 50 °C, and 5 vol% H2 +
95 vol% Ar mixture gas was supplied with 50 mL min−1 instead
of He. The temperature was increased to 1000 °C with a heating
rate of 10 °C min−1.

3. Results and discussion
3.1 Effect of the quick drying (QD) method on the
preparation of egg-shell-type catalysts

In egg-shell-type catalysts, the active phase is located on the
outer surface of the support. When an egg-shell-type catalyst is
prepared using a porous catalyst, the metal solution can easily
penetrate into the inner pores of the support. Therefore, to form
the egg-shell structure, some researchers have tried to block the
surface pores with chemical oils to prevent the metal solution
from entering the inner pores of the support.30,35–37 From the
point of view of productivity, a very simple physical method
should be considered. In this study, we prepared an egg-shell-
type catalyst by spraying Cu solution on the g-Al2O3 support
to prevent the penetration of Cu solution into the inner pores of
the g-Al2O3 support. Then, we focused on the drying step to
form the thin Cu shell structure, and three different drying
methods were compared. Fig. 1 shows a schematic of three
different drying methods. Oven drying (OD) is oven drying at 80
°C aer spray coating with Cu solution. Vacuum oven drying
(VOD) is a method of extracting the Cu solution that enters the
internal pores aer spraying in a vacuum environment, and the
quick drying (QD) method is an attempt to rapidly dry the Cu
solution before it enters the internal pores of the supports using
a heat gun.

In the case of OD and VOD, we repeated the spraying and
drying steps 5 times to complete the Cu coating. It took∼20min
to nish drying for each step, which means it took >100 min to
complete the Cu coating. Using the QD method, the Cu coating
was completed in 20 minutes with 10 repetitions of spraying
and drying, which is an 80% reduction in manufacturing time
compared to OD and VOD. Thus, when comparing catalyst
productivity, it can be concluded that the QD method is the
most efficient.

The uptake of the liquid into the pores of the support is due
to the capillary pressure difference.40 The Young–Laplace (Y–L)
equation is widely used to describe the capillary pressure:

DP ¼ g

�
1
R1

þ 1
R2

�
, where DP is the pressure difference across

the liquid surface (the external pressure minus the internal
pressure), g is the surface tension of the liquid, and R1 and R2

are the principal radii of surface curvature.41 In a vacuum
environment, the signicantly reduced external pressure
weakens the capillary pressure (DP), preventing the liquid from
entering the pores of the catalyst. In addition, as the tempera-
ture increases, the surface tension (g) of water decreases due to
a decrease in molecular attraction.42 Therefore, as the temper-
ature increases, the value of DP decreases (due to an increase in
the internal pressure), which increases the pressure required for
This journal is © The Royal Society of Chemistry 2025
the liquid to enter the pore. Li et al.38 found that the increase in
the liquid temperature in the neighboring nanopore can
signicantly increase the net evaporation rate from the
observed nanopore. Moreover, the evaporation mass ux
increases with decreasing vapour pressure, because the
condensation ow is minimised at lower vapour pressure.
Therefore, the vacuum environment and high temperature help
to prevent excessive penetration of the solution, ensuring that
large amounts of Cu are deposited on the surface of the support.
To investigate the variation of the Cu content on the support
surface with the drying rate, egg-shell-type catalysts were
prepared using different drying methods.

The g-Al2O3 catalysts with Cu loading (1 wt%), denoted as
OD-Cu(1)/g-Al2O3, VOD-Cu(1)/g-Al2O3, and QD-Cu(1)/g-Al2O3

