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ABSTRACT: The Cu-based oxygen carrier exhibits promising potential in the chemical e e
looping with oxygen uncoupling (CLOU) process, wherein its performance is significantly 3¢ M vpregnion mekod) —
influenced by the characteristics of oxygen release and cyclic reaction stability. In this work, [
a series of Cu-based oxygen carriers doped with transition metals (Ti, Y, Zr, and Ce) were
synthesized by using the sol—gel combustion method and impregnation method. The
microstructure, phase structure, O, desorption, and cyclic reaction of Cu-based oxygen
carriers were studied by experiments. The results show that (1) the doped element loading
rate, specific surface area, average pore size, and pore volume of the oxygen carrier “ i}
prepared by the sol—gel combustion method surpass those achieved through the
impregnation method; (2) Ce doping formed a solid solution with CuO and CuALO, — =
without altering the main crystal phases, while Zr, Ti, and Y doping resulted in the [ 56 [ so|mw[so]m]so[m[sc|m
formation of distinct phases; (3) the doped samples exhibit superior oxygen release 'Theinha‘;lce,;q;: . S;eciﬁ:’surfa‘ce ST
performance compared to the undoped ones, with Ce-doped carriers demonstrating the

highest level of performance; and (4) the cycling stability of Cu-based oxygen carriers is significantly enhanced by Ce doping. The
aforementioned results collectively demonstrate the remarkable efficacy of Ce doping as a highly effective modification technique for
Cu-based oxygen carriers. Furthermore, the sol—gel combustion method emerges as a superior method for preparing doped oxygen
carriers.

Percentage (%)

1. INTRODUCTION A o :

Air Oxidation N>+0,
The greenhouse effect, primarily driven by the dominance of - Reactor —
CO, as a greenhouse gas, has emerged as a pressing global
environmental concern.” The combustion of fossil fuels stands Merl tMeO‘_.
out as the primary catalyst behind the substantial increase in Oxidation
atmospheric CO, levels. Chemical looping combustion (CLC) Fuel Reduction Products
represents a groundbreaking combustion technique amidst Reactor

many CO, emission reduction technologies. The fundamental
principle of CLC involves breaking down the coal combustion Figure 1. Schematic diagram of the CLC process.
reaction into two distinct steps, which are conducted in
separate fuel and air reactors, respectively. By facilitating the
continuous circulation of oxygen carriers, this process enables
the provision of oxygen from the air to the fuel, thereby
accomplishing complete fuel combustion. The CLC process is
illustrated in Figure 1, and the simplified reaction equations for
the two-step reaction are presented below.

such as coal; instead, the predominant interaction occurs
through a gas—solid reaction between the products of coal
gasification and the oxygen carrier. The disparity in rates
between coal gasification and the reaction rate of the oxygen
carrier/coal gasification product hinders complete coal
Fuel + MeO, —» CO, + H,0 + MeO,_, (1) conversion, thereby posing significant challenges for CO,
capture.
2MeO,_; + O, — 2MeO, 2)
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The CLC process exhibits zero energy separation of CO,,
thereby enhancing the thermal efficiency of the system and
effectively suppressing the formation of other pollutants, such
as dioxins. These advantages offer significant economic
benefits. However, it has been observed that there is no direct
solid-state reaction between the oxygen carrier and solid fuel,
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To address the aforementioned issues, Mattisson et al.
proposed a technique known as chemical looping with oxygen
uncoupling (CLOU).»® The CLOU employs metal oxides,
including Cu-based oxide,"”” Mn-based oxide,” '* and perov-
skite,"' " as oxygen carriers capable of releasing O, at lower
temperatures and under reduced partial pressure of oxygen.
The reaction steps are specifically illustrated in eqs 3, 4, and S.
The overall reaction of CLOU exhibits similarities to the CLC
process employed with coal; however, a distinguishing factor
lies in the direct combustion of coal within an O, atmosphere
in CLOU, thereby eliminating the rate-limiting step associated
with coal gasification. The Cu-based oxygen carrier is regarded
as a favorable choice for CLOU due to its high capacity for
carrying oxygen and its cost-effectiveness. The study
conducted by Mattisson et al.” revealed that the reaction rate
of the Cu-based oxygen carrier with petroleum coke in the
CLOU process was approximately 50 times higher compared
to the Fe-based oxygen carrier in the CLC process.

