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copper-based nanocomposite
synthesis via spray pyrolysis: towards waste-to-
hydrogen production through the water-gas shift
reaction†

I-Jeong Jeon,‡a Jae Seob Lee,‡bc Kun Woo Baek,b Chang-Hyeon Kim,a

Ji-Hyeon Gong,d Won-Jun Jang, *de Jung Sang Cho *bfg and Jae-Oh Shim *a

In this study, we synthesized a Cu–ZrCeO2 catalyst using spray pyrolysis, which exhibited high activity,

stability, and reusability at high temperatures. The catalyst was applied to a high-temperature water–gas

shift reaction under practical conditions using waste-derived synthesis gas. Various reducible supports,

including CeO2, ZrO2, TiO2, ZrCeO2, and TiCeO2 were evaluated. Among these, the Cu–ZrCeO2 (SPCZC)

catalyst exhibited the highest activity and stability, attributed to its abundant oxygen defects, high Cu

dispersion, and significant oxygen storage capacity. The SPCZC catalyst achieved 76% CO conversion

and 100% CO2 selectivity at 400 °C. It also maintained stable catalytic performance for 50 h, showing

resistance to Cu sintering and preservation of the yolk–shell structure, indicating high reusability. A

comprehensive deactivation study was conducted on the catalysts. Rapid Cu sintering was observed

when CeO2 was used as the sole support, leading to the breakdown of the yolk–shell structure.

Catalysts supported on ZrO2, TiO2, and TiCeO2 also experienced Cu sintering and carbon deposition,

leading to deactivation.
Introduction

The growing population, urbanization, and industrialization
have signicantly increased waste generation.1 In 2020, the
global population of around 8 billion produced 2.5 billion tons
of waste, a number expected to rise to 3.4 billion tons by 2050.2

The COVID-19 pandemic has exacerbated this issue by
increasing municipal solid waste, including disposable items.
Traditionally, waste management has relied on incineration
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and landlling, both of which pose serious environmental
challenges. Consequently, several countries are moving away
from these approaches, restricting untreated waste landlling
and promoting environmentally friendly alternatives. This shi
has spurred research into waste-to-energy (WtE) technologies as
a sustainable waste management approach. One promisingWtE
solution is gasication, which transforms waste into gaseous
products such as CO, H2, CH4, and CO2.3 Hydrogen can be
produced from these gases through a series of steps: gasica-
tion, purication, the water–gas shi (WGS) reaction, and
separation.4 The WGS reaction plays a critical role in producing
high-purity hydrogen from waste.4 It is widely used to supply
high-purity hydrogen from natural-gas-derived syngas for the
Haber process, which produces nitrogen fertilizer. In this
process, CO must be removed, as it deactivates the iron catalyst
used in the Haber process, making the WGS reaction essential.
Similarly, when hydrogen is produced for fuel cells, CO must be
reduced to ppm levels in syngas to prevent catalyst poisoning.
The WGS reaction is crucial in this context, as it reduces CO
concentration while generating additional hydrogen for poly-
mer electrolyte membrane fuel cells.

The WGS reaction converts CO and H2O into CO2 and H2. In
general, the WGS reaction is performed in two temperature
ranges considering both thermodynamic and kinetic aspects:
high-temperature shi (HT-WGS, 350–500 °C) and low-
temperature shi (LT-WGS, 190–250 °C).5–8 While the LT-WGS
This journal is © The Royal Society of Chemistry 2025
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reaction is thermodynamically favorable for hydrogen produc-
tion, the HT-WGS reaction is more suitable for waste-derived
syngas due to the high temperatures present aer gasication
and the rapid temperature increase in the catalyst bed.9,10 Fe–Cr-
based catalysts are commercially used to convert synthesis gas
derived from natural gas, but more active catalysts are required
to convert synthesis gas derived from waste gasication, which
contains a higher concentration of CO (∼40%). Furthermore,
high CO concentrations increase the risk of carbon deposition
via the Boudouard reaction (2CO / C + CO2).11 Cu, a non-
precious metal, is effective in increasing the activity of WGS
catalysts. Commercial HT-WGS catalysts oen contain
copper,9,12 although Cu is prone to sintering, which limits its
use to low temperatures. However, research is being conducted
to improve the performance of Cu with appropriate supports,
synthesis methods, and structured catalysts.4,13–16 Na et al.
conducted a study on the effect of adding Ba, Zr, and Nd to Ce/
Cu/Al2O3 catalysts in the HT-WGS reaction, where the catalysts
with Ba and Zr showed higher activity and stability. Their
research concluded that the catalytic activity and stability are
signicantly inuenced by the oxygen vacancy concentration
and strong metal-to-support interaction (SMSI). Chang et al.
investigated Cu catalysts on MgAl2O4 (MAO) supports, prepared
by impregnation and by atomic layer deposition (ALD) of ZnO,
CeO2, Mn2O3, and CoO, followed by Cu deposition.13 The Cu/
MAO catalyst prepared by ALD showed twice the Cu disper-
sion and 10 times higher activity compared to the Cu/MAO
catalyst prepared by impregnation, demonstrating the struc-
tural sensitivity of catalytic activity. Catalysts prepared with
ZnO, CeO2, and Mn2O3 showed similar activity to Cu/MAO,
while the catalyst with CoO exhibited slightly lower activity
due to alloy formation. Lee et al. studied HT-WGS catalysts
prepared by co-precipitation, using supports with varying Ce/
Mg ratios along with Cu.14 The CCM75 catalyst (Ce/Mg = 75/
25) showed high activity and stability, attributed to its high
Cu dispersion and OSC value, and they concluded that Cu
dispersion contributes to OSC formation.

Spray pyrolysis is a technique that includes both spray drying
and ame spray pyrolysis.17 Generally, it involves atomizing
droplets from a precursor solution using ultrasonic power, fol-
lowed by evaporation and decomposition in a thermal
reactor.17,18 This process allows the synthesis of materials with
precise stoichiometry by spraying micron-sized droplets from
the precursor solution at the desired ratio.18 The spray pyrolysis
process comprises two steps: the “spray” step, where ultrasonic
force atomizes the precursor solution into droplets, and the
“pyrolysis” step, where these droplets evaporate and decompose
in a thermal reactor. This method efficiently produces carbon-
composite microspheres with various compositions.17 Spray
pyrolysis is well-suited for commercial applications due to its
scalability, cost-effectiveness, and continuous process.17,18 The
incorporation of additives into the spray solution and control of
the process in a thermal reactor facilitates the production of
nano-powders with homogeneous compositions, making it
advantageous for nanostructured powder synthesis.19 In our
previous study, we used spray pyrolysis to synthesize Pt-loaded
Ce0.75Zr0.25O2 catalysts for the LT-WGS reaction,20 achieving
This journal is © The Royal Society of Chemistry 2025
improved stability while maintaining high activity. We attribute
this performance to the yolk–shell structure synthesized via
spray pyrolysis, which prevents Pt sintering and sustains cata-
lytic efficiency.

