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ABSTRACT

Advanced oxygen carrier plays a pivotal role in various chemical looping processes, such as CO, splitting. However, oxygen
carriers have been restricted by deactivation and inferior oxygen transferability at low temperatures. Herein, we design an
Fe-O,-Ce-triggered phase-reversible CeO,_,-Fe-CaO « CeO,-Ca,Fe,05 oxygen carrier with strong electron-donating ability,

which activates CO, at low temperatures and promotes oxygen transformation. Results reveal that the maximum CO, con-
version and CO yield obtained with 50 mol% CeO,_,-Fe-CaO are, respectively, 426% and 53.6 times higher than those of Fe-CaO
at 700°C. This unique multiphase material also retains exceptional redox durability, with no obvious deactivation after 100
splitting cycles. The addition of Ce promotes the formation of the Fe-O,~Ce structure, which acts as an activator, triggers CO,
splitting, and lowers the energy barrier of C=0 dissociation. The metallic Fe plays a role in consuming O* j,yice transformed
from Fe-O,~Ce, whereas CaO acts as a structure promoter that enables phase-reversible Fe « Fe** looping.

1 | Introduction

The overdependence of humanity on fossil fuels has contributed
to a continual increase in the atmospheric CO, concentration,
to currently over 420 ppm [1, 2]. The excessive CO, levels will
exacerbate global warming, disrupt biodiversity, and trigger
other fatal environmental issues [3-5]. Such a severe scenario
has driven extensive research efforts around CO, abatement [6].
Consequently, numerous CO, mitigation technologies have
been developed in recent years [7-10]. Carbon capture and
utilization technologies have attracted wide attention for the

potential to deliver zero and even negative carbon emissions,
which enables the conversion of CO, into value-added products.
Compared with other conversion pathways, for example, pho-
tocatalysis [11] and electrocatalysis [12], the thermochemical
route shows superior technological maturity, offering relatively
high CO, conversion rates [13, 14].

Thermochemical CO, splitting can be initiated by concentrated
solar power or the waste heat from nuclear power generation
[15, 16]; the product, CO, can be used for synthesizing high-
value chemicals and fuels, such as light olefins [17], carbonyl
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compounds [18], and acetic acid [19]. Despite the potential to
generate CO, this technology is limited by the ultrahigh tem-
perature (theoretically > 2000°C) required. The solar thermo-
chemical cycle (STC) technology can visibly lower the operating
temperature due to the separation of CO, splitting into two sub-
reactions, oxygen evolution (MeO, - MeO,_s+ O,) and CO,
splitting (CO, + MeO,_s— MeO,. + CO), by using an oxygen
carrier [20, 21]. However, the temperature difference between
the oxygen evolution (>1300°C) and CO,-splitting (> 850°C)
reactions causes irreversible heat loss and contributes to the
thermal fatigue of reactor infrastructure. Further, deactivation
of the oxygen carrier also occurs, which greatly restricts the
development of STC. Therefore, efforts have been made to
address the above-mentioned issues [22-24]. To effectively
lower the temperature in the oxygen evolution stage, hydrogen
was used to promote the oxygen transformation rate, known as
the reverse water—gas shift chemical looping (RWGS-CL; see
Supporting Information S1: Figure S1) [25]. The use of low-
grade reducing gases, for instance, vented gas (composed of H,,
CO, CO,, CH,, CH;0H, and inert gas), is also a promising route
[26]. Despite prior efforts, reducing gas-assisted STC still has the
drawback of low lattice oxygen transfer kinetics and ready
deactivation of the oxygen carrier. To sum up, for accelerating
the development of RWGS-CL, the screening of oxygen carriers
with high oxygen ion transferability as well as electron-
donating ability and redox durability is essential.

Fe-based oxygen carriers are among the most intensively
investigated materials in chemical looping reactions due to their
exceptional oxygen storage capacity (Fe-FeO: 22.2wt%;
FeO - Fe;0,4: 6.9 wt%; Fe;0,4 - Fe,03: 3.3 wt%), favorable ther-
modynamic properties, affordable synthesis cost, and satisfac-
tory eco-friendly characteristics [27]. However, Fe-based oxygen
carriers typically undergo severe sintering after successive high-
temperature redox cycles. To overcome this issue, various types
of composite Fe-containing oxygen carriers such as perovskites
[28] and spinels [29, 30] have been developed. The phase seg-
regation and reorganization are conducive to homogenizing the
oxygen carriers on an atomic level, thereby hindering their
sintering and agglomeration after long-term redox cycles. Lim
et al. [31] constructed binary Ni-Fe sites in a double La,NiFeOg
perovskite for RWGS-CL and achieved an average CO, con-
version rate of 214 umol-min~'-g.,, " at 700°C. Similarly, Orsini
et al. [32] synthesized a double perovskite Sr,FeMog ¢Nig 4O0¢_s
for RWGS-CL, with a maximum CO yield of 2377.0 umol - g~* at
850°C, but further improvements to the redox stability are
required. Ma et al. [33] prepared a Mng,CoggFe,0, spinel-
structured oxygen carrier for RWGS-CL and achieved a CO
production rate of ~142.3 pumol-min~*-g™! at 650°C. Although
the cyclic stability as well as CO, conversion rates and CO
yields of oxygen carriers have been significantly improved, low-
temperature CO, splitting requires further optimization. Hence,
the development of Fe-based oxygen carriers possessing high
lattice oxygen mobility and strong electron-donating capability
is crucial. A brownmillerite-type ferrite, Ca,Fe,0s, has received
particular attention owing to its ABO,s-type structure for
facilitating fast oxygen ion transport [34-40]. In 2016, Ismail
et al. [34] and Chan et al. [35] used Ca,Fe,Os to produce
hydrogen from steam via chemical looping. Subsequently,
Hosseini et al. [36] doped Ni and Cu into Ca,Fe,Os5 to improve
the redox performance of chemical looping H, production, and

Wang et al. [37] physically mixed Zr, sCeq sO, and Ca,Fe,Os to
enhance the CO yield from chemical looping CO, decomposi-
tion. We also used Ca,Fe,0Os-derived oxygen carriers in the
fields of chemical looping-based H,0/CO, splitting [38], bio-
mass gasification [39, 40], methanol reforming [41], and
methane decomposition [42]. It was confirmed that Fe-CaO
derived from Ca,Fe,05 shows a strong electron-donating ability
at high temperatures, making it a potential candidate for highly
efficient CO, and H,0O dissociation. Moreover, the presence of
Ca enables the complete release of electrons of Fe, accom-
plishing the oxidation of Fe° into Fe**.

