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Chemical looping integrated with CO, utilization is an attractive chemical process that can contribute
greatly to on-site carbon capture and utilization. To reduce the excess energy consumption, the kinetics
of the CO,-splitting half reaction has been revisited on pure iron oxygen carriers. High CO,-splitting rate
at a very low temperature of 350 °C is discovered with an unambiguous relationship to the presence of
FeO. Through controlled reduction, a nanoporous oxygen carrier enriched with active FeO, capable of
2-dimensional oxide growth with fast kinetics is formed and can be regenerated under cycling
conditions of a chemical looping reverse water—gas shift model reaction at 500 °C. Over-reduction
leads to the formation of low activity metallic Fe that requires additional 100 °C or more to conduct

. 4 27hS ber 2025 CO,-splitting, which deactivates rapidly due to severe sintering. Density functional theory calculations
eceive th September . . . . .
Accepted 5th February 2026 reveal the minimum energy pathway involving the dissociation of adsorbed CO, on the Fe surface,

followed by the spillover of CO to the FeO surface for desorption. These findings provide guidance for

DOI: 10.1035/d5ta07934a the design of a reactive iron-based oxygen carrier for low temperature CO,-splitting in all chemical
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Introduction

Decarbonization of the power, transportation, and industrial
sectors is vital for the success of a net-zero emission scenario
before 2050 to withhold the rise of global temperature within the
2 °C limit. On-site carbon capture and utilization (CCU) would be
a preferable way to mitigate carbon emissions from centralized
large-scale sources such as fossil fuel power plants. This is
because the energy penalty for CCU can potentially be compen-
sated with proper heat integration."” The optimum case would be
the use of low-grade waste heat to drive such CCU processes.
Hydrogenation of CO, to value-added chemicals is a plau-
sible approach for CCU in the presence of affordable hydrogen
(H,). CO, can be hydrogenated to form methane via the nickel-
catalyzed methanation reaction at relatively low pressure and
temperature.*® It can also be converted to CO via the reverse
water-gas shift (RWGS) reaction at low pressure and higher
temperatures in the presence of copper or iron catalysts.”® With
additional expense for compression, CO, can also be hydroge-
nated into methanol using copper-based catalysts at much
higher pressures.®'® For these catalytic conversions of CO, to be
economically feasible, high yield and product selectivity is
required to minimize down-stream separation cost. In this
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looping carbon capture utilization processes.

aspect, the chemical looping method provides a better oppor-
tunity to regulate product selectivity with very high
precision.”**” Since the redox chemistry is now mediated by the
oxygen carrier, co-existence of CO, and H, in the reactor is not
required. The reaction proceeds in two-steps where the reduced-
form oxygen carrier splits CO, into CO and the oxidized-form
oxygen carrier oxidizes H, into H,O, both specifically.'®>*
Since the two-steps are temporally and spatially separated,
down-stream separation can be omitted. Furthermore, the CO,-
splitting half-reaction, in principle, can be coupled with any
desirable oxidation half reactions such as the partial oxidation
of alkanes.”

The key component of a successful chemical looping process
is an active oxygen carrier with good structural reversibility. For
the CO, splitting half reaction, various transition metal
oxides,"*'***?¢ gpinel oxides,*”*® perovskite oxides,*?**° and
others*-** have been investigated. Within the wide variety of
elements and crystal structures, iron serves as the critical
element that conducts redox chemistry with CO,. For example,
earlier studies by Galvita revealed the reversible phase change of
iron-based oxygen carriers between Fe;O,/FeO/Fe during H,
temperature programmed reduction (H,-TPR) and CO,
temperature programmed oxidation (CO,-TPO) by in situ
XRD."?* Based on the TPR/TPO results, constant temperature
looping was conducted at 600 °C. A recent study by Xiao
demonstrated high CO,-splitting activity using Cu/Mn/Co-
doped spinel ferrites at 650 °C.>**® Li reported the use of Cu-
doped LaFeO; perovskite to conduct CO, splitting in the
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presence of O, at 850 °C.** Zhao reported the use of Ce-modified
SrFeO; s to conducted CO, splitting coupled with ethane
oxidative dehydrogenation at 725 °C.>® Obviously, it would be
more desirable to conduct the looping process at lower
temperatures, but attempts at temperatures below 600 °C
remain scarce.