Despite the high activity of Cu catalysts in the WGS reaction,
their application to WGS reactions using waste gasication
syngas has been rare. Furthermore, the use of unique synthesis
methods, such as spray pyrolysis for WGS applications is
scarcely reported. The aim of this study was to apply Cu-loaded
catalysts on various reducible supports (CeO2, ZrO2, TiO2,
ZrCeO2, and TiCeO2) for HT-WGS reactions using simulated
waste-derived syngas. The catalysts, synthesized using spray
pyrolysis and denoted as SPC catalysts, were characterized to
elucidate the reasons behind their high activity. Additionally, to
investigate deactivation mechanisms, we monitored changes in
the physical properties of the Cu-based catalyst synthesized by
spray pyrolysis over different reaction times (initial, aer 2 h,
aer 10 h, and aer 50 h). Based on these observations, the
causes of catalyst deactivation were investigated. Furthermore,
the optimized catalyst was subjected to daily start-up and shut
down (DSS) tests to assess its reusability in hydrogen produc-
tion from waste.
Materials and methods
Catalyst preparation

SPC catalysts containing CeO2, ZrO2, and TiO2, denoted as
SPCC, SPCZ, and SPCT, respectively, were synthesized via one-
pot spray pyrolysis. For the synthesis, three spray solutions
were prepared by adding 0.1 M copper(II) nitrate trihydrate
[Cu(NO3)2$3H2O, DAEJUNG, 99.0%] and 0.3 M sucrose
[C12H22O11, DAEJUNG] to 200 mL of distilled water, followed by
stirring for 1 h. Subsequently, 0.2 M metal salts–cerium(III)
nitrate hexahydrate [Ce(NO3)3$6H2O, SAMCHUN, 98.0%], zir-
conyl(IV) nitrate hydrate [Zr(NO3)2$xH2O, Thermo Fisher Scien-
tic, 99.5%], and titanium(IV) isopropoxide [Ti[OCH(CH3)2]4,
JUNSEI, 98.0%]–were added to each spray solution. The three
prepared solutions were then transferred to an ultrasonic
nebulizer connected to a vertical quartz reactor (length, 1200
mm; diameter, 50 mm). Droplets generated by the nebulizer
passed through the reactor xed at 600 °C under an air atmo-
sphere with a ow rate of 10 L min−1, resulting in the synthesis
of SPCC, SPCZ, and SPCT catalysts. Additionally, Cu-based
catalysts with binary metal oxide substrates (CeO2/ZrO2 and
CeO2/TiO2), denoted as SPCZC and SPCTC, were synthesized.
The base spray solution was prepared by dissolving 0.1 M Cu
precursor and 0.3 M sucrose in distilled water. For the synthesis
of SPCZC and SPCTC catalysts, 0.15 M Ce precursor and 0.05 M
Zr and Ti precursor were added to the base spray solution. Both
SPCZC and SPCTC catalysts were synthesized under identical
spray pyrolysis conditions.
Catalyst characterization

Field emission scanning electron microscopy (FE-SEM) images
of the catalysts were obtained using an Ultra Plus eld emission
SEM (Zeiss) operating at 20 kV, and eld emission transmission
J. Mater. Chem. A, 2025, 13, 704–720 | 705
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electron microscopy (FE-TEM) images were obtained using
a JEM-2100F (JEOL, Korea Basic Science Institute). The prepared
catalysts were reduced under the same reaction conditions in
a 5% H2/N2 atmosphere at 400 °C for 1 h. The Brunauer–
Emmett–Teller (BET) surface area of the catalysts was measured
at −196 °C using N2 adsorption/desorption methods aer
pretreatment at 200 °C for 4 h using an ASAP 2020 PLUS
instrument (Micromeritics, Waste to Energy and Catalyst
Laboratory of Ajou University). X-ray diffraction (XRD) patterns
of the catalysts were determined using a MiniFlex 600 (Rigaku)
with Ni-ltered Cu-Ka radiation at 40 kV and 15 mA. N2O
chemisorption was performed using an Autochem II 2920
instrument (Micromeritics, Waste to Energy and Catalyst
Laboratory, Ajou University). The surface area of Cu metal was
measured using the N2O surface titration method. Prior to the
N2O titration, 0.1 g of the fresh samples were reduced at 400 °C
for 1 h with a 10% H2/Ar ow. The consumption of N2O and the
release of N2 on the metallic Cu sites (N2O + 2Cu = Cu2O + N2)
were measured at 100 °C by using a thermal conductivity
detector (TCD). The surface area of metallic Cu was calculated
assuming 1.46 × 1019 Cu atoms per m2 and a molar ratio of 0.5,
for N2O/Cus (Cu atom on the surface). The particle size of Cu
was calculated using the equation: 6000/(8.92 × Cu metal
surface area/Cu fraction in grams of catalyst). H2-TPR analysis
was performed using an Autochem II 2920 instrument (Micro-
meritics, Waste to Energy and Catalyst Laboratory of Ajou
University) to determine the reduction temperatures of the
catalysts. A 0.1 g sample was loaded into a quartz reactor, and
TPR analysis was performed using 10% H2/Ar from 20 °C to
800 °C at a heating rate of 10 °C min−1. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo/K-Alpha
ESCA System (Thermo Fisher Scientic), maintaining
a chamber pressure of 4.8 × 10−9 mbar. The detector was
operated in constant energy mode with a pass energy of 100 eV
for survey spectra and 50 eV for detailed scans. Oxygen storage
complete capacity (OSCC) analysis was performed using an
Autochem II 2920 instrument (Micromeritics, Waste to Energy
and Catalyst Laboratory of Ajou University). Aer reducing the
catalysts in a 10% H2/Ar atmosphere, 10% O2/He gas was
injected until no further adsorption occurred.
Catalytic reaction

The activity of the catalyst for the HT-WGS reaction was
measured in a microtubular quartz reactor with a length of
600 mm and an inner diameter of 4 mm. The catalyst (50 mg)
was placed on quartz wool inside the reactor, and the reaction
was conducted. The HT-WGS reaction was carried out in the
temperature range of 350–550 °C, with the reaction temperature
measured and controlled using a K-type thermocouple. Before
the reaction, the catalyst was reduced at 400 °C for 1 h in 5 vol%
H2/N2 in the reactor. The reaction gas mixture consisted of H2

(29.44 vol%), N2 (9.05 vol%), CH4 (2.29 vol%), CO (37.91 vol%),
and CO2 (21.31 vol%). A mass ow controller (Brooks-
instrument-5850E) was used for the continuous injection of
the reaction gas. The feed H2O/(CH4 + CO + CO2) ratio of the
reaction gas was maintained at 2.0, with the gas injected using
706 | J. Mater. Chem. A, 2025, 13, 704–720
a syringe pump. The injected water was preheated to 180 °C
before reaching the reactor. The activity tests of the catalyst
were conducted at a gas hourly space velocity (GHSV) of 25
023 mL g−1 h−1. The gas produced during the catalytic reaction
was analyzed online using micro gas chromatography (Micro
GC Fusion, Incon, Waste to Energy and Catalyst Laboratory,
Ajou University). The CO conversion and selectivity for CH4 and
CO2 of the produced gas were calculated using the following
equations:

CO conversion ð%Þ ¼ ½CO�in � ½CO�out
½CO�in

� 100

CH4 selectivity ð%Þ ¼

½CH4�out � ½CH4�in�½CH4�out � ½CH4�in
�þ �½CO2�out � ½CO2�in

� � 100

CO2 selectivity ð%Þ ¼

½CO2�out � ½CO2�in�½CH4�out � ½CH4�in
�þ �½CO2�out � ½CO2�in

� � 100

Results and discussion
Catalyst characterization

The formation mechanism of the Cu-based yolk–shell catalysts
prepared via one-pot spray pyrolysis is described in Scheme 1.
Aqueous droplets comprising homogeneously distributed Cu
salt, metal (Ce, Zr, and Ti) salts, and sucrose as a carbon source
were generated using an ultrasonic nebulizer (Scheme 1-①).
These droplets were fed into a vertical quartz reactor tube
maintained at 600 °C in an air atmosphere. During spray
pyrolysis, the solvent evaporated and the metal salts decom-
posed, leading to a compact form. Simultaneously, sucrose also
decomposed into carbonaceous products, leading to the
formation of CuO/MeOx/carbon composite microspheres
(Scheme 1-②) as intermediate products. The carbonaceous
materials on the outer surface of the CuO/MeOx/carbon
microspheres combusted into CO2, forming a rigid CuO/MeOx

shell without carbon (Scheme 1-③ and ④). In addition, the
consistent application of heat during spray pyrolysis induced
thermal contraction of the inner part of the microspheres
(Scheme 1-④). In a subsequent stage, further combustion
within the core of the microspheres generated a CuO/MeOx yolk
(Scheme 1-⑤). In summary, the resulting catalyst featured
a yolk–shell structure with a void space between the yolk and
shell, composed of CuO/MeOx through continuous combustion
and contraction of the sphere. Overall, Cu-based yolk–shell
catalysts incorporating CeO2, ZrO2, and TiO2 were successfully
synthesized by the one-pot spray pyrolysis process without
requiring post-heat treatment.

Table 1 shows the BET analysis results of the SPC catalysts
with various supports. The surface area of the SPCC catalyst was
the largest among the prepared catalysts. Notably, the surface
This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic illustration of the formation mechanism (①–⑤) of the CuO/MeOx yolk–shell catalyst.
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area of the SPC catalyst supported on pure supports (e.g., SPCC,
SPCT, and SPCZ) without any mixture with other materials was
higher. In contrast, the surface areas of the mixed oxides
(SPCZC and SPCTC) were smaller than those of the pure
supports. According to the literature, the addition of ZrO2 to
CeO2 in a ZrCeO2 support synthesized by co-precipitation
results in an increase in the surface area due to the trans-
formation of the ZrO2 phase from crystalline into amorphous.21
Table 1 The physico-chemical properties of SPC catalysts with various

Catalyst BET surface areaa (m2 g−1) Cu dispersionb (%)

SPCC 84.2 17.1
SPCZ 61.8 3.3
SPCT 80.0 6.8
SPCZC 52.1 9.6
SPCTC 30.6 2.0

a Estimated from N2 adsorption at −196 °C. b Estimated from N2O chemi

This journal is © The Royal Society of Chemistry 2025
In contrast, the spray pyrolysis method, which omits the
digestion process, results in a decrease in surface area due to
the CeO2 and ZrO2 mixture, and ZrO2 retains its crystalline
structure, leading to a decrease in the surface area when mixed
with CeO2. The surface area of the prepared SPC catalysts
decreased in the following order: SPCC (84.2 m2 g−1) > SPCT
(80.0 m2 g−1) > SPCZ (61.8 m2 g−1) > SPCZC (52.1 m2 g−1) >
SPCTC (30.6 m2 g−1).
supports

Crystallite sizeb (nm) Metallic surface areab (m2 g−1)

5.1 110.4
26.0 21.4
12.7 44.0
9.1 61.6
44.2 12.6

sorption.

J. Mater. Chem. A, 2025, 13, 704–720 | 707
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The morphologies of the SPC catalysts prepared with various
supports are shown in Fig. S1(a), (c), (e), (g), and (i).† The SPC
catalysts produced by spray pyrolysis exhibited rough surfaces
and well-dispersed spherical shapes. To verify the shell struc-
ture, a physical impact was applied to break the shell, and the
results are depicted in Fig. S1 (insets of Fig. S1(a), (c), (e), (g),
and (i)†). It was observed that all the fractured SPC catalysts had
multiple shells with hollow interiors, displaying a yolk–shell
structure. Generally, the spray pyrolysis process is advantageous
to prepare uniform spherical particles with controlled stoichi-
ometry by generating aqueous droplets from a precursor solu-
tion containing the desired composition using an ultrasonic
nebulizer.22–24 As a result, the elemental mapping analysis
results demonstrated that the same components were
uniformly distributed across each multi-shell layer in all the
catalysts (Fig. S1(b), (d), (f), (h), and (j)†). The homogeneous
distribution of Cu active species within the support enhances
the resistance to sintering of the active metals during the HT-
WGS reaction. The yolk–shell structure ensures superior cata-
lytic activity during the reaction compared to dense spherical
particles.25–27 As shown in Scheme S1,† the hollow space
between the yolk and shell facilitates the penetration of reacting
gases and provides numerous Cu active sites for adsorbing CO(g)

molecules, not only on the surface of the yolk but also on both
the inner and outer surfaces of the shell. As a result, the
abundance of active sites enhances the surface absorption of
CO gas, thereby improving the overall catalytic efficiency of the
SPC.

Fig. 1 shows the XRD patterns of fresh SPC catalysts sup-
ported on various supports. For the SPCC catalyst, peaks were
observed at 28.1°, 33.2°, 47.5°, and 56.1°, corresponding to the
distinct cubic structure of CeO2 (JCPDS No. 34-0394).28 The
SPCZ catalyst showed a clear crystalline nature, as indicated by
the BET surface area results. The XRD diffractogram of the SPCZ
catalyst revealed peaks at 30.4°, 35.3°, 50.7°, and 60.4°, attrib-
utable to the cubic ZrO2 structure (JCPDS No. 27-0997), which
Fig. 1 The XRD patterns of the fresh SPC catalysts supported on
various supports.