are derived from the drying methods (OD, VOD, and QD,
respectively). As presented in the SEM images of OD-, VOD-, and
QD-Cu(1)/g-Al2O3 (Fig. 2a–c), although the same amount of
1 wt% Cu was supported on the g-Al2O3 pellets, the Cu distri-
bution on the surface varied depending on the drying method.
Notably, QD-Cu(1)/g-Al2O3 shows remarkably uniform and
nely dispersed Cu particles. However, relatively few Cu parti-
cles were observed on the surface of oven and vacuum oven
dried catalysts (OD-, VOD-Cu(1)/g-Al2O3). The amount of Cu
coating on the support surfaces was conrmed by using the Cu
elemental mapping images using EDS (Fig. 2d). In the order of
OD, VOD, and QD, more Cu particles appeared on the surface of
g-Al2O3. In particular, the Cu concentration on the surface was
10.47 wt% on the QD-Cu(1)/g-Al2O3 catalyst, which was 31.7 and
3.8 times higher than that of OD- and VOD-Cu(1)/g-Al2O3 cata-
lysts, respectively. These results indicate that the use of vacuum
drying or increasing the drying temperature can alleviate the
penetration of the solution into the pore. In particular, the
quick drying method can effectively prevent the Cu particles
from penetrating into the support pores, while large amounts of
active metal are deposited on the surface by increasing the
evaporation rate of the metal solution.

BET analysis was carried out to examine whether the surface
Cu coating obstructs the pores of the g-Al2O3 support (Fig. 2e
and S2†). OD-, VOD-, and QD-Cu(1)/g-Al2O3 catalysts exhibited
similar specic surface areas and pore volumes. As shown in
Fig. S2a,† typical type IV curves with steep hysteresis loops were
observed for the mesoporous structure. And the corresponding
pore size distribution in Fig. S2b† shows that the pore size of g-
Al2O3 (13.4 nm) was similar to that of the OD-, VOD-, and QD-
Cu(1)/g-Al2O3 catalysts (11.6, 11.3, and 13.3 nm, respectively).
This also suggests that the QD method can uniformly coat the
active metal without affecting the pores and specic surface
area of the support surface. As shown in Fig. 2f, the XRD
patterns of the OD-, VOD-, and QD-Cu(1)/g-Al2O3 catalysts
indicated that all samples were assigned to g-Al2O3 (JCPDS No.
29-0063). The absence of peaks belonging to the copper oxide
phase can be explained by considering the fact that Cu particles
are extremely small and well dispersed on the g-Al2O3 surface.43

Fig. 3a shows a schematic diagram of the thick and thin egg-
shell-type catalytic reaction mechanism. In a typical heteroge-
neous catalyst, the catalytic reaction occurs in seven classical
steps (marked as reaction A):26 (1) mass transfer of reactants to
J. Mater. Chem. A, 2025, 13, 5056–5067 | 5059
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Fig. 2 Comparison of the physical properties of egg-shell-type catalysts. (a–c) FE-SEM/EDSmapping analysis and (d) surface Cu contents of the
three types of catalysts. (e) N2 adsorption–desorption results and (f) XRD patterns over g-Al2O3 and OD-, VOD-, and QD-Cu(1)/g-Al2O3 catalysts.
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the catalyst surface, (2) diffusion of reactants from the pore
entrance to the inner catalytic surface, (3) adsorption of reac-
tants on the inner catalytic surface, (4) reaction at specic active
sites on the catalyst surface, (5) desorption of the products from
the inner surface, (6) diffusion of the products from the interior
of the pellet to the pore entrance on the outer surface, and (7)
diffusion of the products from the outer pellet surface to the
bulk uid. In reaction A, reducing the characteristic diffusion
distance of the reactants can reduce the mass transfer resis-
tance of the catalyst. The egg-shell structure is an attractive
solution to independently shorten the diffusion length and
maximize the reaction because the active metal is on the cata-
lyst surface.27 For this reason, egg-shell-type catalysts are
dominated by the surface reaction that takes place on the
loaded active metal (marked as reaction B). However, the shell
thickness of egg-shell-type catalysts varies depending on the
preparation method. When a thick egg-shell-type catalyst is
prepared, it can be predicted that reactions A and B may occur
similarly because the active metal is placed not only on the
surface but also on the inside. In contrast, thin egg-shell-type
catalysts are dominated by the surface reaction that takes
place on the loaded active metal (reaction B).
5060 | J. Mater. Chem. A, 2025, 13, 5056–5067
To investigate the shell thickness according to the three
different drying methods, the cross-sectional schematic and
optical images of the OD-, VOD-, and QD-Cu(1)/g-Al2O3 catalysts
are shown in Fig. 3b. The Cu shell and support are well sepa-
rated on the three different types of catalysts, indicating that the
spray coating method is effective for preparing an egg-shell-type
catalyst. The Cu shell thickness was varied with the different
drying methods, and the average Cu shell thickness is ordered
as follows: OD- (∼1.00 mm) > VOD- (∼0.66 mm) > QD- (∼0.32
mm)Cu(1)/g-Al2O3 catalysts (Fig. S3 and Table S2†). The thin Cu
shell on the QD-Cu(1)/g-Al2O3 catalyst reveals that a large
amount of Cu particles are selectively located on the surface of
the g-Al2O3 support, combined with the SEM/EDS analysis
(Fig. 2c and d).