To achieve this goal, we have revisited the redox chemistry
and phase behavior of pure iron oxides, seeking opportunities
to decipher the key descriptor that enables low-temperature
chemical looping CCU. We proved that fast kinetics of CO,
splitting at low temperature is possible and revealed its unam-
biguous strong correlation with the presence of the meta-stable
wistite FeO. Using the chemical looping reverse water-gas shift
(CL-RWGS) as a model reaction, we have identified the
optimum matching of CO, splitting and H,-oxidation half
reaction conditions. By applying the general kinetic model for
grain boundary nucleation and growth, distinctive 2-D growth
and fast oxidation kinetics were discovered for the oxygen
carriers treated with short H, durations. CO,-TPO revealed
a highly reactive species, having a peak temperature below 350 ©
C, which is accountable for the fast CO,-splitting kinetics.
Detailed crystallography analysis pointed out the likelihood of
FeO being accountable for the high reactivity, for which its
generation and regeneration was more effective with shorter H,
steps. With extended H, step duration, FeO was no longer
preserved, and the fast CO,-splitting kinetic feature of the
reduced oxygen carrier was lost.

Experimental

Materials and chemicals

Iron(m) nitrate nonahydrate (Fe(NO3);-9H,0, 98%, Alfa-Aesar);
ammonium hydroxide (NH,OH(q), 30-33%, Honeywell);
deionized water (DI water, from Merck Millipore Milli-Q, 18.2
MW resistance); hydrogen gas (H,, 5%, 4N-grade, Sinda Gas
Corp.); carbon dioxide (CO,, 10% balanced with argon, 4N-
grade, Sinda Gas Corp); argon (Ar, 4N-grade, Sinda Gas Corp.)

Preparation of iron oxide oxygen carriers

The pristine iron oxide oxygen carriers in the present study were
prepared by a direct precipitation method, as reported in
previous studies.'® In a typical process, 0.015 mol of Fe(NO3);-
-9H,0 was first dissolved in 50 mL of DI water. Under vigorous
stirring conditions, the solution was titrated with 1 M ammo-
nium hydroxide to pH 9 and maintained at this pH for another
30 min. The precipitated products were then separated by
centrifugation and washed with DI water through repetitive
dispersion/centrifugation cycles until the pH of the supernatant
approached 7. The samples were then dried in an 80 °C vacuum
oven overnight. The dried samples were ground using a mortar
and pestle to fine powders and subjected to a 3 h thermal
treatment in air at 500 °C to yield the final powder samples.

Characterization

Powder X-ray diffraction (PXRD, D8A25, Bruker) was conducted
to characterize the crystal phase of the oxygen carriers during
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different stages of their lifetime. Refinement of XRD patterns
was conducted using GSAS. Field emission scanning electron
microscopy (FESEM, SU8010, Hitachi) was carried out to image
the morphological features of the oxygen carriers at 20 kV.
Scanning transmission electron microscopy (STEM, JEM-F200,
JEOL) was conducted at an accelerating voltage of 200 kv
from the cold field emission gun to image the nanoscale
features of the oxygen carriers. A coupled energy dispersive X-
ray spectrometer was used to conduct spatial and quantitative
elemental analysis.

Chemical looping testing, temperature programmed
oxidation in CO,, and product analysis

The chemical looping reverse water-gas shift reaction and CO,-
TPO were both conducted using a home-built reaction and
analysis system. The reaction system includes three mass flow
controllers (SLA5850E, Brooks), a 4-inch diameter U-shape
quartz tube, and a tube furnace (custom-built, GL-Glass). A
packed bed reactor was configured by placing 100 mg of powder
oxygen carrier samples inside the U-shape quartz tube and
immobilized between two pieces of quartz wool. During
a typical chemical looping process, once the packed bed reactor
is placed inside the tube furnace, Ar was then purged into the
reactor at 300 sccm for 10 min to remove residual air. The
reactor was then ramped up to certain temperature with a ramp
rate of 10 °C min~". The chemical looping process was then
conducted isothermally by introducing 5%-H, and 10%-CO,
alternatively with a 3-min Ar purge step in between, all at a flow
rate of 300 sccm. The gaseous products exiting the reactor were
analyzed using a CO, non-dispersive infrared spectrometer
(NDIR, CI-IR 20, Chang-Al), a CO-NDIR (CI-IR 20, Chang-Ai),
and a thermal conductivity detector (TCD, CU-TC 90, Chang-
Al) to quantify CO,, CO, and H, with ms resolution. The CO,-
TPO was conducted with a process similar to the chemical
looping reverse water-gas shift reaction except that the CO,
steps in certain cycles were carried out with a temperature ramp
from 150 °C to 500 °C instead of isothermally at 500 °C.