2MeQ, —» O, + 2MeO,_, 3)
Fuel + O, —» CO, + H,0 (4)
O, + 2MeO,_; — 2MeO, (5)

Although the utilization of CLOU with CuO as an oxygen
carrier can effectively enhance the coal reaction rate, its major
drawback lies in the low melting point and susceptibility to
sintering of the Cu-based oxygen carrier. Additionally, the
lattice oxygen in the resulting Cu,O product is not fully
utilized after oxygen release, leading to increased transfer rates
and storage of the oxygen carrier within the fuel reactor during
complete coal conversion. Therefore, it is imperative to
investigate modifications for the enhancement of Cu-based
oxygen carriers.

The loading of the active component onto the inert
component represents one of the most extensively employed
strategies for enhancing the stability of oxygen carriers.
Currently, the predominant inert carriers employed include
ALO, 71 810, #1718 7:0,1%2 Ti0,* MgO, YSZ
(yttrium-stabilized zirconia),”® bentonite,”* and sepiolite.”®
Although the incorporation of an inert carrier can enhance the
resistance of the oxygen carrier against sintering, agglomer-
ation, and wear, it also results in a relative reduction in the
active ingredient content, thereby decreasing the oxygen
capacity per unit mass and increasing system volume and
oxygen carrier usage. Another approach to modify the oxygen
carrier system involves incorporating active additives based on
alkali or alkaline earth metals during its preparation.’*™°
Imtiaz et al.*® discovered that the presence of K* ions can
increase the concentration of CuO, which is the active
component in Cu-based oxygen carriers. Bao et al.”’
demonstrated that the introduction of K* ions significantly
enhances the porosity and specific surface area of oxygen
carriers. Nevertheless, it is noteworthy that alkali metals and
their compounds are also emitted as detrimental pollutants
during the coal combustion process, thereby accelerating the
accumulation of ash and slag on the heating surface.’” The low
melting points of alkali metals and alkaline earth metals can
also induce sintering or agglomeration of oxygen carrier
particles. It is imperative to identify more appropriate doping
modification constituents.

Several studies have demonstrated that the incorporation of
transition metal elements can significantly enhance the

properties associated with hydrogen and oxygen storage
materials, such as improving the kinetics of gas molecule
release and absorption (such as H, and O,), increasing
material capacity, and enhancing material cycle stability. The
presence of Ti can induce distortion in the oxygen lattice
within the material, leading to a synergistic effect of catalysis
and nanospace confinement. This consequently enhances
material reactivity and reduces reaction temperature, which is
highly advantageous for preventing oxygen carrier sinter-
ing.>>*® The incorporation of Y can enhance the oxygen
vacancy concentration and oxygen storage capacity of relevant
oxygen storage materials, while simultaneously improving their
thermal stability.***> The addition of Zr can enhance the
reactivity and oxygen storage capacity of oxygen carriers,
materials for oxygen storage, and catalysts.’*™** Ce-doped Fe-
based oxygen carriers were prepared by Galvita et al.”” using
the coprecipitation method, and experimental results demon-
strated enhanced reactivity and stability compared to single Fe-
based oxygen carriers.

The aforementioned research findings hold significant
implications for enhancing the reactivity, oxygen-carrying
capacity, and stability of Cu-based oxygen carriers. In this
work, a series of Cu-based oxygen carriers doped with
transition metals (Ti, Y, Zr, and Ce) were synthesized using
the sol—gel combustion method and impregnation method.
The doped oxygen carriers were designated as Me,-CuO. The
microstructure, phase structure, surface topography, oxygen
decoupling performance, content of doped elements, and cyclic
reactivity of Me,,-CuO were studied. The objective of this work
is to investigate the impact of various transition metal doping
on Cu-based oxygen carriers and explore the influence of
different preparation methods on the performance of doped
oxygen carriers. The findings of this study will provide valuable
insights for the design and development of oxygen carriers in
CLOU.