To conrm the egg-shell structure, a cross-sectional SEM/
EDS analysis of the QD-Cu(10)/g-Al2O3 catalyst was carried out
(Fig. S4†). The EDS line scan was performed at the boundary of
the shell and support layer to verify the well formation of the Cu
shell in detail, and the actual Cu shell thickness was investi-
gated as shown in Fig. S3 and Table S2.† As shown in Fig. S4,†
the Cu shell was well formed on the surface of the g-Al2O3

support.
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Effect of the quick dryingmethod on the preparation of egg-shell-type catalysts. (a) Schematic image of the catalytic reaction on the thick
and thin egg-shell-type catalysts. (b) Cross-sectional schematic and optical images of the Cu particle distribution of the OD-, VOD-, and QD-
catalysts. (c) N2O decomposition performance, (d) Arrhenius fitting curves, and (e) SBET normalised reaction rates over g-Al2O3 and OD-, VOD-,
and QD-Cu(1)/g-Al2O3 catalysts. Reaction conditions: 20 mL catalyst, 1% N2O, balance N2, GHSV = 1800 h−1.
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To conrm the N2O decomposition activity as a function of
shell thickness in the egg-shell-type catalyst, the deN2O activity
was conducted under the case 1 condition in Table S1† (Fig. 3c).
As shown in Fig. 3c, the deN2O activity was the highest in the
order of QD-, VOD-, and OD-Cu(1)/g-Al2O3 catalysts, supporting
that the thinner egg-shell-type catalyst has higher deN2O
activity. The activation energies (Ea) of the g-Al2O3, OD-, VOD-,
and QD-Cu(1)/g-Al2O3 catalysts were calculated using the
Arrhenius equation and are shown in Fig. 3d. The lower acti-
vation energy of the QD-Cu(1)/g-Al2O3 catalyst than that of the
g-Al2O3, OD-, and VOD-Cu(1)/g-Al2O3 catalysts proved that it is
more favorable for the decomposition of N2O is to occur on the
QD-Cu(1)/g-Al2O3 catalyst. Furthermore, the reaction rate, nor-
malised to the specic surface area, of N2O decomposition at
different temperatures was calculated and is shown in Fig. 3e,
and was consistent with the result that the QD-Cu(1)/g-Al2O3

catalyst exhibited the highest catalytic activity. The TOF value of
the OD-, VOD-, and QD-Cu(1)/g-Al2O3 catalysts in the reaction
process was calculated based on the integration area of O2-TPD,
which was 7.8 × 10−5, 9.9 × 10−5, and 1.6 × 10−4, respectively
(Table S3†).2,44 The TOF values varied depending on the drying
method, with the QD-Cu(1)/g-Al2O3 catalyst exhibiting higher
This journal is © The Royal Society of Chemistry 2025
values than the OD- and VOD-Cu(1)/g-Al2O3 catalysts, respec-
tively. This means that the active metal located on the catalyst
surface can react extremely to maximise the deN2O activity by
uniformly forming a very thin Cu shell on the egg-shell-type
catalyst. Therefore, although the same amount of Cu content
was loaded on the g-Al2O3 support, we could achieve high
deN2O activity and effective kinetic properties on the QD-Cu(1)/
g-Al2O3 catalyst. Based on the results in Fig. 2 and 3, we can
conclude that the spray coating method is a very simple and
practical way to coat the active metal on the surface of the
catalyst support, and the QD process is effective for deN2O
activity by forming a thin and uniform shell in a short period of
time.