Computational details

All periodic DFT computations were carried out using the
Vienna Ab initio Simulation Package (VASP),***” while electronic
structure analyses were conducted with the post-processing
VASPKIT package.*® The Perdew-Burke-Ernzerhof (PBE) func-
tional within the framework of generalized gradient approxi-
mation (GGA)*** was employed to model the exchange-
correlation interactions in pure Fe systems. For the remaining
systems, additional corrections—including Hubbard U, spin-
orbit coupling (SOC), and D3(BJ) dispersion—were incorpo-
rated, as described in detail in the Results and discussion
section and SI. Projector augmented wave (PAW) potentials were
used to account for electron-ion interactions.*** A plane-wave
energy cutoff of 520 eV was consistently applied across all
calculations. To treat Fermi surface broadening, the Methfes-
sel-Paxton smearing scheme® was adopted, with a smearing
width of 0.20 eV for pure Fe systems, while a Gaussian smearing
width of 0.04 eV was applied for Fe surfaces with adsorbates and
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for FeO systems. Geometric relaxations were performed using
the conjugate gradient method, and convergence was reached
when all atomic forces dropped below 0.02 eV A™*. Monkhorst-
Pack k-point mesh was adjusted based on the specific slab
dimensions, as detailed in the Results and discussion section
and SI. A vacuum region of 15 A was introduced perpendicular
to the slab surface in all models to eliminate spurious interac-
tions between periodic images. All reported energy values were
extrapolated to 0 K. Spin polarization was explicitly considered
for Fe atoms throughout the surface calculations. In addition,
Bader charge analysis was performed only for FeO systems, as
detailed in the Results and discussion section and SI.****®* Most
of the structural visualizations were generated using Crystal
Toolkit developed by A. Jain et al.*

Results and discussion

Regenerative CO,-splitting of iron oxygen carriers through
optimized looping programs

The performance of CL-RWGS using Fe-oxygen carriers is
strongly associated with the reversibility of its redox chemistry,
which is heavily dependent on the reaction conditions and
history. Preliminary studies on the CO,-splitting activity and
cycle stability suggested that under a fixed H,/CO, program of 5
min/10 min, a process temperature of 500 °C is optimal for
obtaining the highest instantaneous CO concentration during
the CO,-splitting step due to the balanced reduction and
oxidation kinetics of the oxidized and reduced Fe-oxygen
carriers respectively (Fig. S1). The rather low 500 °C operation
is beneficial from the viewpoint of utilizing industrial waste
heat to conduct the chemical looping CO, utilization process.
However, to optimize performance and cycle stability, the Hy/
CO, program was further studied systematically by varying
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duration of the H, step while fixing the CO, step at 10 min.
Using homemade Fe,O; as the starting material, the program
with a 1-min H, step showed good cycle stability but the amount
of CO produced in the CO,-splitting step was too little due to the
limited amount of reduced-form Fe species formed during the
short exposure to H,. When increasing the H,-step duration to
3 min, the CO,-splitting reaction was completed within two
minutes as the CO concentration measured by the non-
dispersive infrared (NDIR) detector approached the baseline
level (Fig. 1a, S2 and S3). The maximum instantaneous CO
concentration can reach up to 1.3%, equivalent to 13% of CO,
conversion and gradually decreased to 0.9% after fifteen cycles.
When the H,-step duration was increased to 5 min, a similar
behavior of the CO production can be observed but the
maximum CO concentration was increased to 1.4% and
approached the baseline level after 5 min with a transition stage
in between (Fig. 1b). The most apparent difference lies in the
width of the CO peak, which increased from 43 s to 68 s and
ended up having higher CO,-splitting capacity in each cycle.
The CO,-splitting behavior was significantly altered when the
H, step was increased to 7 min. Although the maximum CO
concentration can reach up to 1.5% in early stages, a rapid loss
of the CO peak concentration in successive cycles occurred and
was accompanied by the appearance of slow-kinetic CO
production in the range of 0.2-0.3% throughout the later stages
(Fig. 1c). A similar behavior was observed when the H, step
duration was extended to 10 min. However, the CO peak width
was further increased to 90 s and the slow kinetic CO produc-
tion started to take place even in the first cycle (Fig. 1d). When
the H, step was further extended to 60 min, the CO,-splitting
behavior became drastically different. Except for the first cycle,
both the maximum CO concentration and the slow kinetic CO
production were significantly smaller than previous cases