2. EXPERIMENTAL METHODS

2.1. Oxygen Carriers Synthesis. In this study, two
preparation methods were employed to synthesize transition
metal-doped Cu-based oxygen carriers, namely the sol—gel
combustion method and the impregnation method. CuAl,O,
was utilized as an inert support material with a mass fraction of
60 wt % for CuO. The doping levels of transition metal were 5
wt % with respect to CuO/CuAl,0,. The initial reagents
include Cu(NO;),-3H,0, Al(NO;);-9H,0, C;sH;40,Ti, Y-
(NO,);-6H,0, Zr(NO,),-SH,0, Ce(NO,);-6H,0, citric acid
(C¢H30,-H,0), and deionized water.

2.1.1. Sol-Gel Combustion Method. The stoichiometric
amounts of the metallic compound and citric acid were initially
dissolved in deionized water to generate a homogeneous
solution. Then, the solution was placed on a constant-
temperature magnetic stirrer and stirred at a consistent
speed, while the water bath temperature was set to 75 °C.
The mixture was left undisturbed until it formed a thick gel in
the beaker. Subsequently, the gel obtained from the previous
step was transferred to a drying oven for 12 h at 90 °C.
Following this, the dried gel was introduced into a muffle
furnace preheated to 650 °C and removed once it burned to
form black particles. Next, the muffle furnace was heated up to
850 °C, and the black particles obtained earlier were subjected
to high-temperature calcination for 6 h. Finally, the oxygen
carrier particles were acquired by grinding and calcining the
resulting powder.

https://doi.org/10.1021/acsomega.4c09980
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2.1.2. Impregnation Method. The stoichiometric amounts
of the metallic compound and CuO/CuAl,O, were initially
dissolved in deionized water. The resulting mixture was
thoroughly stirred and placed in a drying oven, where it was
dried at 90 °C for 12 h. Subsequently, the dried sample was
subjected to calcination at 650 °C for 6 h using a muffle
furnace. Following the cooling process, oxygen carrier particles
were obtained through grinding. The oxygen carriers were
denoted as SG-Mx and IM-Mx, corresponding to the sol—gel
combustion method (SG) and impregnation method (IM),
respectively. Here, M represents the doped element, while x
denotes the mass fraction (%) of the doped component.

2.2. Sample Characterization and Thermogravimetric
Experiment. The X-ray diffraction (XRD) analysis was
performed using the Panalytical, The Netherlands’ X'Pert
PRO X-ray diffractometer. Cu—Ka radiation (4 = 0.154 A)
with a step width of 0.02° was utilized, while an operating
voltage and tube current of 40 kV and 40 mA, respectively,
were employed for data collection through a timed step
scanning method within a scanning range of 10 to 90°. The
specific surface area analysis was conducted using the
ASAP2010 specific surface area and pore size analyzer
manufactured by Micromeritics. The liquid nitrogen saturation
temperature was set at 77 K, with an aperture measurement
range of 1.7 to 300 nm. The relative pressure (P/P,) ranged
from 0.01 to 0.995 (where P and P, represent the low-
temperature adsorption equilibrium pressure and saturation
pressure of liquid nitrogen, respectively). Prior to measure-
ment, the test sample underwent a vacuum treatment at a
temperature of 105 °C to eliminate impurity gases. The
specific surface area of the sample was determined using the
Brunauer-Emmett-Teller (BET) equation, while the pore
volume was calculated employing the T-curve method.
Additionally, the pore size distribution was assessed by
utilizing the Barrett—Joyner—Halenda (BJH) model. The
Elan DRC-e inductively coupled plasma mass spectrometer
(ICP-MS, PerkinElmer, USA) was employed for the
determination of the transition metal content in the oxygen
carrier.

The STA409 (Netzsch, Germany) thermogravimetric
analyzer (TGA) was employed to conduct the programmed
temperature reaction of the oxygen carrier oxygen release
reaction, enabling preliminary determination of the perform-
ance and reaction rate of the oxygen release process. A specific
amount of oxygen carrier was weighed into the crucible,
followed by injection of pure N, at a flow rate of S0 mL/min.
Simultaneously, it was heated to 1000 °C at a heating rate of
10 °C/min until the sample reached complete reaction,
indicated by no change in mass. Subsequently, the N, flow
was then maintained until the reactor temperature reached
ambient conditions.

