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A B S T R A C T   

Chemical looping combustion (CLC) and catalytic combustion (CC), which are potential technologies to promote 
CO→CO2 efficient conversion and energy conservation for the steelmaking off-gas, are investigated in reaction 
activity, structure evolution catalysts/oxygen carriers (OCs) and energy recovery using Cu/CeO2 materials. 
Activity results suggest that the rod-shaped samples with well-defined (100) crystal faces exhibit higher activity 
than the sphere-shaped samples with (111) crystal faces, obtaining the optimized copper content of 3 wt%. IR 
spectra confirmed the proposed reaction pathway that the CO adsorbed on copper sites (Cu+–CO) at the Cu–Ce 
interface reacts with adjacent surface lattice oxygen. The gaseous oxygen continuously migrates to the external 
surface of materials, thus resulting in strongly exothermic CO self-sustained combustion during CC. Such a vi-
olent reaction does not cause obvious evolution of chemical composition, crystalline phase and structure. Since 
the active lattice oxygen is gradually consumed but not replenished by external gaseous O2 in time, CO com-
bustion is not self-sustained during CLC. Therefore, the reduction cycle is no longer confined to the surface of the 
material but penetrates deep into its body, which accelerates Cu+ enrichment at the surface and leads to irre-
versible sintering and agglomeration of the material.   

1. Introduction 

The steel industry is considered the world’s largest energy 
consuming industry and a major source of greenhouse gas emissions 
(Igalavithana et al., 2020). About 70% of global steel production uses 
the oxygen top blown converter method to remove excess carbon from 
molten iron, which generates a large amount of CO by-products during 
this process (Wu and Zhou, 2022). Due to the periodicity of the oxygen 
top blowing converter method, the concentration of CO varies with its 
periodic changes. CO that meets the recovery conditions (CO > 30 vol% 
and O2 < 2 vol%) is recycled into the gas storage tank (Kim et al., 2022). 
CO that does not meet the recycling conditions is first cooled through the 
evaporative cooling flue, and then ignited and emitted into the atmo-
sphere through methane, resulting in excessive carbon dioxide 

emissions (including methane combustion) and energy waste (including 
sensible heat loss from the evaporative cooling flue) (Lian et al., 2022), 
which undoubtedly exacerbates the high pollution and high energy 
consumption attributes of the steel industry. 

In order to realize the goals of carbon dioxide emission peak before 
2030, carbon neutral before 2060 in China, and sustainable develop-
ment, catalytic combustion (CC) (Mrabet et al., 2012) and chemical 
chain combustion (CLC) technologies (Sun et al., 2023b; Wu et al., 2020) 
have received significant research attention to promote energy recovery 
and CO2 emission reduction. For CC, the CO/air can be ignited at low 
temperatures in the sole reactor, where the abrupt acceleration of the 
surface reaction rate causes thermochemical runaway, culminating in 
the phenomena of CO self-sustaining catalytic combustion (Bin et al., 
2019). CLC is an alternative combustion scheme that uses a new 
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"unmixed combustion" mode to separate fuel and air into two inter-
connected reactors for reaction, avoiding mixed combustion (Adánez 
and Abad, 2019). For CLC, use fuel and air reactors to avoid direct 
contact between CO and air. The oxygen carrier (OCs) is transported to 
the fuel reactor to react with CO, and the OCs are reduced. Then, the 
oxygen carrier (OCs) is transported to the air reactor to react with O2 to 
fill the oxygen vacancies in the OCs (Long et al., 2021). After regener-
ation, it is then transported again to the fuel reactor for the next redox 
cycle. As a result, the outlet dry gas from fuel reactor is almost pure CO2 
without N2 (Lin et al., 2020). Optimization of CC and CLC requires 
catalysts/OCs that exhibit high reaction rates (Zuo et al., 2023). The 
typical copper cerium bimetallic material (Cu/CeO2) has a high catalytic 
activity due to its synergistic enhancement performance (Liu et al., 
2023b). Taking scientific acceptance and commercialization, compared 
to expensive precious metal catalysts, inexpensive transition metal cat-
alysts have gained favor (Gao et al., 2023; Jia et al., 2022). Under-
standing the impact of reaction activity and the structural evolution of 
catalysts/OCs on durability is crucial for energy recovery in CC and CLC 
processes, as this is the original intention of heat recovery or CO2 cap-
ture in the steelmaking process. 