3.2 Effect of Cu content on the g-Al2O3 supports on N2O
decomposition

Themetal coated on the support surface signicantly affects the
physical properties of the catalyst and the gas decomposition
rate, depending on the amount of coating. The Cu content was
varied from 5, 10, and 15 wt% to investigate the effect of the
metal content on the preparation of the QD-Cu(x)/g-Al2O3

catalysts. The dispersion and amount of Cu on the surface of the
J. Mater. Chem. A, 2025, 13, 5056–5067 | 5061
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Fig. 4 Effect of Cu content on the g-Al2O3 pellet on N2O decomposition. (a–c) FE-SEM/EDS mapping analysis of the 5, 10, and 15 wt% QD-
Cu(x)/g-Al2O3 catalyst surfaces. (d) Surface Cu contents, (e) N2 adsorption–desorption results and (f) XRD patterns of the QD-Cu(x)/g-Al2O3

catalysts (x: 1, 5, 10, 15 wt%).
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g-Al2O3 support were investigated by SEM (Fig. 4a–c). For QD-
Cu(5)/g-Al2O3 with 5 wt% Cu coating, Cu is unevenly coated on
the support surface, whereas for QD-Cu(10)/g-Al2O3 with
10 wt% Cu coating, dense Cu particles with uniform coating on
the support surface can be seen. However, at a higher Cu
coating of 15 wt% (QD-Cu(15)/g-Al2O3), considerable Cu aggre-
gation was observed (Fig. 4c). The amount of Cu coating on the
g-Al2O3 support surface was conrmed by EDS mapping anal-
ysis (Fig. 4d). The Cu content of QD-Cu(1)/g-Al2O3 was only 10%,
while for QD-Cu(15)/g-Al2O3, 60% Cu was observed on the
surface. It can also be seen that the Cu content on the surface
increases proportionally with the amount of Cu coating. In
addition, the Cu shell thickness was slightly changed with
different Cu contents, and the average Cu shell thickness is
ordered as follows: QD-Cu(15) (∼0.40 mm) > QD-Cu(10) (∼0.48
mm) > QD-Cu(5) (∼0.54 mm) catalysts (Fig. S3 and Table S2†).

BET analysis was performed to investigate the effect of the
Cu coating amount on the pores and surface area of the support
(Fig. 4e). The surface area of QD-Cu(5)/g-Al2O3 was 150 m2 g−1,
which was similar to that of QD-Cu(1)/g-Al2O3 (155 m2 g−1).
However, at higher Cu coatings (10% and 15 wt%), the surface
area was signicantly lower than that of g-Al2O3 (136 m2 g−1 for
5062 | J. Mater. Chem. A, 2025, 13, 5056–5067
QD-Cu(10)/g-Al2O3, 123 m2 g−1 for QD-Cu(15)/g-Al2O3, and 163
m2 g−1 for g-Al2O3). The pore volume also tends to decrease with
increasing Cu coating. This result suggests that excessive Cu
coating blocks the pore volume of the support, thereby reducing
the specic surface area.

The crystal structure of the QD-Cu(x)/g-Al2O3 catalysts was
determined by XRD analysis (Fig. 4f). In the case of the QD-
Cu(1) and (5)/g-Al2O3 catalysts, g-Al2O3 formed the dominant
peak due to the low Cu content on the surface, while a CuO peak
(JCPDS No. 48-1548) was observed in QD-Cu(10) and (15)/g-
Al2O3 with a large amount of Cu coated on the surface. As the
amount of Cu coating increased, the average particle size,
calculated using the Scherrer's equation, increased from
17.2 nm (QD-Cu(10)/g-Al2O3) to 22.2 nm (QD-Cu(15)/g-Al2O3).
Excessive Cu coating causes Cu particles to aggregate during
high temperature heat treatment, resulting in an uneven
surface distribution and a reduction in the active sites of the
active metal. The average crystallite size of CuO for QD-Cu(1)
and (5)/g-Al2O3 is too small, so the size cannot be measured.