3. RESULTS AND DISCUSSION

3.1. BET Surface. In order to investigate the impact of four
transition metal elements on the microstructure of Cu-based
oxygen carrier particles, BET analysis was employed to
examine Me,-CuO prepared by using different methods. The
experimental results for the specific surface area, average pore
size, and pore volume of each sample are presented in Table 1.

The specific surface areas of undoped, Zr-doped, Ti-doped,
and Ce-doped Cu-based oxygen carriers prepared by the sol—
gel combustion method are found to be 3.85, 4.49, 4.11, and
5.10 m?/g, respectively. In comparison, the specific surface

Table 1. BET Data for the Fresh Cu-Based Oxygen Carriers

oxygen specific surface area  average pore size  pore volume
carrier (m*/g) (nm) (cm®/g)

SG-0 3.85 12.8 0.015
IM-0 3.80 11.4 0.013
SG-Zr5 4.49 26.1 0.028
IM-Zr5 4.41 259 0.024
SG-TiS 4.11 22.7 0.020
IM -TiS 4.058 22.0 0.019
SG-YS 3.89 18.5 0.018
IM -YS 391 19.2 0.021
SG-CeS 5.10 243 0.031
IM -Ce$S 4.97 23.8 0.028

areas of Cu-based oxygen carriers prepared by the impregna-
tion method were measured as 3.80, 4.41, 4.05, and 4.97 mz/g,
respectively. Notably, the sol—gel combustion method yielded
a significantly higher specific surface area for the Cu-based
oxygen carrier. Simultaneously, the oxygen carrier prepared by
the sol—gel combustion method exhibits higher average pore
size and pore volume compared to that prepared by the
impregnation method. The average pore size and pore volume
of the Ce-doped Cu-based oxygen carrier, prepared using the
sol—gel combustion method, are 2.06% and 9.68% higher than
those obtained through the impregnation method, respectively.
The largest difference between the two preparation methods
lies in the average pore size of Cu-based oxygen carriers
without transition element doping, which reaches a significant
increase of 12.3%. The observed phenomenon can be
attributed to the addition of a substantial amount of citric
acid as a complexing and gelling agent during the sol—gel
combustion method preparation process, resulting in the
formation of citric acid complexes with Cu, Al, and transition
metal ions as precursors. Upon high-temperature combustion,
these citric acid complexes decompose, generating numerous
gases and pores. Consequently, this leads to an increase in the
specific surface area, average pore size, and pore volume of the
oxygen carrier. Conversely, in the impregnation method, the
presence of hydrated OH™ on the surface of the precursor
during drying and calcination facilitates hydrogen bonding,
leading to particle agglomeration and a subsequent reduction
in the specific surface area, average pore size, and pore volume
of the sample.

In contrast to the aforementioned four, the sol—gel
combustion method yielded a Y-doped Cu-based oxygen
carrier with a specific surface area of 3.89 m?/ g, an average
pore size of 18.5 nm, and a pore size of 0.018 cm?®/g. These
values are slightly lower than those obtained through the
impregnation method (specific surface area: 3.91 m*/g;
average pore size: 19.2 nm; pore volume: 0.021 cm?/g). The
difficulty in forming a complex between the Y element and
citric acid in the precursor mixture may account for this
phenomenon, as it also hinders the formation of complexes
between Cu and Al ions with citric acid. Consequently, this
impedes pore formation during combustion and calcination,
resulting in a reduction in specific surface area, average pore
size, and pore volume of the sample.