Nonstoichiometric cerium oxide (CeO,,) shows exceptional
oxygen storage-release capability, as the oxygen vacancies can
be formed or eliminated with the reversible conversion of Ce**
and Ce** via 0% & O, +2e” +1/20,(g) [43]. The reduced
cerium oxide (CeO,_,) possesses abundant oxygen vacancies,
which are expected to promote the mobility of lattice oxygen
and boost the oxygen transferability of the oxygen carrier,
thereby accelerating the CO, dissociation rate and lowering the
splitting temperature required. Herein, we aim to reveal the
effect of cerium doping on the redox-looping performance of
the ABO, s-type oxygen carrier. To the best of our knowledge,
Ce-doped ABO, s-type Ca,Fe,Os oxygen carriers for RWGS-CL
have not yet been explored. Results show that the Ce-doped
Ca,Fe,05 oxygen carrier displays a high oxygen migration rate;
meanwhile, the H,-reduced material shows very strong
electron-donating ability, enabling combustion under atmo-
spheric and room-temperature conditions (Supplementary
movie). We show that the formed Fe-O,~Ce structure is the
activator that induces low-temperature CO, splitting, whereas
Fe and CaO serve as the active components for the lattice
oxygen accepter and the ABO, 5 structure formation promoter,
respectively. Specifically, the maximum CO, conversion of the
50 mol% Ce-doped oxygen carrier increased by 426%, whereas
the CO yield (546 umol-min~"-g™') increased by 53.6 times
compared with Fe-CaO without Ce doping at 700°C. Moreover,
the designed oxygen carrier possesses exceptional durability
after 100 redox cycles, with the corresponding CO yield
decreasing by only 4.1%.

2 | Materials and Methods
2.1 | Chemicals

Iron(III) nitrate nonahydrate (Fe(NOs);-9H,0, 98.5%~100.0%),
calcium nitrate tetrahydrate (Ca(NOs),-4H,0, 98.5%), cerium
nitrate hexahydrate (Ce(NO3);-6H,0, 99.0%), and citric acid
monohydrate (C¢HgO7-H,0, 99.5%) were purchased from Si-
nopharm Chemical Reagent Co. Ltd. Copper nitrate trihydrate
(Cu(NO;3),-3H,0) was obtained from Aladdin Chemical
Reagent Company. All received chemicals were analytical grade
and used directly without further purification.

2.2 | Oxygen Carrier Synthesis

Oxygen carriers of yCeO,-Ca,Fe,Os were prepared using the
modified Pechini method [44], where y (0, 25, 50, 75, or 100 mol%)
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denotes the mole ratios of CeO,:Ca,Fe,Os. The metal precursor
additions corresponding to the calcined yCeO,-Ca,Fe,O5 oxygen
carriers are listed in Supporting Information S1: Table S1. Typically,
0.03 mol of both Fe(NO3);-9H,0 and Ca(NOs3),-4H,0, 0.03y mol of
Ce(NOs);-6H,0, and a specific amount of CsHgO5-H,O were dis-
solved in 200 mL of deionized water. The mole ratio of citric acid to
the total metal ions (Fe*™ + Ca** + Ce*") was maintained at 1.3.
The resulting solution was continuously stirred at 80°C for 0.5h
and then transferred to a drying oven at 180°C for 6 h to produce a
gel. The dried gel was ground and subsequently calcined in a muffle
furnace at 850°C for 4 h at a heating rate of 2°C-min™". The pre-
cursors of Fe, CaO, CeO,,, 50mol% CeO,_.Fe, and 50 mol%
CeO,_,-CaO were also prepared as control samples based on the
aforementioned procedures.

2.3 | Characterization

X-ray diffraction (XRD) measurements were conducted on an
X-ray diffractometer (Rigaku Miniflex 600, Japan) by Cu-Ko
radiation (1 =1.5406 A) at 40kV and 40 mA. The scan range
was 5°~90°, with a scan rate of 5°min~! and a step of 0.02°. The
crystallite sizes of the calcined oxygen carriers were calculated
using the Scherrer equation.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) measurements were performed using an Agilent 5110 DV
device to obtain the actual contents of Ce, Fe, and Ca of oxygen
carriers with different Ce doping.

N, physisorption analysis was measured using a Novatouch
2LX device at —196°C and the obtained data were processed
using Anton Paar Kaomi software. The surface area and pore
volume as well as the average pore diameter of the calcined
oxygen carriers were calculated using the Brunauer-
Emmett-Teller (BET) method and the Barret-Joyner-Halenda
(BJH) method, respectively.