25 2 25
a 3 min H, cyl-cy15 3 min/H, b 5 min H, cyl-cy15 5 min c 7 min H, cyl-cy15 7 min
=3, g, P Al
2.0 ol ‘§ 2.0 i 2.0 | Y
LU L7 A
L =15 ' L2 d
10min/CO,[ & 10 min 10 min
Q
o
S 1.0
0.5
base line 0.0 -k T baseline| ~ 0.047TTTTTTTTTTTITITTTITITTTTTY base line |
0 2 4 6 8 10 0 2 4 .6 8 10 0 2 4 6 8 10
t (min) t (min)
d 25 € 2 - - f
10 min H, cyl-cy15 10 min 60 min H, cyl-cy5 60 min 1.8
1.6
~14
—_ = X
x 10 min § 1.2
s =
8 ] \61 0
© . Sos
0.6
______________________________________ 0.4
base line 02
0 2 4 .6 8 10 0 2 4 .6 8 10 "0 2 4 6 8 10 12 14 16
t (min) t (min) cycle

Fig.1 Recorded real-time CO concentration during the CO,-splitting step with different redox programs using Fe-oxygen carriers to conduct
CL-RWGS at 500 °C. (a) H,/CO5 = 3 min/10 min, (b) H>/CO, = 5 min/10 min, (c) H,/CO, = 7 min/10 min, (d) H,/CO, = 10 min/10 min, and (e) H,/
CO, = 60 min/10 min. (f) A summary of the CO peak concentrations recorded in (a—e). Conditions: 300 sccm CO, (10% balanced with Ar), 300

sccm Ar (4N-grade), and 300 sccm H, (5%, balanced with Ar).
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(Fig. 1e). The dynamic variations of CO production using
different programs are summarized in Fig. 1f by plotting the
maximum CO concentration against the number of cycles. The
CO peak concentration was much better maintained over
successive cycles with programs of short H, steps and can be
maintained over 0.48% after 50 cycles for the 5 min/10 min
program (Fig. S4). As the H, step duration exceeded 5 min, rapid
loss of the CO peak concentration, i.e., CO,-splitting kinetics,
occurred.

Oxidation kinetics of iron oxygen carriers in CO,

Since the rate of CO,-splitting should be equivalent to the rate
of Fe (or FeO) oxidation, kinetic models developed for reactions
of Fe with gaseous species can be implemented here to aid the
understanding of experimental observations. According to
Hancock and Sharp's method,**** isothermal solid-state reac-
tions can be compared based on the general equation for
nucleation and growth on phase boundaries:

a=1—¢e*

(1)
(2)

where « is the conversion of Fe at a certain time ¢, k is a constant
that depend on both the nucleation frequency and the grain
growth rate, and n is the exponent associated with the growth
dimension.”>** Under the assumption that the conversion of
CO, is equivalent to the conversion of Fe, the real time CO
concentration monitored by NDIR can be used to derive
a during each CO,-splitting step. Using the total amount of CO
produced in the 1st cycle, the a~t relation in each cycle for each
program is constructed (Fig. 2a-e). Obvious differences in the
a—t curves can be observed for short H,-programs, i.e., programs
with 3 min and 5 min H, steps, which show sharp transitions
between the kinetic-controlled acceleration and the diffusion-