Correlations between the N2O decomposition activity and
the relative abundance of Cu1+ have been reported, as Cu1+ can
improve the catalytic activity.43,45–47 As shown in eqn (3-1), the
This journal is © The Royal Society of Chemistry 2025
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N2O molecule interacts and adsorbs on the Cu1+ site with the O
atom. Such an interaction leads to weakening of the N–O bond,
release of gas phase N2 and oxidation of Cu1+ to Cu2+ (eqn (3-2)).
Subsequently, a recombination step of two neighboring oxygen
atoms is required to regenerate the initial Cu1+ active site (eqn
(3-3)).

Cu1+ + N2O / Cu1+ − ONN (3-1)

Cu1+ − ONN / Cu2+ − O− + N2 (3-2)

Cu2+ − O− / 2Cu1+ + O2 (3-3)

The XPS analysis was carried out to investigate the oxidation
states of the active Cu species on the surface of the catalysts.
The XPS spectra of the Cu 2p core level at binding energies
between 965 and 925 eV show the main and the satellite peaks
of Cu 2p3/2 and Cu 2p1/2 over the QD-Cu(x)/g-Al2O3 catalysts
(Fig. S5†). As shown in Fig. S5,† the spectra were tted based on
the intensity of the main peak of Cu 2p3/2. Copper oxide can
exist in two semiconducting phases of Cu2O and CuO, i.e., Cu in
the +1 and +2 valence states, respectively. The peaks at 932.2–
932.8 eV were assigned to the surface Cu1+ species, while the
peaks at 933.5–934.0 eV were assigned to the surface Cu2+

species.48–50 The relative abundances of Cu1+ for QD-Cu(x)/g-
Al2O3 (x: 5, 10, 15) were 32, 51, and 39%, respectively. These
results indicated that Cu1+ was the dominant species on the QD-
Cu(10)/g-Al2O3 catalyst surface.

The reducibility of the active site strongly inuences the N2O
decomposition activity.51–53 H2-TPR was performed to investi-
gate the enhancement of the reducibility of the g-Al2O3, QD-
Cu(5), (10), and (15)/g-Al2O3 catalysts (Fig. S6†). With the
support of Cu species on the g-Al2O3 catalyst, the reduction
peak shied to lower temperatures, which was attributed to the
positive effects of the Cu support on the distribution over the
surface of the g-Al2O3 catalyst. These results indicate that the
presence of Cu improves the reducibility of the g-Al2O3 catalyst.
In the H2-TPR prole of the QD-Cu(x)/g-Al2O3 catalysts, there
are two major reduction peaks at 150–300 °C, which correspond
to the stepwise reduction of CuO to Cu2O and Cu2O to Cu.54,55

The H2-TPR proles indicate that the QD-Cu(10)/g-Al2O3 cata-
lyst is easily reduced, followed by the Cu(15) and Cu(5)/g-Al2O3

catalysts.
3.3 Catalytic activity test of the egg-shell-type QD-Cu(10)/g-
Al2O3 catalyst

The deN2O activity of as-prepared QD-Cu(x)/g-Al2O3 was evalu-
ated at different reaction temperatures (Fig. 5a). At higher
reaction temperatures, above 500 °C, the high activity of Cu
resulted in 100% deN2O activation regardless of the Cu content,
showing that the QD-Cu(x)/g-Al2O3 catalysts have remarkable
activity. At the relatively low decomposition temperature of 400
and 450 °C, the deN2O activity was increased in the order QD-
Cu(10) > (15) > (5)/g-Al2O3. This observed trend is consistent
with the Cu particle distribution results, indicating that the
large amount of surface active metal induced by the uniform Cu
coating has a positive effect on the deN2O activity, resulting in
This journal is © The Royal Society of Chemistry 2025
high efficiency even at low temperature (Fig. 4). Furthermore,
the reducibility of the H2-TPR results and abundance of Cu1+

active site of XPS results are of the same order as the N2O
decomposition activity. Based on the results of the deN2O
activity test, we can conclude that 10 wt% Cu could be
a reasonable amount when using the QD method to form an
effective egg-shell-type catalyst.