The reaction behavior including structure-activity relationship and 
stable active centers is very important for CC and CLC. Our previous 
studies have shown that pure CeO2 or pure CuO has poor activity, but a 
small amount of copper dispersed on the surface of CeO2 can also greatly 
enhance its activity (Zhao et al., 2015). The structure activity relation-
ship of Cu–Ce composite oxide catalysts is mainly reflected in the 
changes in chemical valence states, morphology and structure, as well as 
the interactions between support active components, etc. In terms of 
chemical valence state composition and change, the outer electronic 
structure of the rare earth element Ce layer is 4f15d16s2, which has two 
stable valence states of +3 and + 4 after electron loss. It is easy to realize 
the storage and release of oxygen through the mutual conversion be-
tween Ce3+ and Ce4+ ions, and is a better oxygen storage body. Yao et al. 
studied the CO oxidation reaction on CuO/CeO2 catalysts and found that 
both Ce4+/Ce3+and Cu2+/Cu+ electron pairs participate in the catalytic 
cycle. The active site Cu+ mainly provides adsorption sites for CO, while 
the active oxygen required during the CO oxidation reaction is mainly 
provided by CeO2. Therefore, the catalyst activity will be improved 
under the synergistic effect of Cu–Ce solid solution (Ren et al., 2022). 
The catalytic activity of Cu/CeO2 in the ignition process is mainly 
determined by the active site: dispersed CuOx on the surface of Ce >
CuOx in the catalyst body > pure CuOx (Wang et al., 2022; ZHAO et al., 
2015). To improve the durability and increase the life of active CuOx for 
CLC, the CeO2 as support decreases the operation temperature and 
preserves the OCs through multiple reduction and oxidation cycles, but 
lowers the oxygen capacity of the overall sample (Sun et al., 2023a). The 
dispersed CuOx on the surface of the carrier and adjacent oxygen va-
cancies contribute to the improvement of activity, as Cu+ can act as a 
chemical adsorption/activation site for CO molecules and surface oxy-
gen molecules (Chen et al., 2023; Liu et al., 2023a). Because the reaction 
behavior attained in CC and CLC varies significantly under testing 
conditions, it is necessary to keep the effects of experimental factors as 
the smallest as possible. 

As strongly exothermic and fast gas-solid phase catalytic reactions, 
the CC allows oxidizing CO to CO2 directly and producing heat ac-
cording to 2CO + O2→2CO2+12.64 MJ/Nm3 (283 kJ/mol-CO). For CLC, 
although the reaction of OCs with CO and O2 is carried out in two 
separate reactors, these two steps are exothermic reaction (Sun et al., 
2023a). Currently, particular focus is placed on the structure evolution 
of catalysts/OCs under such violent reactions, including elemental 
migration, morphological changes and changes of chemical compo-
nents, which in turn limit the activity (Cho et al., 2005). Hua et al. 
(2013) demonstrated that the morphologies and crystal phases 
remained the Cu2O nanocrystals of CC, but the reaction maintained 
under mild conditions (2 vol% CO). CO reacts more readily with lattice 
oxygen in OCs at higher temperatures, however this also exacerbates its 

agglomeration, leading to increased crystallinity, denser particle struc-
ture and redistribution of the crystalline phase Chen et al. (2022) 
Compared with traditional flame combustion methods, CC reduces 
ignition temperature, accelerates combustion rate, improves burnout 
characteristics and heat release rate, while CLC regulates the release of 
heat energy in an orderly manner due to the role of oxygen release from 
OCs, reduces irreversible losses and effectively realizes the stepwise 
utilization of fuel chemical energy (Zhao et al., 2022). In this regard, 
potential comparison of structure evolution and maximization of energy 
recovery during CC and CLC is needed. 

The present work aims to investigate the reactivity of Cu/CeO2 
samples used in CC and CLC processes, the structure evolution behavior 
of catalysts/OCs, the active interface between the copper species of the 
catalyst/OCs and the reactive oxygen species and the way of energy 
recovery. The reaction mechanisms, especially the quantification of re-
action rate per active site, are separated using pressure swing adsorption 
(PSA) of CO and in-situ infrared spectra (IR), which is useful for un-
derstanding the reaction behaviors associated with the evolution of 
lattice oxygen, chemical composition, crystalline phase and structure. In 
particular, the SEM experiments clearly determined the behavior of 
structural evolution in both combustion and the migration path of lattice 
oxygen, which facilitates the understanding of the extent of the contri-
bution of lattice oxygen to the reaction mechanism. In addition, the 
exergy analysis methodologies are employed to explore the variation of 
bed temperature field, revealing the reasons for the heat recovery and 
utilization methods and the loss of available work. These results 
demonstrate the effective conversion and energy recovery of CO → CO2 
in CC/CLC, and are also helpful to accept these technologies on the 
treatment of off-gases from steel production. 