On the other hand, the BET results demonstrate a
significant increase in the specific surface area of the doped
oxygen carrier compared to the undoped Cu-based oxygen
carrier. The enhancement in the specific surface area of the
oxygen carriers relative to IM-0 is illustrated in Figure 2. The

https://doi.org/10.1021/acsomega.4c09980
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Figure 2. Enhancement in specific surface area of the oxygen carriers
relative to IM-0.

specific surface area of the sample prepared by the sol—gel
combustion method is 3.85 mz/g without doping, whereas
after Zr, Ti, Y, and Ce doping, the specific surface area
increases to 4.49, 4.11, 3.89, and 5.10 mz/g respectively,
representing enhancements of 18.2%, 8.2%, 2.4%, and 34.2%.
These findings demonstrate that transition element doping
effectively enhances the specific surface area of Cu-based
oxygen carriers, thereby augmenting the chemical reaction area
and improving reactivity in CLOU. The effects of four types of
transition metal doping on the specific surface area, average
pore size, and pore volume of oxygen carriers follow the order:
Ce > Zr > Ti > Y. Notably, the sol—gel combustion method for
preparing Ce-doped oxygen carriers yields significant enhance-
ments in specific surface area (5.10 m?/g), average pore size
(24.3 nm), and pore volume (0.031 cm®/g). These values
increase by as much as 32.4%, 89.8%, and 106.6% compared to
undoped oxygen carriers, respectively. Conversely, the
enhancement of specific surface area, average pore size, and
pore volume in Y-doped copper-based oxygen carriers is
marginal, potentially attributed to the limited formation of
complexes during precursor synthesis.

3.2. XRD Analysis. The crystal phase structure of transition
metal-doped Cu-based oxygen carriers, obtained through
various preparation methods, was characterized by using
XRD. The corresponding results are presented in Figures 3
and 4.

The XRD patterns of the oxygen carriers prepared by both
methods exhibit sharp peaks, indicating a relatively complete
crystallization process. The XRD profiles of carriers prepared
without transition metals reveal the presence of only the
expected main crystal phases, CuO and CuAl,O,. It can be
observed from the XRD patterns that the diffraction peak of
the Ce-doped oxygen carrier prepared by both methods
exhibits a leftward shift. This shift occurs because the ionic
radius of the Ce ion (0.097 nm) is larger than that of the Cu
ion (0.073 nm). Consequently, the incorporation of Ce into
the copper oxide lattice induces lattice expansion.

The XRD patterns of oxygen carrier samples incorporating
5% Zr, Ti, and Y elements revealed a minor peak. By
comparing with reference spectra, it can be deduced that these
composite peaks are attributed to the presence of cubic-phase
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Figure 4. XRD patterns of Me,-CuO prepared by the impregnation
method.

ZrO,, anatase-phase TiO,, and Y,O;, respectively. This finding
implies restricted solid solubility for Zr, Ti, and Y transition
metals within CuO/CuALO,. In contrast, the XRD pattern of
the sample prepared by the sol—gel combustion method does
not exhibit distinct heterogeneous peaks upon the addition of
5% Ce element. This may be attributed to the presence of Ce
in a divided state, which is below the detection limit of XRD.
The results indicate that CuO and CuAlL,O, are the
predominant crystalline phases of the Cu-based oxygen carrier.
Despite the addition of Ce, the crystal structures of CuO and
CuAl,O, remain unaltered, and Ce successfully incorporates
into the primary lattice without forming separate phases. To
further investigate the uniformity of Ce-doped Cu-based
oxygen carrier, ICP-MS analysis was conducted on five batches
of SG-CeS samples. The results are listed in Table 2. The
results indicate that in five distinct batches of SG-CeS5 samples,
the proportions of Ce are measured at 4.93%, 4.91%, 4.91%,

Table 2. Mass Fraction of the SG-CeS Samples

batch 1 2 3 4 S
theoretical value (%) S S S 5 5
actual value (%) 4.93 491 491 4.90 4.95

https://doi.org/10.1021/acsomega.4c09980
ACS Omega 2025, 10, 10308—-10316
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4.90%, and 4.95%, respectively, yielding an average concen-
tration of 4.92%. This value is closely aligned with the designed
ratio of 5%. In conjunction with the preceding XRD analysis, it
can be reasonably inferred that the Ce is likely to be doped
uniformly.