708 | J. Mater. Chem. A, 2025, 13, 704–720
belongs to the Fm3m (face-centered lattice) space group.29,30 For
the SPCT catalyst, seven peaks were observed at 25°, 37.6°
(overlapping with the CuO diffraction peak), 47.9°, 53.7°, 54.6°,
62.5°, and 74.9°, corresponding to the characteristic peaks of
anatase TiO2 (JCPDS No. 73-1764).31–33 The SPCZC catalyst
exhibited a trend similar to that of the SPCC catalyst, except for
the CuO peak. However, compared to the SPCC catalyst, the
major peaks of the SPCZC catalyst were shied to higher angles.
This shi can be attributed to the insertion of Zr into the Ce
lattice, resulting in the formation of a solid solution.32 Accord-
ing to the literature, the formation of a ZrCeO2 solid solution
enhances the thermal stability, redox properties, and oxygen
storage capacity of CeO2.34 Except for the characteristic peaks of
CuO, the SPCTC catalyst did not exhibit any peaks corre-
sponding to CeO2 or TiO2, indicating that TiCeO2 has low
crystallinity. Notably, no CuO peaks were detected in the SPCC
catalyst, which is speculated to be due to the good dispersion of
CuO.

Table 1 also displays the copper dispersion data obtained
from N2O chemisorption analysis. Among SPC catalysts, the
SPCC catalyst supported on CeO2 exhibited the highest copper
dispersion (17.1% and 5.1 nm Cu crystallite size). Therefore, the
excellent dispersion of Cu in the yolk–shell structure of CeO2

resulted in the absence of CuO peaks in the XRD pattern of the
SPCC catalyst. The addition of Zr and Ti to CeO2 resulted in
decreased Cu dispersion. Therefore, the SPCZC and SPCTC
catalysts exhibited lower copper dispersions than SPCC, with
the SPCTC catalyst showing the lowest copper dispersion
among the prepared catalysts. The Cu dispersion of the
prepared SPC catalysts decreased in the following order: SPCC
(17.1%) > SPCZC (9.6%) > SPCT (6.8%) > SPCZ (3.3%) > SPCTC
(2.0%). Notably, despite a high Cu content of 20 wt%, the
catalysts supported on CeO2 and ZrCeO2 exhibited very high Cu
dispersions compared to previously reported liquid- and solid-
phase process-based research,8,10,35 highlighting the suitability
of spray pyrolysis for uniformly synthesizing materials with
certain compositions. In this study, the synthesis of Cu–CeO2

and Cu–ZrCeO2 catalysts resulted in a high dispersion of Cu.
The metal crystallite size and surface area were also determined
using N2O chemisorption analysis, following a trend consistent
with that of the copper dispersion.

Fig. 2 shows the TPR patterns of the prepared catalysts. The
reduction proles of SPCC and SPCZC were deconvoluted into
four peaks with Gaussian line shapes, with an estimated tting
error of less than 3%. The rst deconvoluted peak is attributed
to the reduction of surface CuO or metallic Cu species, inde-
pendent of the support. The second and third peaks correspond
to the reduction of CuO species dispersed on the support lattice,
strongly interacting with the support and active phase of the
WGS reaction. The last peak is a characteristic peak of bulk
CuO. The reduction prole reects H2 consumption by the
catalyst, and the calculated peak area indicates the amount of
the characterized species. The calculated peak areas are shown
in Fig. 2. The amount of active Cu species in the SPCZC catalyst
(14.2) was approximately 2.4 times higher than that in the SPCC
catalyst (6.0). In the SPCTC catalyst, the reduction peak was
divided into three, showing a similar conguration to the
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The TPR patterns of the fresh SPC catalysts supported on
various supports.

Fig. 3 The XPS patterns of the fresh SPC catalysts supported on
various supports ((a): Cu 2p and (b): O 1s).

Table 2 The surface atomic ratios of the prepared catalysts estimated
by XPS

Catalyst

The surface atomic ratios by XPS (%)

Reduced Cu CuO OD/(OL + OD + OOH)

SPCC 54.79 45.21 38.08
SPCZ 47.95 52.05 30.99
SPCT 45.01 54.99 27.89
SPCZC 63.23 36.77 39.49
SPCTC 40.51 59.49 34.08
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previous SPCC and SPCZC catalysts. One noteworthy point is
that while the amount of Cu active species in the SPCTC catalyst
was very small (2.8), the area of the bulk CuO species was the
highest (13.8) among all the catalysts, with the most Cu forming
bulk CuO species. Most of the active Cu species were formed in
the SPCT and SPCZ catalysts (4.8 and 5.2%, respectively). The
amount of active Cu species in the prepared catalysts decreases
in the following order: SPCZC (14.2) > SPCC (6.0) > SPCZ (5.2) >
SPCT (4.8) > SPCTC (2.8). The atomic valence states of Cu and O
on the surfaces of the prepared catalysts were characterized by
XPS. Additionally, X-ray photoelectron spectroscopy (XPS) was
used to verify the amount of active Cu species calculated from
the TPR analysis. Fig. 3(a) shows the Cu 2p spectra of SPC
catalysts with various supports. The signal detected in the broad
range of 931–945 eV indicates the presence of various valence
states of Cu species. Satellite peaks at approximately 939–945 eV
were assigned to copper oxide species. The detected Cu 2p
signal was deconvoluted into two peaks, as shown in Fig. 3(a).
The rst peak, at a lower binding energy of approximately
933 eV, corresponds to reduced (active) Cu species (Cu0/Cu+).36

The ratio of active Cu species on the surface calculated from the
XPS analysis followed the same trend as the amount of active Cu
species calculated by TPR analysis. The calculated surface
concentrations of the Cu species are listed in Table 2. The ratio
of Cu active species on the surface was the highest for the
SPCZC catalyst and the lowest for the SPCTC catalyst. The
surface ratio of Cu2+ species differed from the TPR-derived
values, as XPS reects surface species ratios, whereas TPR
reects overall reduction performance.

The O 1s spectra of the SPC catalysts on various supports are
shown in Fig. 3(b). The spectra were deconvoluted into three
peaks.37 The peak near the lowest binding energy of 529 eV
corresponds to lattice oxygen (OL). The second peak, near
530 eV, is attributed to the presence of oxygen vacancies or
oxygen defects (OD). The last peak, at the highest binding
energy, is attributed to hydroxyl groups (OH) on the catalyst
This journal is © The Royal Society of Chemistry 2025
surface (OOH). The ratios of oxygen defects to the total number
of peaks are summarized in Table 2. According to the literature,
the presence of oxygen defects in a catalyst can promote oxygen
mobility, providing active sites for the dissociation of H2O
molecules.5 Therefore, the more oxygen defects in the catalyst,
J. Mater. Chem. A, 2025, 13, 704–720 | 709
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the more effective the WGS reaction. XPS analysis of the SPCZC
catalyst conrmed not only the highest amount of active Cu
species but also the highest ratio of oxygen defects. The number
of oxygen defects decreased in the following order: SPCZC
(39.49%) > SPCC (38.08%) > SPCTC (34.08%) > SPCZ (30.99%) >
SPCT (27.89%).