2. Experimental sections 

2.1. Synthesis of catalysts/oxygen carriers 

Nanosphere (CeO2–S) and nanorod (CeO2-R) cerium dioxide carriers 
were supplied by Liaoning KeLong Fine Chemical Co., LTD, P R China. 
The sol-gel method was used to deposit Cu onto the surface of CeO2 
support. To achieve 1.0, 3.0 and 6.0 wt% Cu/Ce, the desired amount of 
Cu(NO3)2⋅3H2O were dissolved in ethanol with magnetic stirring. The 
required amount of Ce–S or Ce–R support was also added to the Cu 
(NO3)2 solution and stirred at 80 ◦C for 12 h. The resulting emulsions 
were aged at ambient temperature for 12 h, and then transferred to an 
air drying oven at 105 ◦C for 12 h, until the ethanol completely evap-
orated, and calcined in a muffle furnace at 550 ◦C for 4 h. The prepared 
samples are denoted as 1Cu/Ce–R, 3Cu/Ce–R, 6Cu/Ce–R, 1Cu/Ce–S, 
3Cu/Ce–S and 6Cu/Ce–S, respectively. 

2.2. Characterization 

Patterns of X-ray diffraction (XRD) were acquired using an XD-3- 
automatic diffractometer (PERSEE) and a CuKα (λ = 0.15418 nm) ra-
diation source. N2 adsorption was collected by a U.S. Micromeritics 3 
Flex analyzer. X-ray photoelectron spectroscopy (XPS) measurements 
with a Kratos Axis Ultra DLD spectrometer. Scanning electron micro-
scopy (SEM) experiments were performed using a Hitachi S-4800 elec-
tron microscope. High-resolution transmission electron microscopy 
(HRTEM) images were collected on an FEI Tecnai G2 F20 transmission 
microscope. Temperature-programmed reduction by hydrogen (H2- 
TPR) was conducted by a chemisorption analyzer (TP5080B). 50 mg 
sample was pretreated in Ar flow at 300 ◦C for 1 h before being reduced. 
Then, the sample was heated to 600 ◦C in 5 vol% H2/Ar flow with a ramp 
rate of 10 ◦C/min. In situ infrared spectra (IR) were recorded on a 
FOLI10-R spectrophotometer conjunction with a self-developed 
magnetically driven transmission cell, where about 5 mg of sample 
and 50 mg of KBr were uniformly mixed and pressed into wafers. To 
eliminate impurities, the catalyst was heated in an Ar gas stream at 
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300 ◦C for 1 h. Infrared spectra were collected as background for this 
catalyst as the temperature was lowered from 300 ◦C to ambient tem-
perature under the Ar stream. Subsequently, the spectra were collected 
by passing 10 vol% CO+21 vol% O2/Ar and 10 vol% CO/Ar atmosphere, 
respectively, in a continuous flow reaction process heated from 30 ◦C to 
500 ◦C at a heating rate of 10 ◦C/min. Adsorption/desorption equilib-
rium measurements of CO over the samples were recorded by the 
pressure swing adsorption (PSA) method on an Intelligent Gravimetric 
Analyzer (IGA-002, Hiden). Before the test, about 60 mg samples were 
degassed overnight at 120 ◦C in a vacuum. 

2.3. Activity test of CC and CLC 

The activity test was evaluated using a fixed-bed plug flow reactor 
(inner diameter 4 mm) loaded with 200 mg sample during CC and CLC 
processes. Total flow rates, including CO, O2 and Ar were controlled at 
200 mL/min by flow controllers, corresponding to a GHSV of 19200 h− 1. 
The reaction temperature was firstly programmed from 30 to 300 ◦C 
with a heating rate of 10 ◦C/min, and the temperature was detected by 
three thermocouples (diameter 0.5 mm) located directly into the center, 
up-and down-stream to the bed. Then, each sample was tested for three- 
five cycles at steady state reactions at 50, 300 and 500 ◦C during CC and 
CLC, respectively. The effluent CO, O2 and CO2 were analyzed via an 
online mass spectrometer (MS, Pfeiffer OmnistarTM). 

3. Results and discussion 

3.1. Activity of CC and CLC 

The activity of samples was assessed in both CC and CLC processes 
(Fig. 1). In the CC process, CO was mixed with O2 and then passed into 
the furnace to react. All the samples show excellent catalytic perfor-
mance. Cu/Ce–R is more active than Cu/Ce–S under the same copper 
loading ratio. The ignition temperature T10 (corresponding to 10 vol% 
CO conversion) of these samples follow the order: 3Cu/Ce–R (57 ◦C) >
3Cu/Ce–S (60 ◦C) > 1Cu/Ce–R (62 ◦C) > 1Cu/Ce–S (67 ◦C) > 6Cu/Ce–R 
(72 ◦C) > 6Cu/Ce–S (75 ◦C). Further increasing the amount of copper 
(>3.0 wt%) is unnecessary in T10. The ignition curves display three main 
steps with the temperature increasing in CC. For example, 3Cu/Ce–R, in 
the first stage, is a slow induction process that starts at approximately 
52 ◦C and grows at a relatively slow rate to 57 ◦C. This stage is mainly 
constrained by dynamic factors. The reaction rate in the second stage is 
controlled by internal diffusion, manifested as a transient ignition 