In(—In(1 — o)) =Ink +nlint
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controlled deceleration stages. The active species in these two
stages are referred to as the “fast-kinetic” and “slow-kinetic”
species hereafter. Loss in overall conversion can be attributed to
the loss of fast-kinetic species in the reduced oxygen carrier.
When increasing the H, step to 7 min, a similar transition was
observed in the first two cycles. However, the fast kinetic
features became absent with linear a—¢ relations after the 6th
cycle. Interestingly, most of the fast-kinetic species were trans-
formed into slow kinetic species instead of becoming
completely inactive. In the case of a 10-min H, step, oxidation
was still composed of two different events with lower rates for
both the kinetic and diffusion-controlled steps. However, severe
deactivation of both the fast and slow-kinetic species had
resulted in nearly 50% of initial conversion lost after 15 cycles.
Finally, in the 60-min H,-program, the 1st cycle showed a tran-
sition around 4.5 min while the 3rd and 5th showed a very early
transition at « < 5%, accompanied by more than 60% loss of the
initial conversion. Based on eqn (2), plots of In(—In(1 — «))
against In(¢) were constructed for each curve in Fig. 2a-e in the
range of « = 0.15-0.3 to obtain more insights into the kinetic-
controlled, i.e., the high-rate region of Fe oxidation (Fig. S5).
In this analysis, the conversion of each cycle was normalized
individually to compare the intrinsic kinetics of the remaining
reactive species. In such a plot, the slope of the curve is the n-
value, which is generally interpreted as the sum of [ + d, where [
is the dimensionality of growth (ie., 1, 2, or 3) and d is the
contribution of the nucleation process to the overall kinetics.
d varies between 0 and 1, where 0 corresponds to instantaneous
nucleation and 1 to very slow nucleation. The intercept is In(k),
which can be used to determine the kinetic rate constant. The
obtained n and k-values are summarized in Fig. 2f and g,
respectively. Both the n and k-values of the 3 min/10 min
program are distinctively larger compared with others. The
obtained n values range from 2.41 to 2.17, which suggested a 2-
D growth of the Fe-oxide during the CO,-splitting step.>* When
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Fig.2 Oxidation kinetics of reduced-form Fe-oxygen carriers subjected to programs with varying H, step durations. (a—e) Plots of conversion («)
against t. (f and g) Plots of the n-value and k-value of over successive cycles for the 3 min/10 min, 5 min/10 min, 7 min/10 min, 10 min/10 min, and

60 min/10 min programs, respectively.
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H,-step duration was prolonged to 5 min and beyond, the ob-
tained n values were all below 2, suggesting that commonly
reported 1-D oxide growth was occurring. In general, the n-
values for all programs were decreasing with successive cycles.
This suggested that the formation of new nuclei was contrib-
uting less and less after repetitive cycling except for the 7 min/
10 min program, showing a rapid decrease in the first four
cycles and a gradual increase back to a level around 1.27.
Furthermore, in the 5th cycle of the 60 min/10 min program, the
n-value became 0.97, i.e. <1, meaning diffusion had become the
governing factor of Fe oxidation.”” On top of the additional
growth dimension, the rate constants (k-value) of the 3 min/
10 min program were also significantly larger than others. It
started from 2.49 min~" in the 1st cycle and gradually decreased
to 1.33 min " in the 15th cycle. These values are approximately
4 times larger than those obtained from the 5-min H, program
and 7-19 times larger than the programs with even longer H,-
steps. From the above kinetic analysis, the fast-kinetic 2-D
growth synergy created from the short 3 min H, steps resulted
in the observed high CO,-splitting reactivity. This was
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confirmed in a separate experiment in the first 5 cycles even
though the capacity loss was greater in this separately prepared
Fe oxygen carrier sample (Fig. S6).

Thermo-chemical properties and their relation to the crystal
phase studied via CO,-temperature programmed oxidation
and powder X-ray diffraction