Transmission electron microscopy (TEM) images of 50 mol%
Ce0,-Ca,Fe,05 were obtained using a JEOL JEM-2100 micro-
scope operating at 200 kV, supported by Integrated Lab Solutions
GmbH (ILS). Aberration-Corrected High-Angle Annular Dark-
Field Scanning Transmission Electron Microscopy (AC HAADF-
STEM) measurement was performed using a JEM-ARM200F
instrument. Energy-dispersive spectroscopy (EDS) mappings (Fe,
Ca, Ce, and O) and Electron energy loss spectroscopy (EELS)
were acquired to observe the element distributions, atomic
structure, and surface defect of the hydrogen-reduced 50 mol%
CeO,_,-Fe-CaO oxygen carrier. The TEM and HAADF-STEM
images as well as the elemental mapping results of the once- and
twice-reduced 50 mol% CeO,-Ca,Fe,Os were obtained using a
JEOL JEM-2100F instrument.

In situ X-ray absorption spectroscopy (XAS) measurements were
conducted in transmission mode at the Shanghai Synchrotron
Radiation Facility. A home-made cell (Supporting Information
S1: Figure S2A) was used to heat the oxygen carrier to the target
temperature. The 50 mol% CeO,-Ca,Fe,Os oxygen carrier was
in situ reduced under the conditions of 30vol% H, in N,
(60 mL-min™") and 800°C for 0.5h (Supporting Information S1:
Figure S3). The entire measurement procedure can be divided

into three steps: (i) Sample loading. The tested sample and the
graphene were mixed and homogeneously ground. Then, the
mixture was pressed into a disc with a diameter of 10 mm and
loaded into the cell (Supporting Information S1: Figure S2B). (ii)
Room-temperature measurements. Fe foil, as a standard sample,
was first measured for energy calibration. After that, the Fe
K-edge and Ce L;-edge signals of 50mol% CeO,-Ca,Fe,Os at
room temperature were captured. (iii) The in situ X-ray absorp-
tion fine structure (XAFS) experiments. Specifically, 50 mol%
Ce0,-Ca,Fe,0s was first heated to 800°C at a rate of 10°C-min~!
at N, (40 mL-min™), and then reduced at 800°C for 0.5 h under
30vol% H, in N, (60 mL-min~"). Subsequently, the temperature
was cooled to 20°C under N, (40 mL-min~'). Finally, the
resulting Fe K-edge and Ce L;-edge signals of the in situ reduced
50 mol% CeO,-Ca,Fe,05 were obtained. A detailed data analysis
process is provided in the supplementary information.

Thermogravimetric analysis (TGA) was performed using an
STA 2500 Regulus, NETZSCH analyzer. Before the experiments,
both the hydrogen-reduced Ca,Fe,Os and 50 mol% CeO,-Ca,-
Fe,0s were passed through a 200-mesh sieve to minimize the
effect of internal diffusion. In a typical experiment, ~10 mg of
the sieved sample was placed in the thermogravimetric crucible
and heated to the desired temperature (700°C, 750°C, 800°C,
850°C, or 900°C) at a heating rate of 20°C-min~" under argon
(80 mL-min~!). After reaching the target temperature, the
atmosphere was switched to 20 vol% CO, in Ar (100 mL-min~")
to carry out the CO,-splitting experiment. Effects of different
gas feed rates (100, 120, and 140 mL-min~") on the oxygen
carrier oxidation were studied to minimize the effect of external
diffusion (Supporting Information S1: Figure S4). The experi-
ments for each sample were conducted at least twice.

Scanning electron microscopy (SEM) measurements were carried
out using Tescan Clara microscope equipment with an EDS
instrument (Xplore 30) at 20 keV to detect the morphologies and
element distributions (Fe, Ca, O, or Ce) of the oxygen carriers.

H,-temperature-programmed reduction (TPR). measurements
were conducted using a Micrometrics AutoChem Il 2920
chemisorption analyzer. In a typical measurement, 30 mg of
oxygen carriers (Ca,Fe,Os and 50 mol% CeO,-Ca,Fe,0s) were
first preheated from room temperature to 300°C at a heating
rate of 10°C-min~!, maintained for 0.5h under an Ar atmo-
sphere (40 mL-min™'), and then cooled to 50°C. When the
baseline stabilized, the temperature was increased to 900°C at a
heating rate of 10°C-min~" under a mixed gas of 10 vol% H, in
Ar (40 mL-min~"), and the hydrogen consumption of the two
oxygen carriers was calculated based on the standard sample
CuO (Supporting Information S1: Figure S45).

In situ reduced CO,-temperature-programmed desorption
(TPD) measurements were performed using a Micrometrics
AutoChem Il 2920 instrument connected to a TILON LC-
D200M mass spectrometer (MS). All the samples were in situ
reduced at 920°C with 20vol% H, in He atmosphere
(50 mL-min~") for 2 h. After that, the sample was saturated with
10vol% CO, in He (25 mL-min™") at 50°C for 1 h, followed by
isothermal purging for another 1h in He (25mL-min™").
Meanwhile, MS was used to detect the outlet gas products to
ensure a stable signal. After the baseline stabilized, the sample
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was heated to 900°C at a heating rate of 10°C-min~" in He

(25mL-min™). The products, CO, (m/z=44) and CO (m/
z = 28), were recorded by MS during this heating process.

The activation procedures of in situ reduced CO,-temperature-
programmed oxidation (TPO) were the same as those of CO,-
TPD. After activation, the samples for the CO,-TPO tests were
heated from 50°C to 900°C at a heating rate of 10°C-min™" in
10vol% CO, in He (25 mL-min~"). The product signals (CO and
CO,) were recorded by MS, as mentioned above.

In situ electron paramagnetic resonance (EPR) measurements
were performed using Bruker A300 equipment to detect the
oxygen vacancy formation of the reduced Ca,Fe,Os and 50 mol
% Ce0,-Ca,Fe,0s. First, the sample was reduced at 920°C for
2h or 800°C for 0.5 h in a mixture of N, (40 mL-min~') and H,
(20 mL-min™") in a tube furnace. When the furnace tempera-
ture cooled to room temperature, the reduced sample was then
transferred to a quartz capillary under nitrogen protection.
After that, the quartz capillary was placed in an EPR quartz
tube, thereby obtaining the room-temperature EPR signal.