initiated at the gas-solid interface within the temperature range of 
57–59 ◦C. The reaction rate in the third stage is mainly controlled by 
external diffusion, and the main feature of this stage is that the tem-
perature range is greater than the ignition zone (>59 ◦C). The activity 
sequence of Cu/Ce–R and Cu/Ce–S in CLC is consistent with that in CC, 
but the activation of samples requires a higher reaction temperature 
than that in CC since no external gaseous O2 is added. Therefore, self- 
sustained combustion is unable to achieve since the active lattice oxy-
gen is gradually consumed while not replenished by external gaseous O2. 
As a result, the activity curves of CLC for all the samples show a typical 
“volcano tendency”, which implies a low combustion rate with a CO 
conversion of less than 4%. The line integral method is used to calculate 
the active lattice oxygen consumption of CLC in each catalyst, which is 
1Cu/Ce–R (22.24), 3Cu/Ce–R (24.22), 6Cu/Ce–R (23.39), 1Cu/Ce–S 
(16.33), 3Cu/Ce–S (22.90), 6Cu/Ce–S (21.54). The calculation results 
show that the lattice oxygen fluidity of the rod-shaped catalyst is 
generally greater than that of the spherical catalyst, and there is a pos-
itive correlation trend with the loaded Cu content, that is, adding an 
appropriate amount of Cu can promote the reaction between lattice 
oxygen and CO. 

The evolution of CC and CLC was proved by using 3Cu/Ce–R samples 
with the best activity combined with the transformation of Step response 
signals (Fig. 2). For CC, CO is not oxidized at 50 ◦C as predicted since the 
furnace temperature is lower than T10 but is completely converted to 
CO2 at 300 and 500 ◦C. Four-cycle studies at 300 and 500 ◦C verified this 
stable combustion, with no discernible variation in the location and 
shape of the CO, O2 and CO2 concentration curves. With respect to CLC, 
four-cycle performances are carried out (Fig. 2b), where each cycle 
consists of introducing 10 vol% CO/Ar (200 ml/min) into the samples 
for 900 s reduction, and then introducing 21 vol% O2/Ar (200 ml/min) 
for 900 s oxidation. The activity of oxygen carriers is reduced in each 
cycle at 300 and 500 ◦C, which is indicated in step feeding CO leading to 
less formation of CO2, corresponding to the content of active lattice 
oxygen decreasing from 11.0 to 9.1 mmol/gcat at 300 ◦C and from 15.9 
to 9.6 mmol/gcat at 500 ◦C through the integration of CO2 concentration 
signal. Similarly, the O2 concentration is also decreased due to the 
oxidation of Cu0 to Cu + over the successive reaction cycles during CLC. 
The strong bond binding between CO and the surface of metal oxides 
depends on the electrons being provided from the surface cations in the 
opposite direction to the anti-bonding-orbital, which are usually pro-
vided by the d-orbital of the metal. Since the outer shell electron dis-
tribution of Cu+ and Cu2+ are 3d10 and 3d9, respectively, and the d- 
orbitals are almost completely filled with electrons, both Cu+ and Cu2+

tend to establish bonds with CO, and the former forms stronger bonds. 

Fig. 1. CC and CLC activity curves of Cu/Ce–R and Cu/Ce–S under different 
copper contents. Fig. 2. CC (a) and CLC (b) over 3Cu/Ce–R at different temperatures with time.  
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To gain a clear understanding of the changes in the structure and 
physicochemical properties of the samples in CC and CLC, fresh and used 
samples are thoroughly evaluated and are discussed in the following 
sections. 

3.2. Physicochemical characterization 

The crystal structure of all samples was identified by XRD. As shown 
in Fig. S1 of the Supplementary materials, the fluorite cubic CeO2 is the 
only observed phase in Ce–R, Ce–S and all modified Cu/Ce samples at 2θ 
= 28.5, 33.1, 47.5 and 56.5◦, corresponding to (111), (100), (220) and 
(311) crystal faces (JCPDS 34–0394), respectively (Spezzati et al., 2019; 
Yuan et al., 2023). No CuO characteristic peaks could be found due to 
the limitation of XRD detection since either CuCeOx solid solutions are 
formed, or copper is highly dispersed in the form of CuOx clusters on the 
ceria support. It is clearly found that the Ce–R, Ce–S, Cu/Ce–R and 
Cu/Ce–S samples are similar in lattice parameters (Table 1). Note that 
the diffraction peaks of Cu/Ce–R samples are higher intensity, suggest-
ing a higher crystallite size (Table 1) than those of Cu/Ce–S, corre-
sponding to the lower BET areas confirmed by N2 adsorption (Table 1). 
The diffraction peaks for 3Cu/Ce–R and 3Cu/Ce–S are almost retained 
after CC and CLC, but 3Cu/Ce–S exhibits a stronger intensity, attributed 
to agglomeration and crystallization after CLC. 