The XRD pattern of the sample prepared by the
impregnation method, with an addition of 5% Ce element,
exhibited distinct mixed peaks that were identified as CeO,.
Similarly, the XRD patterns of oxygen carrier samples
containing 5% Zr, Ti, and Y elements also displayed mixed
peaks. The XRD pattern of samples prepared using the
impregnation method demonstrates higher intensity and
sharper peak patterns than those obtained through the sol—
gel combustion method, suggesting a substantial decrease in
the transition metal loading during impregnation. However,
while only the Ce-doped Cu-based oxygen carrier prepared
using the sol—gel combustion method exhibits no change in
crystal structure, other samples display heterogeneous phases.
Nevertheless, studies have shown that these heterogeneous
phases, such as ZrO,, TiO,, and Y,03, can enhance the thermal
and mechanical stability of the oxygen carrier. CeO, is a major
constituent of a cerium—zirconium solid solution, which is
commonly employed as an important oxygen storage material
and may potentially contribute to increasing the oxygen-
carrying capacity of Cu-based oxygen carriers.*”~**

3.3. TGA Analysis. According to the principle of CLOU,
the oxygen release performance of an oxygen carrier plays a
pivotal role in its overall functionality. To investigate the
oxygen release performance of Cu-based oxygen carriers doped
with different transition metals, thermogravimetric experiments
were conducted on the transition metal-doped oxygen carriers
prepared using two different methods. The experimental
results are presented in Figures S and 6.

1000

900

800

700

Time / min

Figure 5. TGA curves of Me,-CuO prepared by the sol—gel
combustion.

The figures illustrate that the prepared Cu-based oxygen
carriers exhibit rapid decomposition and oxygen release within
the temperature range of 850—910 °C, thereby satisfying the
theoretical requirements for chemical chain decoupling
combustion. The oxygen release of the transition metal-
doped samples is significantly higher than that of the undoped
samples, indicating that the addition of transition metals can
effectively enhance the oxygen release performance of copper-
based oxygen carriers. Moreover, it is observed that the oxygen

1000 100.0

wt/ %

0 3 6 9 12 15 18 21 24 27 30
Time / min

Figure 6. TGA curves of Me,-CuO prepared by the impregnation
method.

release temperature of the doped sample is lower than that of
the undoped sample, suggesting enhanced chemical reactivity
attributed to transition metal doping. This improvement is
further corroborated by the analysis of the average oxygen
release rate (Figure 7). The Ce-doped Cu-based oxygen carrier
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Figure 7. Average oxygen release reaction rate of Me,-CuO.

exhibits the fastest rate of oxygen release, which can be
attributed to the reduction in the migration barrier of oxygen
ions within CuO and the decreased formation barrier of
oxygen molecules facilitated by Ce. In contrast, the effect of Y-
doped Cu-based oxygen carriers on oxygen release and
reactivity is less significant, likely due to the relatively low
concentration of Y in the samples prepared by both methods.

By further comparison of the two preparation methods, it
can be observed that the oxygen release capacity of the carrier
prepared using the sol—gel combustion method is marginally
higher than that of the sample prepared through impregnation.
For instance, after doping with Ce on a Cu-based oxygen
carrier, the mass ratio of released oxygen achieved by sol—gel
combustion (96.58%) is slightly lower compared to that
achieved by impregnation (96.89%), indicating a greater
oxygen release capability for samples prepared via sol—gel
combustion. This trend holds true for other transition metal-
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doped carriers as well. It is noteworthy that when considering
carriers doped with transition metals, there exists minimal
disparity in their oxygen release performance between both
preparation methods, suggesting that variations in loading
transition metal elements may account for differences in
oxygen release performance.

3.4. Cycle Behavior of the Oxygen Carrier. The oxygen
carrier utilized for coal CLOU necessitates excellent long-term,
multicycle reactivity. Therefore, an investigation into the cyclic
reaction capability of a Cu-based oxygen carrier is imperative.
The results obtained from BET, XRD, and TGA experiments
on all prepared samples demonstrate that the addition of the
Ce element exhibits the most significant impact in enhancing
the reactivity of Cu-based oxygen carriers. Consequently, a
comprehensive analysis is conducted on the cyclic thermog-
ravimetric experimental outcomes of three samples: the
undoped sample, the Ce-doped sample prepared via the sol—
gel combustion method, and the Ce-doped sample prepared
through the impregnation method. The oxygen release from
the three samples during 20 cycles of the reaction process is
depicted in Figure 8.
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Figure 8. Multiple absorption—desorption cycles of the Cu-based
oxygen carriers.