In situ Raman measurement was carried out using a Horiba HR800
Raman spectrometer with a laser wavelength of 532 nm. Specifi-
cally, an appropriate amount of 50 mol% CeO,-Ca,Fe,0s was first
placed in the in situ cell (Linkam, UK) and then preheated from
room temperature to 800°C at a ramping rate of 20°C-min~" under
N, (20mL-min™"). After reaching 800°C, the sample was iso-
thermally reduced for 0.5h under 20mL-min~' N, and
10 mL-min~" H,. Once the reduction was complete, the tempera-
ture was decreased to room temperature under N, (20 mL-min™) to
avoid the impacts of high-temperature heat radiation. Finally, room-
temperature Raman data of the reduced sample were recorded.

The room-temperature >’Fe Mossbauer spectrum was collected
using a SEE Co W304 Mossbauer spectrometer with a >’Co/Rh
source in transmission geometry [45]. The 50 mol% CeO,-Ca,-
Fe, 05 sample was first reduced for 0.5 h under the conditions of
H,:N, = 20:40 (40 mL-min~") and 800°C. The resulting 50 mol%
CeO,_,-Fe-CaO was then pretreated in a glovebox before
Mossbauer measurement. Finally, the collected data were fitted
using MdssWinn 4.0 software.

X-ray photoelectron spectroscopy (XPS) results were recorded
by a Thermo ESCALAB 250 spectrometer equipped with an Al
Ka X-ray (hv = 1486.6 eV) radiation excitation source at a step
size of 0.05 eV. The binding energy data were first calibrated by
correcting the C 1s peak to 284.8eV and then deconvolved
using the Gaussian-Lorentzian method.

2.4 | Performance Evaluation

A vertical tube furnace (BTF-1200C-S-SVT), purchased from
Anhui Beiyike Equipment Technology Co. Ltd, was used to
conduct the performance evaluation at atmospheric pressure. In
a typical test, 0.300 + 0.0005 g of oxygen carrier supported by
quartz wool was loaded in the constant-temperature region of
the quartz tube with an inner diameter of 8 mm. The mass ratio
of the oxygen carrier to quartz wool was maintained at 5. Before
the CO,-splitting reaction, the oxygen carrier was reduced at

920°C for 2 h in a mixed gas composed of N, (40 mL-min™") and
H, (20mL-min~'). After that, the furnace temperature was
decreased to the target one. Once the temperature stabilized, for
testing CO,-splitting performance, the mixed gas was switched
to 20 vol% CO, in N,, with the total flow rate ranging from 25 to
100 mL-min~". During the experiments, the flow rates of N,, H,,
and CO, were controlled by Sevenstar CS200 mass flow con-
trollers, as calibrated by a soap film flowmeter. The composition
of outlet gas was monitored by an INFICON Micro GC Fusion
equipped with a 5A molecular sieve column and a Plot Q col-
umn. The cyclic tests can be divided into four stages: (i) H,
reduction under 40 mL-min~" N, and 20 mL-min~" H, (40 min);
(i) N, purge (5 min); (iii) CO, splitting under 40 mL-min~* N,
and 10 mL-min~— CO, (10 min); and (iv) N, purge (5 min). All
the stages were operated at an identical temperature of 800°C.

2.5 | Data Analysis

The outlet gas production rate (Pyo;, wmol-min~") during the
CO,-splitting stage was defined as

Rotal = P(NZ)/C(NZ)outleta (1)

where P(N,) represents the inlet N, feeding rate; C(N,)outiet
denotes the N, concentration of the outlet gas. Based on the
above equation, CO, conversion [X(CO,)] and CO yield [Y(CO)]
were calculated as

G(Coz)inlet - Ptotal X C(Coz)outlet

X(COy) = x 100%,
G(Coz)inlet
)
v (co)y = Fota X C(COouter )
ocC
Normalizedy (CO) = How X C(COoutet @

M. + M (Fe)

where G(CO,)inie; is the inlet CO, flow rate, C(CO)ouier and C
(CO)outiet are the CO, and CO concentrations of the outlet gas,
respectively, m,. is the mass of the oxygen carrier, and M(Fe) is
the actual Fe content measured by ICP-OES.

2.6 | Computational Details

Density functional theory (DFT) calculations were conducted
using a Vienna Ab initio Software Package (VASP) integrated
with the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation and the projected augmented wave (PAW)
method [46-49]. The cutoff energy of the plane-wave basis set
was maintained at 400 eV. The exposed Fe(110), CaO(200), and
Ce0,.,(200) planes were used to construct the model according
to the AC HAADF-STEM results. A vacuum layer of 15 A was
used to prevent interactions between periodic images. The
Brillouin zone of the surface unit cell was sampled by
Monkhorst-Pack (MP) grids, with different k-point meshes for
structure optimizations [50]. The surface was determined by a
2 X 2x 1 Monkhorst—Pack grid. The convergence criterion for
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the electronic self-consistent iteration and force were set to
10°eV and 0.01eV/A, respectively. The climbing image
nudged elastic band (CI-NEB) [51-53] method was used to
confirm the transition states with only one imaginary frequency
along the reaction coordinates. The adsorption energy (E,q4s) of
the surface species is expressed as

Eadgs = Etotal — Esurface — Especies’ (5)

where E., represents the total energy of the adsorbed species
with oxygen carrier surface, Eqy.face iS the empty surface energy,
and Egpecies denotes the energy of the gas phase species. The
activation barrier (E,) and reaction energy (E,) are defined as

E, = E1s — Eis, (6)

E; = Egs — Es, (7)

where Ejs, Ers, and Erg are the initial state, the transition state,
and the final state energies, respectively.