The observed variations in CO,-splitting kinetics with different
redox programs are likely due to the dynamic phase composi-
tion of the Fe oxygen carriers in different reaction environ-
ments. To gain further understanding, CO,-TPO and post-
mortem PXRD were conducted on the Fe oxygen carriers after
certain cycles of the CL-RWGS process (please refer to Fig. S7, S8
and SI Note 1 for the raw data and smoothing protocol). In
general, the CO,-TPO curves are composed of a low temperature
a peak around 350 °C and a high temperature 8 peak around
475 °C, showing a high correspondence to the “fast-kinetic” and
“slow-kinetic” species identified previously. The relative ratio
between the « and ( peaks decreased in the programs with
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Fig. 3 Thermal oxidation and crystallographic study of the Fe-based oxygen carriers subjected to programs with varying H, step durations. (a)
CO,-TPO profiles after selected cycles and corresponding mole fractions of Fe, FeO, and FesO4 of the Fe oxygen carrier after the (b) reduction
and (c) oxidation steps, respectively, using a H,/CO, program of 3 min/10 min. Same type of data as presented in (a—c) except with H,/CO,
programs of (d—f) 5 min/10 min, (g—i) 7 min/10 min, (j—1) 10 Min/10 min, and (m-0) 60 Min/10 min.
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longer H,-steps. This «/@ ratio also decreased in successive
cycles in individual programs. Corresponding PXRD patterns
confirm that CL-RWGS was associated with the redox processes
between metallic Fe, wustite FeO, and spinel Fe;0, (Fig. S9). For
the 3 min/10 min program, the 8 peak was absent at initial
stages and appeared after the 5th cycle, accompanied by the
increased peak temperature and decreased intensity of the
a peak (Fig. 3a). From PXRD refinement results, the reduced-
form oxygen carrier in the 3 min/10 min program was origi-
nally dominated by FeO, reaching 40.8% after the 2nd cycle and
gradually decreased to 15.7% after the 15th cycle (Fig. 3b). The
Fe content increased complementary from 6.1% after the 2nd
cycle to 21.6% after the 8th cycle and decreased to 16.8% after
the 15th cycle. Although decreasing in its fraction, the regen-
erative formation of FeO was observed even though being re-
ported thermodynamically unstable at 500 °C.>*** After the CO,
steps, the Fe oxygen carrier was composed of Fe;O, except with
a small fraction of unreacted Fe after the 15th cycle (Fig. 3c). To
figure out the oxidation process associated with the a-peak, the
CO,-TPO was cut-off before the 3-peak appeared. PXRD patterns
of the corresponding oxygen carrier at different cycles showed
only peaks for Fe;0, and Fe, confirming that oxidation of FeO is
an important contributor to the fast CO,-to-CO kinetics

(Fig. S10, Eq. (3))-

3FeO + CO, — Fe;0, + CO 3)

The statement is strengthened from the systematic study of
the oxygen carrier experiencing longer H, steps, where the ratio
of «/B peaks in the CO,-TPO correlated positively with the FeO/
Fe ratio consistently. For the 5 min/10 min program, the « peak
and FeO content in the reduced oxygen carrier gradually
decreased to zero as Fe became the dominant phase after the
8th cycle (Fig. 3d and e). However, not all Fe was converted back
to Fe;0y, explaining the loss in CO,-splitting capability due to
the formation of inactive Fe species over time. In the 7 min/
10 min program, Fe had become the dominant phase with no
FeO just after the 5th H,-step (Fig. 3g and h). It was unique in
that most of the formed Fe here, although showing slow
kinetics, remained reactive throughout the 15 cycles (Fig. 3i).
The formation of inactive Fe became severe when the H,-step
duration passed the 10-min threshold (Fig. 3j-1). Further
extension of the H,-step to 60 min eliminated the formation of
FeO and led to the formation of nearly inactive Fe after the 3rd
cycle (Fig. 3m-o). In addition to the fractional distribution of Fe
and FeO, the grain size of each of the phases can also be ob-
tained from the PXRD patterns. The mole fraction and grain
size of Fe and FeO, ie., reduced-form oxygen carriers, are
summarized with respect to the number of cycles (Fig. S11, S12
and Table S1, SI Note 2).

Theoretical investigation of CO,-splitting

To rationalize the observed irreversibility and the coexistence of
fast and slow kinetics in our experiments, we first aimed to
establish a reliable theoretical description of the electronic
structure of FeO as a prerequisite for surface adsorption
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modeling. Because FeO is a prototypical Mott insulator,
conventional generalized-gradient approximation (GGA) func-
tionals significantly underestimate its band gap and fail to
reproduce its insulating nature.

We therefore benchmarked the PBE + U approach, with and
without spin-orbit coupling (SOC), by systematically varying the
Hubbard U parameter and comparing the resulting lattice
parameters and band gap against experimental values. Based
on this benchmark, we selected a PBE + U (U = 3.7 eV) with SOC
setup for the remainder of the calculations. Full computational
details and the benchmarking results are provided in SI Note 3
and Note 4 (Tables S2-S4 and Fig. S13, S14). We first examined
plausible adsorption configurations of CO,, CO, and O (denoted
as CO;, CO", and O) on the Fe(100) and FeO(100) surfaces.
Fig. 4 summarizes the most stable adsorption geometries
identified for each adsorbate across the investigated surfaces.
Full details—including all configurations screened, the defini-
tion and evaluation of adsorption energies (E,qs), and the
dissociative chemisorption energy (AE.pem)—are provided in SI
Note 5. Monkhorst-Pack k-point mesh was adjusted based on
the specific slab dimensions, as detailed in Tables S4 and S5.
This accurate reproduction of the electronic band structure
serves as a proof of method, ensuring the reliability of subse-
quent adsorption calculations. Fig. 4 and 5 presents the reac-
tion energy diagram for CO, splitting on Fe(100) and FeO(100)
surfaces. CO, chemisorbs exothermically on both surfaces, with
slightly stronger binding on Fe(100) (~0.48 eV more negative)
than on FeO(100).