The Ce 3d spectra of the SPCC, SPCZC, and SPCTC catalysts
containing a CeO2 support are presented in Fig. S2(a).† The
peaks labeled as v (881.7 eV), v00 (888.1 eV), v000 (897.6 eV), u
(900.1 eV), u00 (906.8 eV), and u00 0 (916.0 eV) correspond to CeO2

(the 3d104f0 state of Ce4+), while peaks v0 (883.9 eV) and u0 (901.8
eV) are associated with Ce2O3 (the 3d104f1 state of Ce3+).5 A
higher concentration of Ce3+ is associated with a larger number
of oxygen defects. The SPCZC catalyst demonstrated the highest
Ce3+/Ce4+ ratio, with the ratios decreasing in the following
order: SPCZC (23.61%) > SPCC (17.20%) > SPCTC (3.99%). The
Zr 3d spectra of SPC catalysts containing ZrO2, namely the SPCZ
and SPCZC catalysts, are depicted in Fig. S2(b).† Peaks corre-
sponding to Zr 3d5/2 (182 ± 0.2 eV) and Zr 3d3/2 (184.4 ± 0.3 eV)
indicate the presence of Zr–O bonds within the catalysts.38 This
demonstrates that Zr exists exclusively in the form of Zr–O
congurations in these catalysts. The Ti 2p spectra of the SPCT
and SPCTC catalysts, which contain TiO2, are shown in
Fig. S2(c).† Both catalysts exhibit Ti 2p3/2 and Ti 2p1/2 peaks,
corresponding to Ti4+.39 The Ti 2p3/2 peak is observed at 458 ±

0.3 eV, and the Ti 2p1/2 peak is observed at 464 ± 0.2 eV.
To further analyze the ratio of oxygen defects observed in the

XPS analysis, the oxygen storage complete capacity (OSCC) was
investigated through hydrogen–oxygen pulse chemisorption
(Fig. 4). The OSCC analysis provides information on the
maximum redox capacity of the catalyst, which is directly
related to the concentration of oxygen defects.40,41 As shown in
the XPS O 1s spectra, the calculated oxygen defect concentration
from the OSCC analysis followed the same trend as the surface
defect oxygen. The SPCZC catalyst displayed the highest oxygen
adsorption capacity (1002 mmolO2

gcat
−1), while the SPCT cata-

lyst showed the lowest (92 mmolO2
gcat

−1). These results indicate
that Zr enhances the maximum redox capacity of Ce by
Fig. 4 The OSCC analysis of the fresh SPC catalysts supported on
various supports.
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increasing the concentration of oxygen defects, whereas Ti does
not. Additionally, zirconium and titanium exhibit lower
maximum redox capacities than cerium. As mentioned earlier,
oxygen defects in the catalyst enhance the mobility of oxygen,
and a high concentration of oxygen defects is expected to
improve the activity for the WGS reaction.
Reaction results

To develop a high-performance HT-WGS catalyst based on Cu
with a yolk–shell structure, the catalytic reaction was conducted
at a high GHSV of 25 023 h−1. To enhance the practical appli-
cability of the developed catalyst, a synthetic gas was used to
simulate the gas composition generated downstream of an
actual combustible waste gasier. Fig. 5 shows the CO conver-
sion rates for the catalysts studied and thermodynamic equi-
librium (EQ) of the WGS reaction. The SPCZC catalyst exhibited
the highest CO conversion rate across all temperature ranges,
followed by the SPCC catalyst. From the HT-WGS reaction
results, the concentration of oxygen defects and the quantity of
active Cu species signicantly inuence catalyst performance.
Notably, the SPCTC catalyst exhibited the third-highest activity,
which is attributed to its relatively high concentration of oxygen
defects, despite having the lowest amount of active Cu species
derived from the TPR and XPS analyses compared to SPCZ and
SPCT. Thus, of the two factors inuencing the HT-WGS reaction
(concentration of oxygen defects and quantity of active Cu
species), the concentration of oxygen defects appears to play
a more signicant role. Among the reductive oxides (ceria,
zirconia, and titania), ceria proved to be the most suitable Cu-
based catalyst for the HT-WGS reaction due to its superior
redox capacity compared to zirconia and titania supports.
Additionally, incorporating zirconium into ceria to form
a ceria–zirconia support further increased the concentration of
oxygen defects, thereby enhancing the redox capacity and more
effectively converting Cu into its active state, leading to superior
catalytic performance in the HT-WGS reaction. However, mixing
Fig. 5 The CO conversion of the SPC catalysts supported on various
supports.

This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d4ta06757f


Fig. 6 The CO2 and CH4 selectivity of the SPC catalysts supported on
various supports.

Fig. 7 The stability evaluation results of the SPC catalysts at 400 °C for
50 hours ((a): 50 hours and (b): narrowed down to 10 hours).

Fig. 8 The XRD analysis results of the fresh catalysts overlapped with
dashed lines to illustrate the differences compared to the used catalysts.

Fig. 9 The N2O-chemisorption analysis results of the catalysts that
were tested during the HT-WGS reaction for 50 hours at 400 °C.

Fig. 10 The TGA analysis of the catalysts tested for 10 hours at 400 °C.
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titania with ceria slightly reduced the concentration of oxygen
defects and promoted Cu bulk transformation, resulting in
lower catalytic activity compared to pure ceria.

The WGS reaction selectively converts CO in syngas to CO2

while generating additional H2. The methanation reaction is
a major side reaction of the WGS reaction that consumes excess
hydrogen to produce methane, making CO2 and CH4 selectiv-
ities critical. Catalysts with a CO2 selectivity close to 100% and
CH4 selectivity near 0% are considered highly selective. Fig. 6
Fig. 11 The BET surface area analysis results of the catalysts that were
tested during the HT-WGS reaction for 50 hours at 400 °C.

Fig. 12 The FE-SEM images of catalysts ((a) SPCC, (c) SPCZ, (e) SPCT, (g) S
(d) SPCZ, (f) SPCT, (h) SPCZC, and (j) SPCTC) after the 50 hour HT-WGS

712 | J. Mater. Chem. A, 2025, 13, 704–720
shows the CO2 and CH4 selectivities for all the fabricated cata-
lysts. All catalysts containing ceria (i.e., SPCC, SPCZC, and
SPCTC) demonstrated a CO2 selectivity of 100% and CH4

selectivity of 0%, conrming the absence of side reactions.42

Conversely, the SPCZ and SPCT catalysts, which did not contain
ceria, exhibited methanation side reactions. Hence, ceria serves
as a support component that effectively suppresses the metha-
nation side reactions in the HT-WGS process. The SPCZ catalyst
displayed a CO2 selectivity of 93% (7% CH4 selectivity) across all
temperatures, while the SPCT catalyst initially exhibited 93%
CO2 selectivity, with a gradual trend toward eliminating side
reactions. The methanation reaction involves 3 moles of
hydrogen with one mole of carbon monoxide to produce one
mole of methane and one mole of water (3H2 + CO / CH4 +
H2O). Methanation reduces hydrogen production, making
catalysts exhibiting this side reaction unsuitable for the WGS
reaction.

To evaluate the stability of the copper-based catalysts
synthesized by the spray pyrolysis method, the results of the HT-
WGS reaction conducted at 400 °C for 50 h are presented in
Fig. 7(a). The reaction temperature of 400 °C was selected
because it not only highlights the difference in reaction activity
but also stimulates the temperature at which synthetic gas is
obtained in the downstream process of the waste gasication
procedure.43 Notable observations emerged from the long-term
stability evaluation results. All catalysts, except SPCZC, exhibi-
ted a signicant decline in catalytic activity within the initial 2–
3 h. The SPCZC catalyst also exhibited deactivation for up to 30
PCZC, and (i) SPCTC) and elemental mapping analysis results ((b) SPCC,
reaction at 400 °C.