The inuence of varying gas mixtures and different
concentrations of N2O on the catalytic activity of the QD-Cu(10)/
g-Al2O3 catalyst was also investigated (Fig. 5b and c). To deter-
mine the effect of oxygen and steam on the active site of the QD-
Cu(10)/g-Al2O3 catalyst, experiments were carried out under the
conditions of case 2 and 3 in Table S1.† In general, the catalytic
decomposition of N2O was highly dependent on the competitive
adsorption between O2 and N2O on the active sites of the cata-
lysts.14,17,20 Therefore, the presence of air strongly suppressed
the active sites of the catalyst (Fig. 5b). For example, the N2O
conversion curve was shied to higher temperatures by about
70 °C due to the presence of O2. However, as the temperature
increased, the effect of O2 decreased, and complete decompo-
sition of N2O was achieved at 570 °C. The effect of O2 and 7.5%
H2O was investigated over the QD-Cu(10)/g-Al2O3 catalyst
(Fig. 5b). When H2O was further added to the feed side, the N2O
conversion decreased drastically to 2.6% at 400 °C, and the
complete conversion was achieved at 600 °C, which is 100 and
30 °C higher temperature than that in case 1 and 2, respectively.
The presence of H2O in the deN2O reaction shows a more
negative effect than O2 due to competitive adsorption and
poisoning of the catalyst active sites by H2O.56,57

We have focused our research on N2O decomposition cata-
lysts that can be used in the semiconductor and display
manufacturing industries where sulphur oxides or nitrogen
oxides are not emitted. Therefore, the inuence of toxic
substances such as SOx or NOx on the active sites of the QD-
Cu(10)/g-Al2O3 catalyst has not been determined. However, the
inuence of toxic substances could be expected. As reported in
the literature, the addition of SOx to the feed stream results in
severe irreversible deactivation.58 Yu et al.59 reported that the
catalyst activity did not recover aer the impurities (50 ppmv
SO2 + 5vol% O2) were removed from the feed stream. In the case
of NOx, NOx strongly suppresses the active sites of the catalyst
and has a severe inhibition effect compared to O2 and H2O.2,57,59

Therefore, we believe that higher temperatures (above 650 °C)
will be required for complete N2O decomposition in the pres-
ence of impurities such as NOx and SOx. Currently, NF3 and SF6
are used as etching gases in semiconductors and display
manufacturing processes, and we are researching catalysts for
the simultaneous decomposition of NF3, SF6, and N2O. Since
NF3 and SF6 emit NO + NO2 and SOx during hydrolysis, we will
be able to determine the effects of NOx and SOx on N2O co-
decomposition.60,61 We plan to report on this study in detail in
the future.

The use of greenhouse gases, such as uorinated gases and
N2O has increased with the growth of the electronics
manufacturing industry.62 N2O is used to remove organic
contaminants from silicon wafer surfaces and for chamber-
washing aer chemical vapor deposition processes in
J. Mater. Chem. A, 2025, 13, 5056–5067 | 5063
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Fig. 5 Active test of the QD-Cu(10)/g-Al2O3 catalyst. (a) N2O decomposition performance of the QD-Cu(x)/g-Al2O3 catalysts (x: 5, 10, 15 wt%).
(b) The effect of impurity gases and (c) different N2O contents as a function of the reaction temperature for the QD-Cu(10)/g-Al2O3 catalyst.
Reaction conditions: 20mL catalyst, 1–20%N2O, 5000 ppmN2O, 0 or 7.5%H2O, balance N2 or air, GHSV= 1800 or 1960 h−1. Long-term stability
test over the QD-Cu(10)/g-Al2O3 catalyst. (d) 1% and (e) 20% N2O concentration under different feed conditions with time on stream. (f)
Schematic images of the N2O decomposition process on the QD-Cu(10)/g-Al2O3 catalyst. (g) Comprehensive comparison with the reported
catalytic performance for N2O decomposition.
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semiconductor and liquid crystal display manufacturing.62 In
addition, N2O is also used in the chemical vapor deposition
process to deposit an SiO2 oxide lm along with SiH4.