Upon adsorption, the chemisorbed CO, (*CO,) can undergo
dissociation into *CO and O*. However, the energetics differ
significantly: CO, splitting on Fe(100) is strongly exothermic,
consistent with previous DFT studies,*® while on FeO(100) it is
highly endothermic. These contrasting behaviors indicate that
CO, dissociation is more favorable on Fe(100) than on FeO(100).

The adsorption energy profiles and associated configura-
tions are provided in Tables S6, S7 and Fig. S15-S20, while
computational details are described in SI Note 4-6. The full CO,
splitting half-cycle includes *CO desorption. The strong
exothermicity of *CO, dissociation on Fe(100) results in
a strongly bound *CO, requiring 2.15 eV to desorb (Fig. 5a). An
alternative pathway involves *CO spillover from Fe(100) to
FeO(100), which is uphill by 1.59 eV—still significantly lower
than the direct desorption energy from Fe(100) (Fig. 5a and c).
From the FeO(100) surface, *CO desorption requires only
0.56 eV, making this spillover route a plausible and kinetically
accessible CO release pathway (Fig. 5b). We assign this as the
“fast” process. In contrast, the “slow” process corresponds to
direct *CO desorption from Fe(100), which is hindered by its
strong binding. Nevertheless, this desorption becomes
progressively easier as the surface *CO coverage increases (SI
Note 7 and Fig. S21, S22), consistent with previous theoretical
findings.”” Finally, the remaining O* can either remain on
Fe(100) or migrate to FeO(100). As the surface O* coverage
increases, oxidation of Fe and FeO occurs, leading to the
formation of Fe;0, through phase transformation (detailed in
SI Note 8 and Fig. S23). Experimentally, when the H, pulse
duration is increased, the FeO content decreases. This suggests

This journal is © The Royal Society of Chemistry 2026
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denote the adsorption energies (E,qs) for co; CO*, and O* species,
and the dissociative adsorption energy (AEcpem) for the CO* + O*
states.

that the contribution of the fast CO release pathway is reduced,
forcing the system to rely on the slower desorption route, where
*CO must accumulate on Fe before desorption becomes ther-
modynamically favorable. The observed suppression of CO
release is attributed to the strong *CO binding on Fe(100),
which not only impedes desorption but also passivates the
surface, inhibiting further CO, splitting and thus preventing Fe
oxidation to Fe;O,, explaining the experimental results.

Note that our DFT calculations employ ideal, defect-free
Fe(100) and FeO(100) slab models, neglect vibrational free-
energy contributions, and do not explicitly locate transition

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Relative energy diagrams for CO, splitting on Fe(100),
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FeO) indicate the surface hosting each intermediate. The key transi-
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Adsorption energies correspond to the most stable configurations
identified in Tables S5 and S6.

states that determine kinetic barriers. We also did not consider
surface defects or strain,*®*° both of which could modulate CO,
dissociation barriers and CO adsorption and thereby affect CO
spillover at the Fe/FeO interface. A more rigorous description
would therefore require incorporating these effects explicitly.
Despite these simplifications, the computed adsorption ener-
getics reproduce the qualitative experimental behavior, sug-
gesting that the dominant features governing the chemical-
looping process are captured. A systematic assessment of
defect and strain effects, and the potential for performance
optimization via defect engineering, will be an important
direction for future work.