HRTEM and SEM analyses were performed to investigate the struc-
tural characteristics of fresh and used 3Cu/Ce–R and 3Cu/Ce–S samples 
(Fig. 3), with the 3D reconstruction of the surface morphology of the 
samples. Concerning HRTEM images, 3Cu/Ce–R is dominated by (100) 
crystal faces (Fig. 3a), with an interplanar spacing of 0.265 nm. The 
3Cu/Ce–S surface consists mainly of (111) crystal faces (Fig. 3h) with a 
crystalline spacing of 0.313 nm (Dong et al., 2022). Since no other 
diffraction rings as well as separate reflections of CuO were detected, 
this confirms that it exists mainly in the amorphous form (am-CuOx). 
Cerium oxide with shape specificity is exposed to different surfaces, 
making it possible to investigate the relationship between activity and 
specific morphology experimentally. Compared with (111) crystal sur-
face, (100) crystal surface has a lower Ce–O binding energy, thus 
exhibiting a better activity (Liang et al., 2022), consistent with the ac-
tivity shown in Fig. 1. For SEM images, the fresh 3Cu/Ce–R consists of 
distinct rods with an average diameter of 200 nm (Fig. 3b). 3Cu/Ce–S 
(Fig. 3i) consists of spheres with an average diameter of 150 nm, and the 
reconstructed image has relatively uniform colors. Fig. 3c and j shows 
the catalytically burned 3Cu/Ce–R and 3Cu/Ce–S with slightly rougher 
surfaces compared to their corresponding fresh samples but still main-
taining their respective shapes. This is due to the fact that the release of 

lattice oxygen in the reaction can be supplemented in time by gas-phase 
oxygen. The red site in the reconstructed image color indicates that this 
is the phase interface of the active reaction. Therefore, the catalyst 
shows high activity and stability in CC, as confirmed in Fig. 2a. How-
ever, both the 3Cu/Ce–R and 3Cu/Ce–S structures underwent severe 
sintering after several CLC cycles, as observed by SEM (Fig. 3d and k), 
and were unable to achieve significant surface reconstruction, which is 
consistent with the XRD results. In this case, the samples can never be 
re-oxidized to their original state after gaseous oxygen is introduced. 
This is the culprit for the decrease in activity after CLC (Fig. 2b). 

To determine the chemical states and compositions of 3Cu/Ce–S and 
3Cu/Ce–R before and after CC/CLC, XPS analysis was performed. For 
the Cu 2p spectra (Fig. S2a, Supplementary materials), two character-
istic peaks could be observed for Cu 2p3/2, i.e. the Cu + state located at 
933.4 eV and Cu2

+/CuO species centered at 935.0 eV with broad shake- 
up peaks around 938–948 eV (Conradie and Erasmus, 2022). The 
spectrum of the Ce 3d region can be divided into eight peaks (Fig. S2b, 
Supplementary Material), consisting of two sets of peaks with over-
lapping spin orbitals, corresponding to 3d3/2 labeled as u (u-u3) and 
3d5/2 labeled as v (v-v3), respectively. The u1 (903.0 eV) and v1 (884.7 
eV) peaks are designated as Ce3+ and the remaining peaks correspond to 
Ce4+ states (Yu et al., 2018). Surface atomic ratios of samples calculated 
according to the peak area ratios are listed in Table 2. Quantitative data 
suggest Ce3+/Ce ratios of 11.5% for 3Cu/Ce–R and 10.7% for 3Cu/Ce–S, 
which are higher than CeO2-R and CeO2–S. The presence of Ce3+ in the 
samples favors the formation of vacancies and unsaturated chemical 
bonds on the catalyst/OCs surface. Due to the stable structure of 
rod-shaped catalysts, the ratios of Cu/Ce, Ce3+/Ce and Cu+/Cu 
remained almost unchanged compared with the fresh samples before 
and after CC/CLC. However, the Cu+/Cu ratios of spherical-shaped 
samples increased from 39.8% to 43.7% and 47.5% after CC and CLC, 
respectively, since the elemental copper oxidation is more difficult to 
occur than the CuOx reduction at a specific temperature. Due to the high 
specific surface area of spherical-shaped samples, the copper can be 
better dispersed on the external surface of catalyst/OCs, leading to lower 
Cu/Ce ratios than the rod-shaped samples. Because the thermal varia-
tion and ageing effects play important roles in alternating redox and 
oxidation cycles of CLC, the instability of spherical-shaped samples, 
which has been confirmed by HRTEM, leads to relative migration of 
copper elements onto the external surface implying elevated Cu/Ce. In 
addition, the ratio of copper to cerium concentration in 3CuCe-R and 
3CuCe–S bulk phases determined via atomic absorption spectroscopy in 
PerkinElmer AAnalyst 300 (AAS) was 6.65 (where the Cu: Ce atomic 
ratio follows the chemical equivalence ratio), which is much smaller 
than the value detected by XPS. This is because XPS is a surface tech-
nology that prioritizes the detection of species located on surface sam-
ples (sampling depths of approximately 3–10 nm), indicating the 
enrichment of Cu on the CeO2 surface. 