It can be observed that the initial decomposition reaction of
the undoped Cu-based oxygen carrier exhibits a remarkably
high rate of oxygen evolution, which subsequently diminishes,
possibly due to slight sintering occurring on the surface of
carrier particles during the oxygen desorption—oxygen
absorption reaction. However, in the third cycle reaction,
there is a slight increase in oxygen desorption, potentially
attributed to pore enlargement within particle interiors
induced by thermal shock and chemical reactions. Sub-
sequently, fluctuations are observed in the oxygen desorption
process while maintaining overall stable performance. The
oxygen release rate of the oxygen carrier continued to decrease
until the onset of the 17th cycle, potentially attributed to
intensified sintering and agglomeration phenomena resulting
from repeated cycling reactions. The oxygen release of the Ce-
doped Cu-based oxygen carrier is significantly higher
compared to the undoped sample. Meanwhile, notable
distinctions exist between the Ce-doped Cu oxygen carriers
prepared by using two different methods. In the case of
impregnation-method-prepared Ce-doped oxygen carriers,
there is no decrease in oxygen release during the second

reaction; instead, an increase is observed. Furthermore, after
multiple cycles, the oxygen release reaction is similar to that of
the undoped samples. Although a decreasing trend in oxygen
release is observed for Ce-doped carriers after 16 cycles, it
occurs at a relatively slower rate. These findings indicate that
doping of Ce enhances the stability of Cu-based oxygen
carriers, a result consistent with observations of Ce-doped Fe-
based oxygen carriers. Studies have demonstrated that Ce-
doped Fe-based oxygen carriers exhibit superior resistance to
particle sintering, thereby markedly improving their stabil-
ity.>”*** It is important to note that the inert support
(CuAlL,O,) may have a coeffect with the Ce dopant on the Cu-
based oxygen carrier. Further studies will be carried out to
examine the interaction between the inert support and the
doping element. On the other hand, the oxygen release of the
Ce-doped oxygen carrier prepared by the sol—gel combustion
method is significantly higher compared to the previous two
samples. Furthermore, this sample exhibits an increasing trend
in oxygen release during the initial three reactions and
demonstrates exceptional stability and high oxygen release
throughout subsequent cyclic reactions, without any significant
or continuous decline. These findings suggest that the sol—gel
combustion method is more suitable for synthesizing Cu-based
oxygen carriers with enhanced performance.

3.5. ICP-MS Analysis. The results of the thermogravi-
metric oxygen release experiment for a Cu-based oxygen
carrier suggest that the disparity in oxygen release performance
between samples prepared using two different methods may be
attributed to variations in the transition metal loading. To
validate this hypothesis, ICP-MS analysis was conducted to
determine the content of transition metal elements incorpo-
rated into the oxygen carrier. Table 3 presents the theoretical

Table 3. Mass Fraction of the Transition Metal in Me,-CuO
Prepared by Different Methods

oxygen theoretical value actual value value after 20 cycles
carriers (%) (%) (%)
SG-Zr$S N 4.32 4.03
IM-ZrS S 4.28 4.01
SG-Ti$ S 429 4.05
IM -TiS N 4.17 3.98
SG-YS S 3.92 3.65
IM -YS N 3.11 2.99
SG-CeS S 4.92 4.77
IM -CeS 5 4.45 4.16

value, actual value, and residual value of the transition metal
content after 20 cycles. The reduction value of doped element
loading after 20 reaction cycles is shown in Figure 9.