63 In some
cases, N2O emissions from semiconductors and display
processes are as high as 15%. Therefore, the inuence of
different N2O concentrations (1–20%) over the QD-Cu(10)/g-
Al2O3 catalyst was also measured to verify the potential for
reducing the high concentration of N2O emitted by the display
industry using the conditions of case 4 in Table S1† (Fig. 5c). As
shown in Fig. 5c, the catalytic efficiency tends to decrease under
harsher feed gas conditions, but even under seriously harsh
conditions using 20% N2O, the QD-Cu(10)/g-Al2O3 catalyst
showed only a 14% performance decrease at 450 °C, still
showing a high efficiency of 75%. However, at temperatures as
high as 550 °C, the catalytic efficiency was over 99% even under
20% N2O supply, conrming that the prepared catalysts can
exhibit high efficiencies even under harsh conditions.

Thus, the prepared QD-Cu(10)/g-Al2O3 catalyst exhibited
outstanding deN2O performance under various decomposition
conditions. Long-term durability tests were also carried out to
conrm the commercial suitability of the catalysts prepared by
5064 | J. Mater. Chem. A, 2025, 13, 5056–5067
the QD method. In industry, N2O is emitted along with various
impurities such as air and steam, and the N2O concentration is
not constant. On this account, the deN2O reaction was carried
out under different reaction conditions over ∼360 h (Fig. 5d).
Detailed information such as feed conditions, temperature,
conversion rate, and the accumulation time with time on
stream are also listed in Table S4.†

As shown in Fig. 5d, the N2O conversion remained stable at
∼99% for ∼24 h in the N2 mixture (Section 1). When N2 was
changed to air and 7.5% H2O was injected into the inlet, the
N2O conversion decreased to ∼83% and ∼54% (Sections 2 and
3), respectively, and the conversion value was maintained at
∼54% (Section 3) for ∼24 h. When the water injection was
stopped, the catalytic activity recovered fully very quickly, indi-
cating that the H2O inhibition is not permanent but reversible
(Section 4). When O2 was removed (Section 5), the catalytic
activity recovered to the value in Section 1 and remained for
65 h. These results indicate that steam and oxygen do not
induce drastic structural changes in our QD-Cu(10)/g-Al2O3

catalyst.
This journal is © The Royal Society of Chemistry 2025
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The inuence of H2O content is described in Section 6. The
N2O conversion rate gradually decreased from ∼99% to ∼83%,
∼78%, ∼75%, and ∼73% with increasing H2O contents of 1.8,
3.6, 5.4, and 7.5%, respectively. Surprisingly, when the H2O
content exceeded 3.6%, the activity almost did not deteriorate
with the H2O content. To verify the inuence of temperature on
the coexistence of steam, we increased the temperature from
500 °C to 580 °C, and the N2O conversion reached ∼98%.
Changing N2 to air slightly decreased the conversion value due
to O2, but increasing the temperature to 600 °C increased the
conversion rate to ∼98%.

Aer turning off the water and replacing air with N2,
a similar N2O conversion rate of ∼99% could be obtained at
a lower temperature of ∼70 °C, i.e., 500 °C. The N2O conversion
rate of∼99%was the same as that in Section 1. Aer∼60 h as in
Section 12, the temperature was changed to room temperature
with continuous feed gas to conrm the durability of the cata-
lyst when the reactor is shut down due to electrical problems
(Section 13). Aer remaining for ∼22 h, when the temperature
was then increased to 500 °C, the conversion value reached the
same value of∼99% and was maintained for∼50 h (Section 14).

During the catalyst durability test, we checked the formation
of NOx using NO and NO2 detection tubes under different
conditions, i.e., N2, N2 + steam, and air + steam (Fig. S7†). No
NOx was observed, indicating that the direct catalytic decom-
position of N2O (eqn (1)) occurs completely on the QD-Cu(10)/g-
Al2O3 catalyst.