3.3. H2-TPR analysis 

In Fig. 4, the results of the H2-TPR tests were shown to illustrate the 
reducibility of catalysts. The total amounts of H2 consumed are listed in 
Table 1. Considering cerium species with low reducibility demonstrated 
by our previous work (Kang et al., 2021), the H2-TPR profiles exhibit 
two reduction peaks, labeled as α and β, below 300 ◦C, which are 
correlated with the reduction of interface oxygen from Cu-Ox-Ce, and 
highly dispersed CuOx species interacted with ceria supports, respec-
tively. Mixed oxides lead to the formation of coordination unsaturated 
species, which is beneficial for increasing the fluidity of oxygen. With 
the loading ratio of copper increased from 1% to 3%, both reduction 
peaks shift towards the low-temperature direction, and the H2 uptake 
also increases. The surface enrichment of copper was detected using 
XPS, indicating that copper species preferentially cover the highly 
dispersed cerium phase. With further increasing the copper loading ratio 
to 6%, however, both α and β reduction peaks shift moderately back to 

Table 1 
Lattice parameters and crystal size by XRD, BET area by N2 adsorption and H2 
consumption by H2-TPR.  

Samples Lattice 
parametera (nm) 

Crystal 
sizeb (nm) 

BET area 
(m2/g) 

H2 consumption 
(mmol/g) 

α β Total 

CeO2-R 0.5409 47.60 26.76 / / / 
1Cu/ 

Ce–R 
0.5403 52.74 26.28 3.0 2.3 5.4 

3Cu/ 
Ce–R 

0.5411 53.84 26.16 4.3 5.9 10.3 

6Cu/ 
Ce–R 

0.5411 52.98 24.89 2.0 2.8 4.8 

CeO2–S 0.5403 13.22 111.47 / / / 
1Cu/ 

Ce–S 
0.5412 15.12 87.19 1.4 5.3 6.7 

3Cu/ 
Ce–S 

0.5414 14.75 84.88 4.0 5.8 9.8 

6Cu/ 
Ce–S 

0.5412 14.00 80.55 2.0 2.3 4.3  

a For fluorite phase, calculated by the Bragg equation (2d sinθ = nλ). 
b Based on Scherrer equation using the (111) peaks. 
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higher temperatures, and the H2 uptake decreases simultaneously, 
which can be attributed to the aggregation of copper species. The 
reducibility of catalysts is mainly dependent on the location of the 
low-temperature reduction peak rather than the H2 consumption, thus 
determining their activity. The redox properties of 3Cu/Ce–R and 
3Cu/Ce–S after CC and CLC were also studied (Fig. S3, Supplementary 
materials). Compared with the fresh samples, the α peak showed a slight 
decrease and the β peak increased instead, but no apparent shift of peaks 
can be observed. After multiple CLC cycles, the copper of OCs is 
migrated as +1 valence and enriched on the surface irreversibly, 
resulting in sintering, crystallization and agglomeration of materials, 
which increases the reduction temperature and reduces the H2 con-
sumption inevitably. The number of active sites exposed on the catalyst 
surface plays a particularly important role in CO oxidation, as more 

active sites can promote the participation of more CO and O2 in the 
reaction. Despite the large difference in the specific surface areas of 
CuCe-R and CuCe–S catalysts, the H2-TPR results showed a small dif-
ference in the content of major active species between CuCe-R and 
CuCe–S catalysts, with 3CuCe-R catalysts having a higher content of 

Fig. 3. HRTEM images of fresh 3Cu/Ce–R (a) and 3Cu/Ce–S (h); SEM images and 3D reconstructions of fresh 3Cu/Ce–R (b,e), 3Cu/Ce–S (i,l), used 3Cu/Ce-R-CC (c, 
f), 3Cu/Ce-R-CLC (d,g), 3Cu/Ce-S-CC (j,m), 3Cu/Ce–S-CLC (k,n). 

Table 2 
Surface atomic ratios were obtained by XPS method analysis.  

Samples Surface atomic ratio (%) 

Cu/Ce Cu+/Cu Ce3+/Ce 

CeO2-R / / 6.8 
CeO2–S / / 6.4 
3Cu/Ce–R 55.1 39.7 11.5 
3Cu/Ce–S 35.6 39.8 10.7 
3Cu/Ce-R-CC 54.8 36.3 11.9 
3Cu/Ce-S-CC 34.2 43.7 11.1 
3Cu/Ce-R-CLC 57.3 38.7 10.6 
3Cu/Ce–S-CLC 47.9 47.5 9.6  

Fig. 4. H2-TPR profiles of Cu/Ce–R (a) and Cu/Ce–S (b).  
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surface-active species than 3CuCe–S. 