3 | Results and Discussion
3.1 | Oxygen Carrier Characterization

After H, reduction, the phases of the as-calcined oxygen carriers
evolved from CeO, and Ca,Fe,0O5 to CeO,_,, CaO, and Fe, ac-
cording to the ex situ and quasi-in situ XRD patterns
(Supporting Information S1: Figures S5 and S6). This confirms
the deep reduction of Fe** and partial reduction of Ce**, as
confirmed by the peak shift of 0.28° (Supporting Information
S1: Figure S6). The physicochemical properties of the calcined
oxygen carriers with different Ce dopant loadings are summa-
rized in Supporting Information S1: Table S2, and representa-
tive TEM images of 50 mol% CeO,-Ca,Fe,O5 are shown in
Supporting Information S1: Figure S7.

The 30-min H,-reduced 50 mol% CeO,_,-Fe-CaO sample was
selected and analyzed using an AC HAADF-STEM, and it
showed a sheet-like morphology. EDS mapping illustrates the
partial overlap of Ca and Ce with Fe at 30 min of H, reduction,
whereas those of Ca-Fe and Ce-Fe coincide well under deep
oxidation and reduction (Figure 1A, B and Supporting Infor-
mation S1: Figures S8 and S9). This phenomenon could be at-
tributed to the oxygen carrier segregation and recombination
(Supporting Information S1: Figure S10). The lattice fringes
with interplanar spacings of 0.207, 0.244, and 0.276 nm in
Figure 1C-E were consistent with Fe(110), Ca0O(200), and
Ce0,_,(200) planes, respectively. The selected area electron
diffraction (SAED) indicated that the CeO,_, has a cubic crystal
[space group: Fm-3m(225)] and is oriented along the [011]
direction. EELS scans of Fe and Ce were also conducted, to
further analyze the electron distribution of the selected lines
(see Figure 1F and Supporting Information S1: Figure S11). Fe
L; and L, edges of four EELS lines showed identical positions,
corresponding to 708.7 and 721.5eV, resembling an Fe** ref-
erence (Figure 1G) [54]. The above results illustrate the nearly
complete reduction of Fe in the bulk phase of 50 mol%
CeO,_,-Fe-CaO with the presence of Fe** at the surface. On

inspecting the profiles in Figure 1H, two distinctive edges were
identified for Ce M and M,, indicating the existence of Ce**
and Ce** (Figure 1I). Quantitative results revealed that the Ce**
distribution of the four lines was 57%, 68%, 74%, and 78%,
respectively (Supporting Information S1: Tables S3 and S4 and
Figure S12).

To further determine the chemical state and local coordination
environment, in situ XAS measurements were conducted. The Fe
K-edge X-ray absorption near-edge structures (XANES) of the
calcined and 30-min reduced 50 mol% CeO,-Ca,Fe,Os are pre-
sented in Figure 1J. The adsorption threshold energy E, of the
calcined 50 mol% CeO,-Ca,Fe,O5 showed slightly higher than
that of Fe,O5, which could be attributed to the electron transfer
from Fe — Ca, resulting in the intensified Fe-O bond. Specifically,
the energy of the rising edges followed the sequence of Fe
foil < reduced 50mol% CeO,-Ca,Fe,05< Fe,05;< 50 mol%
Ce0,-Ca,Fe,0s, testifying to the partial reduction of 50 mol%
Ce0,-Ca,Fe,0s. The Ce L;-edge XANES spectra show a doublet
due to the interaction between the 4 f orbitals of Ce and 2p orbitals
of oxygen ligands [55]. Among the divided four sub-peaks
(Supporting Information S1: Figure S13 and Table S5), compo-
nent C can be assigned as Ce**, and the C peak ratio of reduced
Ce0,-Ca,Fe,0s is higher than that of the calcined sample, con-
firming the partial reduction of Ce**.

The Fourier-transformed (FT) extended X-ray absorption fine
structure (EXAFS) spectra of Fe K-edge and Ce L;-edge at k and
R space are displayed in Figure 1K,L and Supporting Informa-
tion S1: Figure S14, respectively. For the Fe K-edge, both the
lengths of the Fe-O bond for calcined and reduced 50 mol%
Ce0,-Ca,Fe,05 samples decreased compared with Fe,0;,
demonstrating the enhancement of the Fe-O bond energy due
to the electron transfer (Table S6). Compared with the Fe-O-Fe
structure of Fe,O,, the second-shell bond lengths of calcined
Ce0,-Ca,Fe,05 increased by 0.10 A, possibly owing to the for-
mation of Fe-O-Ca. The second-shell length of reduced
50 mol% CeO,-Ca,Fe,05 increases compared with that of the
calcined sample, which could be attributed to the formation of
the primary Fe-O-Ce structure. This structure could be the
dominant factor that leads to the strong electron-donating
capability. A new metallic Fe-Fe path (2.50 A) with a coordi-
nation number (CN) of 5.4 appeared in the reduced 50 mol%
Ce0,-Ca,Fe,05 spectrum, indicating the formation of Fe® spe-
cies. Wavelet transform results of the Fe K-edge and the Ce Ls-
edge for reduced 50 mol% CeO,-Ca,Fe,0s5 also featured typical
Fe-O-Ce coordination (Figure 1M-P and Supporting Informa-
tion S1: Figure S15). The above-discussed results indicate the
formation of the Fe-O-Ce interface, which could be dominant
to the CO, activation and dissociation.