Further discussion on the structural properties of the reduced
oxygen carrier and their relations to CO,-splitting
performance

The roles of the mole fraction and grain size of Fe and FeO are
further discussed by plotting the n-values and k-values with
respect to these structural properties. In general, the n-value
decreases as the grain size of Fe (dg.) and FeO (dgeo) increases
(Fig. 6a and b). It also showed a positive correlation with the
abundance of FeO (Xg.o) but a negative correlation with the Fe
content (Xp.) (Fig. 6c and d). The small grains of Fe (dy.) and
FeO (dpeo) and the abundance of FeO (Xp.o) with adequate
amounts of Fe (Xgg) in the 3 min/3 min program made it stand
out among others, giving rise to its 2D oxide growth during the
CO,-splitting step. Similar results were observed for the k-value;
it decreases as dg. and dg.o increase (Fig. 6e and f). It showed
a positive correlation with Xr.o but a negative correlation with
Xre (Fig. 6g and h). Our results suggested that large amounts of
small size FeO and Fe grains in the oxygen carrier created
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programs. (j) Schematic illustration of the proposed structure—property relationship of the Fe-oxygen carrier for CL CO,-splitting.

optimum CO, dissociation pathways and were responsible for
the additional growth dimension and fast kinetics in the short-
H, CL programs.*® Microstructure characterization from scan-
ning electron microscopy (SEM) provided additional insights
into the varying behaviors of the oxygen carrier in different
programs (Fig. 6i and S24). A significant transition in
morphology can be observed as the H,-step duration increased.
From the micrograph of the oxygen carrier taken after the 8th
H,-step in the 3 min/10 min program, it reveals that the mate-
rial was not only formed of small-size grains but also exhibited
a porous structure. High resolution scanning transmission
electron microscopy (STEM) imaging from the same but
crushed sample suggested that particles observed in the SEM
were composed of a uniform mixture of small grain-size Fe,
FeO, and Fe;0,, since the coupled EDS spot analysis of 13
particles was very similar (Fig. S25).Furthermore, a fine nano-
porous structure was identified from the dark-field STEM image
(Fig. S26). The nanoporosity and small particle size, with narrow
size and composition distributions, provide a suitable condi-
tion for 2-D oxide growth with fast kinetics.'®* When increasing

J. Mater. Chem. A

the H,-step duration to 5 min, the oxygen carrier evolved into
layered materials formed of larger plate-like particles with
much decreased void space. STEM-EDS analysis also revealed
the formation of large particles that were dominated by metallic
Fe (Fig. S27). This resulted in a significant drop in the n-value
and k-value as a significant fraction of the oxygen carriers
became large metallic Fe particles, which was only capable of 1-
D oxide growth with much slower kinetics. The 7 min/10 min
program had evolved the oxygen carrier into densely packed
particles of high crystallinity. The absence of void space resulted
in 1-D oxide growth with slow kinetics. However, sintering into
larger grains seemed to be impeded under this operating
condition. Further increase in the H, step duration to 10 min
resulted in the formation of a continuous Fe over-layer covering
the more faceted particles. Finally, only sintered large particles
can be observed at a long H,-step of 60 min. Based on the
detailed characterization of the oxygen carrier, we proposed
that the high CO,-splitting kinetics and cycle stability was
enabled by the high content of small size FeO and the nano-
porous structure of the oxygen carrier created in the CL process

This journal is © The Royal Society of Chemistry 2026
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with short H, steps (Fig. 6j). Sintered large Fe particles formed
in extended H, steps can react with CO, only through their
surface layer with limited reactivity while the bulk becomes
inaccessible to further oxidation. Although we have identified
the critical role of FeO in low temperature CO, splitting and
operational conditions to maximize its regeneration, the issue
of performance loss over time is not yet resolved. This is due to
the irreversible growth of particle size and loss of nanoporous
structure.

Conclusions

The ability of pure iron oxygen carriers to conduct CO,-splitting
in a chemical looping process is revisited using RWGS as
a model reaction. Through thorough kinetic, thermochemical,
and structural analysis, the relationship between the crystal/
morphological structure of the oxygen carrier with its CO,-
splitting performance was mapped out. With controlled
reduction, the nanoporous oxygen carrier with high FeO
content showed exceptional reactivity towards CO,-splitting at
temperatures as low as 350 °C. Kinetic and structural analyses
suggest that the nanoporous structure contributes to a 2-D
oxide growth, while the high FeO content promotes the intrinsic
growth rate. Extended reduction led to the formation of bulky
pure metallic iron, which appears to be significantly kinetically
impeded towards CO,-splitting under identical conditions. DFT
calculation suggested the minimum energy pathway for CO,
dissociation and subsequent CO desorption under the coexis-
tence of metallic Fe and wustite FeO. The findings in this work
may provide alternative thinking in the design of the oxygen
carriers and CL-CCU operations from a materials aspect
focusing on kinetically controlled structural reversibility.
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