3.4. In situ IR spectra and PSA test 

As shown in Fig. 5, the CO reaction mechanism of CC and CLC using 
the optimal 3Cu/Ce–R catalyst was explored through in situ IR. During 
CC and CLC, the gaseous CO and adsorbed CO (carbonyls, Cu + -CO), 
respectively, are assigned to the absorption bands at 2174 and 2118 
cm− 1 (Kang et al., 2023). The electron donation from carbon (lone pair 
on 5σ orbital) to the metal cations’ (Cu+) d-orbitals and the electron 
back-donation from the metal cations to carbon’s (2π*-antibonding) 
d-orbitals both contribute to the adsorbed CO on 3Cu/Ce–R (Wu et al., 
2018). The outer layer electron distribution of The Ce3+ and Ce4+ is 4f1 
and 5S2 4d10 5P6, respectively. Such Electron shell distribution is 
difficult to provide electrons from d-orbitals to CO anti-bonding π-or-
bitals. Due to the weak interaction between adsorbed CO and O2, the 
intensity peak for carbonate species is quite weak at 1350-1750 cm− 1 in 
the CC process (Fig. 5a), whereas for CLC, no carbonate species are 
formed due to the lack of O2 (Fig. 5c). The intensity of the CO band 
decreased fast as the temperature increased from 30 to 500 ◦C, with no 
discernible change in the carbonate (Fig. 5a and b). Simultaneously, the 
active lattice oxygen of the 3Cu/Ce–R system effectively reacts with CO 
adsorbed on the catalyst surface, leading to an increase in the signal 
intensity of CO2 (2342 and 2361 cm− 1). Therefore, the reaction between 
carbonyls and lattice oxygen is a significant contributor to CO oxidation 
rather than the decomposition of carbonates. Compared with the CLC 
process (Fig. 5c and d) under 10 vol% CO/Ar atmosphere, the CC re-
action over the 3Cu/CeO2-R catalyst under 10 vol% CO+21 vol% O2/Ar 
atmosphere yields more CO2 at the lower temperatures, which can be 
attributed to the higher active oxygen content enhancing the reaction 
activity. This observation is consistent with the activity results. As such, 
the CuOx adsorption sites in the Cu–Ce interface to the adjacent surface 
lattice oxygen, which is available for the transformation and reaction, 
becomes an important factor in the activity analysis of 3Cu/CeO2-R 
during CC. 

The adsorption and desorption isotherms of CO were conducted by 
the PSA method to further investigate the surface chemical properties of 
materials, with the results displayed in Fig. 6a. Both the 3Cu/Ce–R and 
3Cu/Ce–S adsorption isotherm curves can be categorized as type I ac-
cording to the IUPAC classification, indicating a strong interaction be-
tween catalyst/OCs surface and CO (Oh et al., 2022). Most importantly, 

the desorption isotherm cannot coincide with the adsorption isotherm, 
and the difference suggests the chemical adsorption of CO on the active 
sites to form carbonyls (Cu+–CO) as described in the IR. Considering that 
the quantities of 3Cu/Ce–R and 3Cu/Ce–S tested are 58.035 and 59.848 
mg, the saturated adsorption capacity of CO are calculated as 0.106 and 
0.412 mmol/gcat respectively at 1000 mbar, where their obvious dif-
ference shows a significant positive correlation with BET area. Such an 
adsorption capacity is obviously lower than that determined by 
step-response runs, and therefore the redox cycle has penetrated into its 
bulk phase and is no longer limited to the material surface, which ac-
celerates the Cu+ enriched on the surface, sintering and agglomeration 
of materials. The turnover frequencies (TOFs) are calculated based on 
CO conversion (<4% during CC and CLC where the reaction is kineti-
cally regulated, Fig. 1) divided by the numbers of active sites and listed 
in Fig. 6b. The 3Cu/Ce–R shows the same TOFs at lower temperatures 
compared with 3Cu/Ce–S at higher temperatures. Evidently, such su-
perb activity obtained for 3Cu/Ce–R depends mainly on (100) crystal 
faces rather than the BET area. Since the active oxygen is replenished in 
time, the CC obtains the same reaction rate at a lower temperature than 
CLC. 

Fig. 5. In situ IR experimental results of fresh 3Cu/Ce–R under CC (a, b) and CLC continuous flow.  