3.2 | CO,-Splitting Performance

The CO, conversion and CO yield of the samples with different Ce
dopant loadings tested at 700°C are shown in Figure 2A,B. At this
temperature, irrespective of the Ce doping amount, both CO,
conversion and CO yield over the modified oxygen carriers were
increased significantly compared with Fe-CaO. In terms of the CO
yield, 50 mol% CeO,_,-Fe-CaO performs the best in CO, splitting
among these materials, which achieves 546 umol-min~'-g~* at the
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FIGURE 1 | Morphology and structure characterization. (A-F) AC HAADF-STEM images of reduced 50 mol% CeO,_,-Fe-CaO, whose reduction
condition was H,:N, = 20:40 (40 mL-min~") at 800°C for 30 min. (A1-A4) and the inset of (E) show the EDS element mappings and SAED pattern,
respectively. EELS spectra of (G) Fe L,; and (H) Ce M, s edges along the four lines in (F). (I) Quantitative analysis results of the Ce M, s edges.
(J) Normalized XANES spectra at the Fe K-edge. (K, L) EXAFS analysis of the Fe K-edge at (K) k and (I) R space. Wavelet transform analysis of
EXAFS for (M) Fe foil, (N) Fe,0s, (O) 50 mol% CeO,-Ca,Fe,0s, and (P) reduced 50 mol% CeO,-Ca,Fe,0s.

5th minute. Figure 2C shows the enhancement in CO, conversion increase in activity, followed by a decrease, with that of CO yield
and the improvement in the CO yield of the 50mol% gradually reducing. Notably, the maximum enhancement of CO,
CeO,_,-Fe-CaO relative to Fe-CaO. As the splitting reaction pro- conversion was as high as 426% at the 10th minute of CO, split-
ceeded, the enhancement of CO, conversion showed an initial ting. The effect of temperatures on the CO, splitting performances
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FIGURE 2 | CO,-splitting performance. (A) CO, conversion and (B) CO yield over various Ce-doped Fe-CaO for splitting, and
(C) enhanced CO, conversion and CO yield of 50 mol% CeO,_,-Fe-CaO relative to Fe-CaO at T = 700°C, N,: CO, = 40: 10 mL-min~", and WHSV =
10000 mL-g~' - h™'. (D) Comparison of the apparent activation energy between Fe-CaO and 50 mol% CeO,_,-Fe-CaO. (E) Comparisons of the
CO,-splitting rate between the present work and the published literature. The results of the present work are calculated using the cumulative
CO yields for the first 2 min of splitting at 700°C, 750°C, 800°C, 850°C, and 900°C. (F) 100 isothermal redox cycles of 50 mol% CeO,-Ca,Fe,0s at 800°C.
(G) Schematic illustration of the exsolution/dissolution behavior of 50 mol% CeQ,-Ca,Fe,0s.

of Fe-CaO and 50mol% CeO,-Ca,Fe,0s was also explored efficient CO, splitting were 750°C and 700°C, respectively, high-
(Supporting Information S1: Figures S16-S18). As the temperature lighting the promotional effect of Ce doping in facilitating low-
increased from 600°C to 900°C, the CO, conversion and CO yield temperature CO, splitting. However, at 900°C, both 50 mol%
at the 5th minute time on line showed a similar trend; activities CeO,_,-Fe-CaO and Fe-CaO showed satisfactory performance at
first increased slightly, then dramatically, and finally reached a  the initial stage of CO, splitting, owing to the outstanding
plateau as the temperature approached 900°C. The critical tem- electron-donating ability of Fe-CaO as well as the similar oxygen
peratures of Fe-CaO and 50mol% CeO,_,Fe-CaO to ensure ion transferability of both materials at high temperatures [39]. On
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comparing the CO yield per mass of Fe, the normalized CO yield
of 50 mol% CeO,_, - Fe-CaO was 44% higher than that of Fe-CaO
at 900°C (Supporting Information S1: Figure S19). When the
weight hourly space velocity (WHSV) decreased from 10,000 to
5000 mL-g""-h™", the maximum CO, conversion at the 5th minute
time on line of splitting increased from 46% to 70% at 700°C for
50 mol% CeO,_,-Fe-Ca0O, whereas that of Fe-CaO achieved only
11%, highlighting the superior performance of 50 mol% CeO,_,-
Fe-CaO (Supporting Information S1: Figure S20). As the WHSV
varied between 10,000 and 20,000 mL-g_l-h_l, both CO, conversion
and CO yield decreased. Moreover, significant discrepancies
between CO, conversion and CO yield for Fe-CaO at a WHSV of
10,000 mL-g~*h™* were observed, which can be attributed to CO,
adsorption at 700°C (Supporting Information S1: Figure S21A) [56].

We conducted XRD, temperature-programmed transient (TPT)
experiments, and TGA to clarify the transformation characteristics
of CO, adsorption to splitting as a function of time and temper-
ature. XRD results of Fe-CaO and 50 mol% CeO,_,-Fe-CaO oxi-
dized by CO, at various durations of time at 700°C confirmed the
presence of CO, adsorption by CaO due to the formation of CaCO3
(Supporting Information S1: Figure S21B,C). However, 50 mol%
Ce0O,_,-Fe-CaO only formed trace amounts of CaCO3, whereas
abundant CaCO; was observed for Fe-CaO. The appearance of
trace amounts of CaFe,O, on both samples may be due to
imperfect mixing between CaO and Fe,O; and slow solid-state
diffusion [34]. Moreover, an MRU Vario Plus New gas analyzer
equipped with a nondispersive infrared sensor and electro-
chemical cells was used to conduct the TPT experiments
(Supporting Information S1: Figures S22 and S23; see detailed
procedures in Supporting Information). Quantitative results
revealed that the CO, splitting and adsorption proportions at
700°C for Fe-CaO were 16% and 84%, respectively, and for
50mol% CeO,_, - Fe-CaO, these were 94% and 6%, respectively
(Supporting Information S1: Figure S24). The significant increase
in the proportion of CO, splitting was in agreement with the ceria
gateway effect, which promotes the dissociation of CO, into CO
and the transformation of oxygen ions into Fe-CaO [57]. Transient
CO, conversion results demonstrated that the CO,-splitting per-
formance of 50 mol% CeO,_, - Fe-CaO was comparable to that of
Fe-CaO at relatively high temperatures (Supporting Information
S1: Figure S25). To eliminate the impact of CO, adsorption at
low temperatures, kinetic measurements for CO, splitting
were conducted at 800°C, 850°C, and 900°C (Figure 2D and
Supporting Information S1: Figures S26 and 27). Moreover,
the zero-order reaction model was used to acquire reaction
rate constants (Supporting Information S1: Figures S28-S32
and Tables S7-S9). The apparent activation energies of Fe-CaO
and 50 mol% CeO,., - Fe-CaO were calculated to be 29.9 + 1.2
and 26.6 + 1.1 kJ-mol ™, respectively, demonstrating the role of
Ce doping in lowering the energy barrier of CO, splitting
(Supporting Information S1: Table S10).