This journal is © The Royal Society of Chemistry 2025
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hours (from 76% to 61%, a decrease of 15%), but stabilized
thereaer. In contrast, the SPCC catalyst initially exhibited
a 55% CO conversion rate, which sharply dropped to 44%
within 30 min and gradually decreased further to 31.4%,
meaning a 43% reduction in activity from the initial level.
Similarly, the SPCTC catalyst showed a 17% reduction in the CO
conversion rate within the rst 2 h compared to its initial
activity, followed by a slow decline over 10 h, resulting in a total
activity drop of 48%. The SPCZ and SPCT catalysts demon-
strated sharp declines in catalytic activity within the rst 2 h,
with CO conversion rates as low as 7% and 4%, respectively. A
closer examination of catalyst deactivation trends over the rst
10 hours is provided in Fig. 7(b).
Fig. 13 The changes in activity and characteristics of each catalyst
over time on stream (a) SPCC, (b) SPCZ, (c) SPCT, (d) SPCZC, and (e)
SPCTC.
Detailed study of catalyst deactivation

To investigate the deactivation mechanisms, detailed charac-
terization of the catalysts was conducted. Fig. 8 depicts the XRD
analysis results of the catalysts aer 50 h of the HT-WGS reac-
tion at 400 °C. As shown in Fig. 8, the XRD analysis results of the
fresh catalysts are overlapped with dashed lines to illustrate the
differences compared to those of the used catalysts. For the
SPCTC catalyst, only a change in the peak intensity was
observed, likely due to its low crystallinity. No peaks associated
with TiCeO2 were detected in the used catalyst. Additionally,
while the fresh catalyst showed CuO peaks due to copper
oxidation during the calcination process, the peak intensity of
CuO decreased as it was reduced to metallic copper during the
reaction. However, unlike other catalysts, no metallic copper
peaks were observed. Apart from SPCTC, characteristic peaks of
metallic Cu were observed for the other catalysts. In the case of
the SPCZC and SPCC catalysts, there was no signicant change
compared to the fresh catalyst, with the CuO peaks disappear-
ing and replaced by metallic Cu peaks. For the SPCT and SPCZ
catalysts, metallic Cu was transformed into sintered clusters
with distinct peaks. Notably, unlike the other catalysts con-
taining ceria, peaks associated with graphitic carbon were
observed. Thus, it can be inferred that catalyst deactivation
occurred because of coke formation on the SPCT and SPCZ
catalysts.

At high temperatures, the primary deactivation mechanism
for Cu-based catalysts is Cu sintering. Sintered copper particles
aggregate, reducing their dispersion. To verify this, the Cu
dispersion in the catalyst used in the stability test was
measured. Fig. 9 presents the N2O-chemisorption analysis
results of the catalysts tested during the HT-WGS reaction for
50 h at 400 °C. Based on the catalyst stability test results, the Cu
dispersion measurements of the used catalysts clearly indicated
that the primary cause of deactivation in all the catalysts, except
SPCZC, was Cu sintering. The SPCZC catalyst, which displayed
relatively stable catalytic activity, showed a decrease in disper-
sion by approximately 10%, conrming that it maintained high
catalytic activity through signicant resistance to Cu sintering,
even aer 50 h of reaction. In contrast, the SPCC catalyst,
despite having the highest dispersion among the fresh catalysts,
This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 704–720 | 713
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exhibited a reduction in dispersion of over 56%. This reects
the rapid deactivation observed during the initial stage of the
reaction due to drastic Cu sintering in the SPCC catalyst. The
SPCTC catalyst, despite its initially low dispersion, demon-
strated a 15% reduction. The Cu dispersion rates of the SPCZ
and SPCT catalysts decreased by 48.5% and 44.1%, respectively.
Accordingly, the actual CO conversion rates decreased
substantially by 79.4% (from 34% to 7%) and 77.8% (from 18%
to 4%). The higher rate of catalyst activity compared to the
decrease in Cu dispersion is likely due to the graphitic carbon
peak observed in the XRD analysis of the used catalysts, sug-
gesting that both Cu sintering and additional carbon deposition
contributed to deactivation by blocking active sites. To validate
the speculated carbon deposition inferred from the XRD and
N2O-chemisorption results of the used catalysts, TGA analysis
was conducted on the catalysts tested for 10 h at 400 °C (Fig. 10).
This duration was chosen to capture the complete deactivation
of the SPCZ and SPCT catalysts (where carbon deposition is
suspected to occur) aer 10 h, but also to elucidate the detailed
catalyst deactivation pathway. Up to 150 °C, the initial weight
loss is detected, which is caused by the thermal desorption of
H2O on the catalyst surface. From 150 °C to 330 °C, weight
increased by 1–4%, which is due to the oxidation of reduced
metallic Cu species to CuO species. The SPCZC and SPCC
catalysts did not exhibit any weight changes above 330 °C,
indicating the absence of carbon deposition. In contrast, the
SPCTC, SPCZ, and SPCT catalysts demonstrated a weight loss
beyond 330 °C, suggesting the conversion of deposited carbon
to CO or CO2.44 The weight reduction rates revealed that the
Scheme 2 Schematic illustration of deactivation processes.

714 | J. Mater. Chem. A, 2025, 13, 704–720
SPCT catalyst exhibited the highest carbon deposition, followed
by the SPCZ and SPCTC catalysts. Carbon deposition at active
sites blocked catalyst–reactant interactions, leading to deacti-
vation. Therefore, it was conrmed that the SPCTC, SPCZ, and
SPCT catalysts were deactivated by carbon deposition and Cu
sintering.

Fig. 11 shows the BET surface area analysis results for the
catalysts tested during the HT-WGS reaction for 50 h at 400 °C.
Interestingly, no signicant reduction in BET surface area was
observed for the deactivated SPCTC, SPCZ, and SPCT catalysts.
Although these three types of catalysts experienced deactivation
due to Cu sintering and carbon deposition, the surface area of
the catalysts remains stable (within the margin of error), sug-
gesting that the yolk–shell structures were well maintained. The
SPCZC catalyst showed stable catalytic activity and exhibited
a slight reduction in BET surface area (approximately 15%). The
most notable data come from the SPCC catalyst, which dis-
played a sharp decrease in surface area (approximately 86%)
compared to its initial value. Despite its initially high catalytic
performance, the rapid deactivation of the SPCC catalyst is
attributed to the failure to maintain its yolk–shell structure.