Fig. 6. Adsorption amount of CO at 25 ◦C (a) and TOFs (b) over 3Cu/Ce–R and 
3Cu/Ce–S. 
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3.5. Thermodynamic analysis 

Fig. 7 shows the comparison of the energy utilization efficiency 
under CC and CLC. For CC, the furnace was heated at a rate of 10 ◦C/min 
while introducing a mixture of 3 vol% CO+21 vol% O2/Ar. It can be seen 
that CO was ignited after 200s. Fig. 1 has testified that there is an 
obvious warming process of adiabatic combustion temperature and bed 
temperature with the CO conversion rate increasing. After 700s, the 
heating in the electric furnace was stopped and the furnace door was 
opened. Then the adiabatic combustion temperature, bed temperature 
and tail gas temperature decreased until they stabilized after 1000s. At 
this point, the bed temperatures were maintained at 330 ◦C. The adia-
batic combustion temperature under this condition is calculated to be 
390 ◦C. Since thermochemical runaway cannot occur in CLC, however, it 
was ignited by gas transient switching at the constant temperature of 
500 ◦C. Upon introducing 3 vol% CO/Ar, the temperature rises sharply 
to 547 ◦C and then falls back to 513 ◦C. This may be caused by the rapid 
consumption of the surface-active oxygen and the pulling out of internal 
lattice oxygen of OCs. The electric furnace was turned off after 500s. 
Although CO was still introduced at this moment, unlike CC combustion, 
the bed temperature could not be maintained and then fell to room 
temperature. Obviously, investigation related to the exothermic differ-
ences between CC and CLC at low CO concentrations should not only be 
beneficial to the potential energy utilization, but also promote rational 
burner design and safety assessment. The shaded area (Fig. 7) refers to 
the heat release of CC and CLC after combustion stabilization, corre-
sponding to the time average heat release power calculated as 1.04 and 
0.04 W, respectively. Although the exothermic power of CC is relatively 
high at this time, according to the exergy efficiency calculation formula, 
the exergy efficiency of CC and CLC are 54% and 62%, respectively. This 
indicates that the irreversible loss of CLC during combustion is relatively 
small. 

η= En

EF
(1)  

EF =
∑

i
XiEFi + RT0

∑

i
Xiln Xi (2)  

En = In

(

1 −
T0

Tf
× ln −

Tf

T0

)

(3)  

where EF is the chemical exergy; 

En is exergy of combustion products 
T0 is the ambient temperature 
Tf is the adiabatic combustion temperature 

The critical equivalence ratio (φC) of CO self-sustained combustion 
was finally determined to reveal the law of energy recovery and utili-
zation of low CO concentration, which was investigated at different flow 
rates using the dichotomous method (Huang et al., 2021). The results are 
shown in Fig. 8a. Due to its excellent activity, which most readily results 
in the production of local hot spots on the catalyst surface and conse-
quently only requires a low stoichiometric ratio to give a suitable local 
temperature for its ignition, 3Cu/Ce–R has the lowest φC under the same 
flow rate. However, no simple monotonic relationship exists between 
flow rate and φC. When the flow rate is increased, the φC initially de-
clines and then increases, reaching its minimum at 200 ml/min 
3Cu/CeO2-R, which shows the best activity, was chosen to investigate 
this phenomenon. Fig. 8b shows that at low flow rates, the heat released 
from the small amount of CO cannot sustain the combustion. As a result, 
a large concentration of CO is required, which inevitably leads to an 
increase of adiabatic combustion temperature at this point and corre-
spondingly an increase in the loss of steam. At a high flow rate, the in-
crease of gas-bed heat exchange results in a substantial amplification 
between the adiabatic combustion temperature and bed temperature at 
this point, and the exergy destroyed also increases. Therefore, a high CO 
concentration is required to resist blowing out. Although the φC in-
creases with flow rate, it is clear that the φC for all the catalysts tested are 
outside the lean limit of conventional flame combustion mode. 

4. Conclusion 

In this paper, the sol-gel method was used to load CuO on CeO2 
carriers with regular morphology to explore its reactivity, structural 
evolution of catalyst/OCs and energy recovery in CC and CLC processes. 
At an optimum Cu content of 3%, the rod-shaped samples exhibited 
higher activity than the spherical samples. The CO adsorbed on Cu+ at 
the Cu–Ce interface reacts with the adjacent surface lattice oxygen, 
which is the main reason for the strong exotherm during the CC process 
and maintains the self-sustaining combustion of CO. No significant 
evolution of the catalyst chemistry, crystalline phase and structure is 
observed, as the surface lattice oxygen of the material is continuously 
replenished by gas-phase oxygen. However, the release of lattice oxygen 
in the CLC process cannot be replenished in time, and therefore the 
oxidation rate of CO is lower than that of the CC process. Moreover, the 
CLC process leads to Cu+ enrichment on the sample surface as well as 
irreversible sintering and agglomeration of the material (see Fig. 9) ul-
timately leading to a decrease in the activity of OCs, which happens to be 

Fig. 7. Heat transfer of low CO concentration in CC (a) and CLC (b).  
Fig. 8. Limits of CC at CO lean conditions (a) and the exergy versus flow 
rate (b). 
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one of the current challenges for the application of the CLC process. In 
terms of energy recovery although CC exhibits faster heat release per 
unit time than CLC, it has lower exergy efficiency and larger exergy loss. 
In addition, the effect of flow rate on exergy loss is not linear, and there 
exists a local minimum for the exergy loss at around 200 ml/min, after 
which the exergy loss shows an increase trend with the increase of flow 
rate. 
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