Compared with the previously reported CO,-splitting rates, our
proposed 50 mol% CeO,_,-Fe-CaO oxygen carrier is highly
competitive and outperforms most of the literature examples
reported (Figure 2E and Supporting Information S1: Table S11).
50mol% CeO,_,-Fe-CaO showed remarkable cyclic perform-
ance even after the 100th redox cycle (Figure 2F and Supporting
Information S1: Figures S33-S36). SEM images and elemental
distributions of calcined, first reduced, and second reduced

50 mol% CeO,-Ca,Fe,05 revealed the presence of Fe nano-
particle exsolution and dissolution under corresponding
reduction and oxidation conditions (Supporting Information S1:
Figures S37-S43). This effect was also highlighted recently [45],
which suppresses sintering and agglomeration of the oxygen
carrier. To facilitate an understanding of the exsolution
behavior, a schematic illustration of this process is provided
(Figure 2G). The Ca,Fe,05 samples without Ce doping show no
obvious exsolution under identical reduction conditions,
implying the promotion of Ce on the exsolution of Fe nano-
particles from the oxide substrate (Supporting Information S1:
Figures S44-S46). This may be to the benefit of consuming
0% Jatice transformed from the Fe-O,-Ce interface, thus en-
hancing fast oxygen acceptance.

3.3 | Mechanistic Investigation

Analysis of H,-TPR patterns indicated that the reduction peak
following Ce doping decreased from 717.0°C to 678.2°C, dem-
onstrating the enhanced lattice oxygen transferability
(Figure 3A). The quantitative analysis of H, consumptions
confirms the lattice oxygen consumption from CeO, to CeO; g4
(Supporting Information S1: Figure S47). To analyze the CO,
desorption and splitting behaviors, we conducted in situ
reduced CO,-TPD measurements (Figure 3B and Supporting
Information S1: Figure S48). We attributed the higher CO peak
intensity observed to the existence of the Ce-O, structure being
more favored for CO, splitting at low temperatures (Supporting
Information S1: Figure S49). The desorption properties of Fe--
CaO and 50mol% CeO,_,-Fe-CaO show obvious differences,
suggesting a transition from CO, desorption to splitting after Ce
doping. Here, the CO, activation temperature of 50 mol%
CeO,_,-Fe-CaO reduces by 464.3°C compared with that of
Fe-CaO, as determined by in situ reduced CO,-TPO (Figure 3C
and Supporting Information S1: Figure S50), confirming the
capability of Ce doping to contribute toward low-temperature
CO, splitting. In situ EPR spectra of 50 mol% CeO,_,-Fe-CaO
reduced at both 800°C and 920°C reveal peaks at g=2.003,
confirming the generation of the oxygen vacancies, whereas this
was not observed for Fe-CaO (Figure 3D). Combined with the
XAS results, we ascribe the enhanced properties of the Ce-
doped sample to the presence of oxygen vacancies and the
formation of Fe-O,~Ce sites within the Ca-Fe-Ce system,
which act as an initiator for enhanced CO, splitting.

The Raman spectrum of CeO, is generally dominated by the
Raman-active F,, band at 465 cm™! and the vacancy-induced
(D) band at 600 cm ™, which represents a symmetrical stretch-
ing of oxygen around the Ce cation and a defect space con-
taining oxygen vacancies, respectively [58]. We explored the
coordination structure and the electronic states of 50 mol%
CeO,_,-Fe-CaO0 by in situ Raman spectroscopy and observed F,,
and D bands centered at 445 and 575cm ™" (Figure 3E). The
former peak showed a strong red shift and asymmetrical
broadening for the bulk counterpart, caused by shrinkage of
the unit cell, owing to the permeation of Fe into the oxygen
vacancy of CeO,_,. This result was consistent with the varia-
tions in the CN in Supporting Information S1: Table S6, con-
firming the formation of the Fe-O,~-Ce structure. The variation
of the latter peak was caused by a dramatic increase in oxygen
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CO,-splitting mechanism analysis. (A) H,-TPR results of Ca,Fe,05 and 50 mol% CeO,-Ca,Fe,0s. (B) CO,-TPD-MS and (C) CO,-

TPO-MS results of Fe-CaO and 50 mol% CeO,_,-Fe-CaO. (D) In situ EPR spectra of Fe-CaO and 50 mol% CeO,_,-Fe-CaO. (E) In situ Raman spectrum
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(I) Ratios of Ce**/(Ce** + Ce*") and 04/(O, + Og + O,) versus reduction time.

deficiency and charge accumulation, supporting the in situ EPR
results. The chemical states of corresponding Fe were also tes-
ted by [45] Fe Mossbauer spectroscopy (Figure 3F and Sup-
porting Information S1: Table S12). Results revealed the
existence of metallic a-Fe, y-Fe, and Fe?", whose contents were
85.5%, 12.6%, and 1.9%, respectively, confirming the existence of
Fe-O and Fe-O-Ce bonds.