Based on the BET analysis results of the used catalysts, FE-
SEM analysis was conducted to investigate the preservation of
the structure of the catalysts aer 50 h of the HT-WGS reaction
at 400 °C. Fig. 12 shows that the SPCTC, SPCZ, and SPCT
catalysts, which did not exhibit a decrease in BET surface area
aer use, maintained their yolk–shell structure. The SPCZC
catalyst also showed a slight decrease in the BET surface area
and appeared to maintain its yolk–shell structure. However, the
This journal is © The Royal Society of Chemistry 2025
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SPCC catalyst exhibited complete shell destruction, which
explains its signicant loss of surface area.

To clarify the deactivation pathway, it was necessary to
analyze not only the initial characteristics and post-50 hour
reaction properties, but also the characteristic analysis of the
catalyst used for 2 h or 10 h of reaction (including the SPCC
catalyst). Additionally, the TGA results aer 10 h of the reaction
were analyzed to clarify the deactivation mechanisms.
Fig. 13(a)–(e) illustrate the changes in activity and characteris-
tics for each catalyst over time. For the SPCC catalyst, a contin-
uous decrease in Cu dispersion and CO conversion rate was
observed as the reaction time progressed. Carbon deposition
was absent in the TGA analysis results (10 h), and in the XRD
analysis results (50 h). Based on the BET analysis, it is believed
Fig. 14 The reuse evaluation results of the SPCZC catalyst over the
daily start-up and shut-down (DSS) reaction.

Fig. 15 Comparative analysis of fresh and used SPCZC catalyst properties
f), HR-TEM images (c and g), and SAED patterns (d and h).

This journal is © The Royal Society of Chemistry 2025
that severe Cu sintering, along with shell cracking or destruc-
tion, occurred within the initial 2 h. From 2 to 10 h, the BET
surface area remained unchanged, but the continued shell
destruction led to a nal surface area of 12 m2 g−1 aer 50 h.
The deactivation processes for all catalysts, including the SPCC
catalyst, are depicted in Scheme 2. The deactivation pathway for
the SPCC catalyst proceeds as follows: (1) rapid Cu sintering,
shell cracking or destruction; (2) continuous Cu sintering and
shell destruction and (3) shell destruction and activity degra-
dation. SPCZ, SPCT, and SPCTC exhibit similar deactivation
pathways. All three catalysts underwent rapid Cu sintering
within the rst 2 h, with no additional sintering aerward.
However, CO conversion rates continued to decrease until 10 h,
indicating that additional catalyst deactivation occurred due to
carbon deposition. Aer 10 h, the catalysts exhibited very low
CO conversion rates, indicating full deactivation. BET and FE-
SEM results conrmed that no structural destruction occurred
in the SPCZ, SPCT, or SPCTC catalysts. Therefore, the deacti-
vation pathways of the three catalysts are as follows: (1) an
initial activity decrease due to rapid Cu sintering, (2) continuous
activity decline caused by carbon deposition, and (3) complete
catalyst deactivation within 10 h. The SPCZC catalyst showed no
decline in activity within the initial 2 h, and slow Cu sintering
occurred over the next 10 h. It maintained Cu dispersion and
BET surface area until 50 h, with activity stabilizing aer 30 h,
and no further deactivation. However, a detailed study revealed
that the ability to maintain the shell structure and prevent coke
formation depends on the support material composition.
Specically, shells composed of TiCeO2, ZrO2, and TiO2 may fail
to prevent deactivation. Therefore, it was conrmed that the
synthesis of a support material with ceria-added zirconia in
a yolk–shell structure demonstrated excellent Cu sintering
resistance and structural stability (Fig. S3†).
for the HT-WGS reaction: FE-SEM images (a and e), TEM images (b and

J. Mater. Chem. A, 2025, 13, 704–720 | 715
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Feasibility evaluation of the SPCZC catalyst and summary

In industrial processes, catalysts oen undergo repeated usage
cycles, not only for regeneration but also for daily start-up and
shutdown (DSS) operations. The ability of a catalyst to endure
these cycles without a signicant loss of activity is crucial for
practical applications. To assess the reusability of the SPCZC
catalyst, we performed additional cycling tests that simulated
industrial conditions, including repeated start-ups and shut-
downs. The goal was to understand how SPCZC responded over
an extended operational period. A reusable catalyst offers long-
term advantages by reducing the need for frequent replace-
ment. To substantiate this, the chemical properties of the
SPCZC catalyst were conrmed using XPS and OSCC analyses
(Fig. S4 and Table S1†). Table S1† lists the OSCC values for both
the fresh and used catalysts. The used SPCZC catalysts exhibited
a high OSCC value of 1018 mmolO2

gcat
−1 (fresh SPCZC catalyst:

1002 mmolO2
gcat

−1) aer the DSS reaction, indicating that its
Fig. 16 The relationships between the chemical properties of the
catalysts, their catalytic performances, and the physico-chemical
properties of the used catalysts.

716 | J. Mater. Chem. A, 2025, 13, 704–720
excellent chemical properties were regenerated and maintained
during the reduction step. Table S1 and Fig. S4† present the XPS
proles of Cu, Ce, and O in the fresh and used SPCZC catalysts.
The XPS analysis of the used SPCZC catalyst was similar to that
of the fresh SPCZC catalyst, conrming that catalyst deactiva-
tion was not due to a decrease in chemical properties. The
results of the cycling tests offer a more rounded view of the
potential of SPCZC in industrial situations, emphasizing its
reliability under practical operational conditions. Fig. 14 pres-
ents the reevaluation results for the SPCZC catalyst. To assess
the reusability of the catalyst, the reaction gas supply was
stopped aer the rst reaction, and the reactor was cooled to
room temperature. Subsequently, the catalyst was reduced, and
the reaction was repeated ve times. Aer applying the SPCZC
catalyst to the HT-WGS reaction for the rst time and subse-
quent regeneration through a reduction process, the catalyst
exhibited a 7% decrease in activity during the second run. In the
third reaction, an additional 4% decrease was observed, leading
to an overall 11% decrease in activity. By the fourth reaction, the
CO conversion rate decreased by 13% compared to the initial
rate. From the h HT-WGS reaction onward, the conversion
rate remained consistent with that of the fourth reaction. This
indicates that while the chemical properties of the catalyst, such
as OSCC, are regenerated during the reduction process (Fig. S4
and Table S1†), the physical properties, such as the Cu particle
size and BET surface area, are irreversible. A comparison of the
physical structures of fresh and used SPCZC catalysts is shown
in Fig. 15. Images of the fresh SPCZC catalyst are presented in
Fig. 15(a)–(d), and those of the used SPCZC catalyst are shown in
Fig. 15(e)–(h). According to the FE-SEM and TEM images, the
SPCZC catalyst maintained its multi-shell structure even aer
the HT-WGS reaction. The HR-TEM images (Fig. 15(c)) reveal
ultrane nanocrystals with lattice fringes separated by
0.310 nm, corresponding to the (111) crystal plane of cubic
Fig. 17 The comparison of reported Cu loading and Cu dispersion of
Cu-based catalysts according to preparation methods. (1) Spray
pyrolysis Cu–CeO2 (SPCC); (2) spray pyrolysis Cu–ZrCeO2 (SPCZC); (3)
70Cu20Zn10Al;8 (4) Cu–Ce/CeO2;35 (5) Ce/Cu/g-Al2O3;10 (6) CuO/
NiO/ZrO2–CeO2;45 CuO/Fe2O3/Cr2O3.45

This journal is © The Royal Society of Chemistry 2025
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Table 3 The reaction conditions of the reported Cu loading and Cu dispersion for Cu-based catalysts

No. Catalysts XCO, T (°C) GHSV (h−1) Cu dispersion (%) Cu loading (wt%) Ref.