To conrm the applicability at high N2O concentration, the
stability test was performed with 20% N2O for ∼500 h. Detailed
information such as supply conditions, temperature, conver-
sion rate, and accumulation time with time on stream are given
in Table S5.† The results in Fig. 5e indicate that the N2O
conversion remained stable during the stability test. To verify
the adaptability under different conditions, the gas composi-
tions were changed aer 355 h, and the temperatures were
adjusted to achieve >99% conversion. The specic information
from 350 to 430 h is provided in Fig. S8† As shown in Fig. S8,†
when air was supplied instead of N2, the N2O conversion
dropped to ∼95% due to the negative impact of O2 (Section 2)
and the conversion returned to ∼99% at 600 °C (Sections 3 and
4). When 7.5% steam was injected into air, a complete decom-
position can be obtained at 650 °C (Sections 5–7). Aer∼80 h of
adaptability tests, the stability test under the N2 + 20% N2O
mixture was continued at 550 °C, and the catalytic activity
remained stable for the last hours (Section 10). From the
stability test with a high concentration of N2O, it can be
concluded that the QD-Cu(10)/g-Al2O3 catalysts are very stable
and applicable for high concentration of N2O and various feed
conditions. Aer the stability test, SEM/EDS analysis was con-
ducted for investigation of copper distribution on the surface of
the support. The results in Fig. S9† indicate that the high copper
dispersion still remained unchanged.

In summary, from the SEM surface analysis, XPS and H2-TPR
analysis, it can be concluded that the QD-Cu(10)/g-Al2O3 cata-
lyst exhibited excellent deN2O performance due to its highly
dispersed Cu shell, abundant Cu1+ active sites, and high
reducibility (Fig. 5f). A comprehensive comparison with the
This journal is © The Royal Society of Chemistry 2025
reported catalytic performance for N2O decomposition is shown
in Fig. 5g and Table S6.† The durability tests were carried out to
demonstrate the commercial stability of the catalysts prepared
by the QD method under 100% deN2O activity conditions.
Although a 1 : 1 comparison with other reported literature is not
possible due to different feed conditions, the durability tests
indicated that the QD-Cu(10)/g-Al2O3 catalyst exhibited excel-
lent stability over long periods (∼500 h) without degradation,
even under very harsh conditions (N2O concentration: 20%).
This result suggests that the catalyst prepared by the QD
method is a promising candidate for commercial deN2O
applications. In addition, through coating with synergistic
metals (Ce, Co, etc.), surface functionalization, and heteroatom
doping on the QD-manufactured egg-shell-type catalyst, we
expect to develop catalysts with high decomposition efficiency
at low temperatures and ensure commercial competitiveness.
4. Conclusions

In this work, egg-shell-type Cu/g-Al2O3 catalysts were prepared
by three different drying methods (oven drying (OD), vacuum
oven drying (VOD), and quick drying (QD)), and their effects on
the structure and performance of deN2O were investigated.
SEM/EDS results clearly show that the QD method can signi-
cantly reduce the shell thickness by reducing the drying time of
the metal solution penetrating into the pores of the g-Al2O3

support. The highest deN2O performance, reaction rates (1.08×
10−9 m2 s−1 at 450 °C) and TOF value (1.6 × 10−4 s−1 at 450 °C)
and lower activation energy (113.12 kJ mol−1) were achieved
when the QD method was adapted. The amount of Cu loading
prepared by the QD method was optimised by comparing the
surface active metal distribution, oxidation state of the active
Cu species, reducibility, and the deN2O activity. SEM/EDS
results reveal that the Cu in the QD-Cu(10)/g-Al2O3 catalyst is
highly dispersed and the Cu shell has high sintering resistance
without agglomeration in long-term stability tests. Both XPS
and H2-TPR results illustrate that the QD-Cu(10)/g-Al2O3 cata-
lyst has abundant Cu1+ (51%) active sites and high reducibility,
thus facilitating the deN2O reaction. The QD-Cu(10)/g-Al2O3

catalyst exhibited practical applicability in long-term stability
tests (1% N2O for 360 h and 20% N2O for 500 h) without deac-
tivation. The high stability and simple manufacturability of the
QD-Cu(10)/g-Al2O3 catalyst make the quick drying method an
interesting candidate for industrial applications and the prep-
aration of effective egg-shell-type catalysts.
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