The actual transition metal contents in Zr, Ti, Y, and Ce-
doped oxygen carriers prepared by the sol—gel combustion
method are 4.32%, 4.29%, 3.92%, and 4.92%, respectively.
These values exceed those obtained from the impregnation
method (4.28%, 4.17%, 3.11%, and 4.45%). This observation
suggests that the sol—gel combustion method facilitates a more
efficient loading of transition metal elements compared with
the impregnation method, thereby enhancing their presence on
the oxygen carriers. Among these samples, the Ce-doped
oxygen carrier exhibits the highest Ce load, which closely
approaches its theoretical value, while the Y-doped oxygen
carrier demonstrates relatively lower Y content consistent with
XRD results.
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Figure 9. Reduction value of doped element loading after undergoing
20 reaction cycles.

After analyzing the transition metal content in the sample
after 20 cycles, it is evident that the observed trend aligns
completely with the actual values. The loading sequence still
follows CeS > ZrS > Ti5 > Y5 and SG > IM, which effectively
explains the oxygen release pattern observed in thermogravi-
metric experiments (CeS > ZrS > TiS > Y5 and SG > IM) and
validates our initial hypothesis. Furthermore, it is noteworthy
that even after 20 cycles, the Ce loading capacity in the sol—gel
combustion-prepared Ce-doped oxygen carrier remains close
to its theoretical value at an impressive 4.77%, with only a
marginal decrease of 0.15% (see Figure 9). This can be
attributed to the complete incorporation of all Ce elements
into the main lattice of CuO/CuAl,O, within the SG-Ce$
sample. However, a significant decrease in Y loading to 2.99%
was observed after 20 cycles, indicating a substantial loss of the
Y element. It is worth noting that the optimal doping ratio of
Ce in Cu-based oxygen carriers requires further investigation.

4. CONCLUSIONS

The present study successfully synthesized a series of Cu-based
oxygen carriers doped with transition metals (Ti, Y, Zr, and
Ce) using the sol—gel combustion method and the
impregnation method. Subsequently, the impact of these
transition metal dopants on the phase structure, oxygen release
performance, and cyclic reactivity of Cu-based oxygen carriers
was thoroughly investigated. The BET analysis reveals a
significant increase in the specific surface area, average pore
diameter, and pore volume of Me,-CuO compared to undoped
Cu-based oxygen carriers. Specifically, the specific surface area
(5.10 m*/g), average pore size (24.3 nm), and pore volume
(0.031 cm?®/g) of the Ce-doped carrier prepared through the
sol—gel combustion method exhibit remarkable improvements.
These values are enhanced by 32.4%, 89.8%, and 106.6%,
respectively, when compared to undoped oxygen carriers. The
XRD patterns of the oxygen carrier prepared by both methods
exhibit sharp peaks, indicating a relatively complete crystal-
lization process. Among all of the samples, only in the SG-Ce5
sample does Ce form a solid solution with CuO and CuAlL,O,
without undergoing any noticeable phase transformation, while
doping with Zr, Ti, and Y leads to the formation of distinct
phases. The results of the TGA experiment demonstrate a

decrease in the oxygen release temperature of Me,-CuO, with
higher oxygen release observed for the doped carrier compared
to the undoped counterpart. Additionally, the oxygen release
pattern follows Ce > Zr > Ti > Y, with SG-Mx exhibiting more
oxygen release than IM-Mx. The results of the cyclic reaction
show that the Ce-doped Cu-based oxygen carrier, prepared via
the sol—gel combustion method, exhibits sustained high
oxygen release even after undergoing 20 cycles of reaction.
This phenomenon can be attributed to the elevated loading
rate of the Ce element, as confirmed by ICP-MS analysis.
Specifically, ICP-MS analysis reveals a marginal decrease in the
load rate of the Ce-SG element from 4.92% to 4.77% after 20
cycles (a reduction of only 0.15%). In contrast, the load rate of
Y for sample IM-YS5 is merely 2.99% following the completion
of 20 cycles. The aforementioned results collectively
demonstrate the remarkable efficacy of Ce doping as an
exceptionally effective modification technique for Cu-based
oxygen carriers. Moreover, the sol—gel combustion method
emerges as a superior approach for preparing doped oxygen
carriers. This study would be helpful in rationalizing the
development of a high-performance oxygen carrier for CLOU.
In future work, we will further investigate the microstructure
and reaction mechanism of Ce-doped Cu-based oxygen
carriers in CLOU.
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