(1) Cu–CeO2 (SPCC) 54%, 400 °C 25 023 17.1 22 This study
(2) Cu–ZrCeO2 (SPCZC) 76%, 400 °C 25 023 9.6 24 This study
(3) 70Cu20Zn10Al 94.9%, 210 °C 8000 1.12 70 8
(4) Cu–Ce/CeO2 18.4%, 280 °C 36 080 2.25 10 35
(5) Ce/Cu/g-Al2O3 78%, 450 °C 50 056 1.7 20 10
(6) CuO/NiO/ZrO2–CeO2 69.7%, 500 °C — 7.6 4.5 45
(7) CuO/Fe2O3/Cr2O3 (commercial cat.) 60.1%, 500 °C — 3.5 3 45
(8) Cu–1Nb–CeO2 67%, 400 °C 72 152 0.63 80 46
(9) 1Cu1Ni/CeAl 97%, 380 °C 12 000 — 7.8 47
(10) CuZn/CeO2–Al2O3 100%, 250 °C 9000 — 15 48
(11) Cu/CeO2–CHC 80%, 360 °C 36 201 3.94 20 49
(12) FAC-PC-3-240 95.4%, 350 °C 40 057 5.6 10 9
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Ce0.75Zr0.25O2. The HR-TEM image of SPCZC (Fig. 15(g)) shows
the same lattice fringe values for the Ce0.75Zr0.25O2 (111) crystal
plane, indicating that the main (111) crystal plane of the
Ce0.75Zr0.25O2 support remained unchanged aer the catalytic
reaction. The fresh SPCZC catalyst exhibits lattice fringes with
a spacing of 0.196 nm, which matches the CuO (1�12) crystal
plane. The used SPCZC catalyst shows lattice fringes with
a spacing of 0.275 nm, corresponding to the CuO (1�10) crystal
plane. Therefore, the lattice fringes observed for the CuO phase
in HR-TEM images of both fresh and used catalysts suggest that
the CuO species remained stable without phase transformation
during the catalytic reaction. Additionally, TEM images of the
fresh catalyst (Fig. 15(c)) revealed CuO nanocrystals with amean
size of 5 nm, which increased to about 8 nm aer the reaction
(Fig. 15(g)), indicating slight sintering of the CuO species.
Despite the SPCZC catalyst being exposed to a high temperature
of 400 °C during the CO conversion reaction, these results
demonstrate the strong sintering resistance and structural
stability of the Ce0.75Zr0.25O2 support, which was homoge-
neously formed through the spray pyrolysis process. Moreover,
the selected area electron diffraction (SAED) patterns in
Fig. 15(d) and (h) indicate the presence of phase-pure
Ce0.75Zr0.25O2 solid solution and a single-crystalline CuO phase.
The level of deactivation was consistent with the results of the
50 hour long-term stability test. Therefore, the SPCZC catalyst
not only exhibited high initial activity but also demonstrated
long-term stability and recyclability. The XPS analysis results of
the other SPC catalysts, excluding the SPCZC catalyst, are shown
in Fig. S5 and Table S2.†

Fig. 16 shows the relationship between chemical properties
and initial catalytic activity, as well as the correlation between
physical properties and catalyst stability. For Cu catalysts sup-
ported on reducible supports, the oxygen storage capacity and
amount of defective oxygen are key properties in the HT-WGS
reaction of syngas derived from waste gasication. The
number of active Cu species only partially inuenced the
results. Although the SPCTC catalyst contained the fewest active
Cu species, its initial activity was higher than that of the SPCZ
catalyst due to its more than twofold higher OSCC. The inclu-
sion of Ce in the synthesized catalysts signicantly enhanced
This journal is © The Royal Society of Chemistry 2025
their OSCC and initial activity. While the physical properties of
the catalysts did not correlate strongly with the initial activity,
they were related to catalyst stability. Catalysts with poor
physical properties exhibited lower CO conversion rates. Except
for the SPCZC catalyst, those with sharply deteriorated physical
properties showed signicant deactivation, with additional
carbon deposition occurring on the SPCTC, SPCZ, and SPCT
catalysts, leading to a substantial decline in performance. In
contrast, the SPCZC catalyst displayed stable catalytic behavior
with high initial activity. These results provide deeper insights
into how the dispersion and stability of the Cu-based catalysts
inuence their initial activity and long-term stability.

The Cu loadings and dispersions of the Cu-based catalysts
are shown in Fig. 17. The SPCC and SPCZC catalysts developed
in this study exhibited higher Cu dispersion than previously
reported catalysts. This can be attributed to the high dispersion
observed using spray pyrolysis, along with the interactions
between the Cu–CeO2 and Cu–ZrCeO2 catalysts. The reaction
conditions for each catalyst are listed in Table 3. Despite the
high treatment capacity (25 023 h−1) and high concentration of
carbon monoxide for the SPCZC catalyst, it exhibited high CO
conversion rates and superior dispersion.
Conclusion

In this study, we conrmed that synthesizing copper zirconia-
ceria catalysts using spray pyrolysis resulted in highly
dispersed copper and prevented the sintering of Cu, even under
severe conditions of high temperature and high CO concen-
tration. Additionally, zirconia effectively enhanced the OSCC
and the amount of defective oxygen in ceria, leading to the
superior performance of the SPCZC catalyst in the HT-WGS
reaction using waste-derived syngas. The SPCZC catalyst ach-
ieved a CO conversion rate of 76% at a relatively high reaction
temperature of 400 °C with real waste-derived syngas containing
approximately 38% CO and maintained stable catalytic activity
for 50 h. Furthermore, the SPCZC catalyst exhibited only a 13%
decrease in activity aer four reuse cycles and maintained its
performance aerward, highlighting its strong reusability.
Catalyst deactivation has been studied. The analysis of the
J. Mater. Chem. A, 2025, 13, 704–720 | 717
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physical characteristics as a function of the catalyst reaction
time revealed that the SPCC catalyst underwent rapid sintering
of Cu within the initial 2 h. Simultaneously, the shell gradually
collapsed, resulting in a loss of surface area and subsequent
catalyst deactivation. The SPCTC, SPCZ, and SPCT catalysts also
underwent Cu sintering within 2 h and deactivated due to
carbon deposition. Additionally, the SPCZ and SPCT catalysts
were unsuitable for the target reaction due to methane forma-
tion during deactivation. In summary, we developed a Cu
catalyst with high activity and stability at elevated temperatures
for producing high-purity hydrogen from waste. This catalyst
holds promise as an alternative to Fe-based catalysts.
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