To elucidate the evolution of oxygen vacancy concentration as a
function of reduction time, XPS measurements were performed
(Figure 3G,I and Supporting Information S1: Tables S13 and 14).
The Ce 3d XPS spectra were divided into 10 sub-peaks, which
were labeled, as v°, v, v/, v*,v", 0, u, u’, u”, and u”. The notations
V%, v, u% and u’ represent the Ce®' species, whereas the rest

represent the Ce** species [59, 60]. Three characteristic peaks
were identified from the O 1s XPS spectra, corresponding to the
lattice O (O), defect O (Op), and weakly bound O species (O,)
such as surface hydroxyl groups [59, 60]. With increasing reduc-
tion time, both Ce’*/(Ce’ +Ce*") and Og/(O,+Og+O0,)
increased as a whole, indicating the positive association of the
oxygen vacancy concentration with the reduction time (see Sup-
porting Information S1: Figure S51 for Ca 2p and Fe 2p spectra).

3.4 | DFT Calculations

To further clarify the low-temperature CO,-splitting mechanism,
DFT calculations were conducted, and the crystallographic plane
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activation, and dissociation. (E) Schematic illustration of the low-temperature CO,-splitting mechanism of 50 mol% CeO,_,-Fe-CaO.

of Ce0,_,(200)/Fe(110)/Ca0O(200) was selected according to
the HR-TEM results together with Fe(110)/Ca0O(200) and
Ce0,_,(200)/Ca0(200) for comparison. The CO, adsorption en-
ergies of the isolated CeO,_, site (i) and five sites for 50 mol%
CeO,_,-Fe-Ca0, including the CaO site (ii), the Fe/CaO interface
(iii), Fe site 1 (iv), Fe site 2 (v), and Fe/CeO,_, interface (vi), were
—0.30, —1.93, —1.60, —1.37, —1.39, and —1.87eV, respectively
(Figure 4A,B). The CO, activation on CaO(200) was found to
have the lowest adsorption energy, which mainly occurs due to
the preference of CO, adsorption to form carbonate. The
adsorption of CO, beyond the Fe/CeO,_, interface was selected
for transition-state calculations due to its relatively high CO,
adsorption energy. The reaction barriers of CO, dissociation
from CO* to CO beyond Ce0,.,(200)/Fe(110)/Ca0(200), Fe(110)/
Ca0(200), Ce0,.(200)/Ca0(200), and isolated Ce0,.,{(200)
were calculated (Figure 4C and Supporting Information SI:
Figure S52). Among these three cases, the Fe/CeO,_, interface of
Ce0,_,(200)/Fe(110)/Ca0(200) showed the lowest dissociation

energy barrier of 0.31 eV, which was 0.40, 1.08, and 1.20 eV lower
than those of Fe(110)/Ca0(200), CeO,_,(200)/Ca0(200), and
isolated CeO,_,(200), confirming the superiority of the three-
phase CeO,_,(200)/Fe(110)/Ca0(200) for CO, splitting. The Ba-
der charges at Fe-Ce, Fe-Ca, and Ce-Ca interfaces also dem-
onstrate the superiority of Fe/CeO,_, in supplying electrons
(Figure 4D).

Based on the above discussions, the low-temperature CO,-
splitting pathway with 50mol% CeO,_,-Fe-CaO is summarized
in Figure 4E, in which the synergistically intensified mechanism
between CaO, Fe, and CeO,_, was preliminarily deduced: first,
the CO, was activated to form CO,* beyond the Fe/CeO,_,
interface or CaO surface; second, the absorbed CO,* was disso-
ciated into CO* and O%; and third, the generated O* was bound
by the Fe-O,-Ce site; meanwhile, CO* was desorbed to generate
CO. Finally, the captured lattice oxygen (O* juice) transformed
and was consumed by Fe® under the promotion of CaO. In
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summation, the concerted interplay between the Fe-O,-Ce
interface and CaO promotes both CO, conversion and CO yield.

4 | Conclusions

In this study, we have demonstrated the effectiveness of the Ce-
doped Fe-CaO in low-temperature CO, splitting and elucidated
the activation, dissociation, and O j,ice consumption mecha-
nism beyond the Fe-O,-Ce and CaO microenvironment. Both
the CO, conversion and CO yield over 50 mol% CeO,_,-Fe-CaO
were significantly enhanced at 700°C relative to Fe-CaO, which
achieved 46% and 546 umol-min~'-g!, respectively. Moreover,
the Ce-doped oxygen carrier showed exceptional redox dura-
bility after 100 CO, splitting cycles, accompanied by an ex-
solution « dissolution transformation, which is thought to
inhibit sintering. Results from in situ reduced CO,-TPD-MS also
indicated the superiority of Ce doping in CO, splitting at low
temperatures. Results from in situ characterizations such as
XAFS, Raman, and EPR confirmed the formation of abundant
oxygen vacancies and the existence of an Fe-O,-Ce structure.
DFT results demonstrated the superiorities of the Fe(110)/
Ce0,.,(200) interface for the activation and dissociation of CO,*
into CO* and O*. To conclude, the engineered Fe-O,—Ce
microenvironment is the activator that triggers low-temperature
CO, activation and dissociation, Fe is the active site for electron
donation and O* | e consumption, whereas CaO acts as the
structural promoter to enable Fe’ - Fe** transformation. These
findings provide valid strategies for the design and development
of new-generation oxygen carriers with strong reducing abilities
and satisfactory redox stability.
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