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Figure S1. Recorded real-time CO concentration during chemical looping CO2-splitting step 

with a H2 / CO2 program of 5 min / 10 min after different process temperatures. (a) H2 / CO2 

= 450 °C / 450 °C, (b) H2 / CO2 = 500 °C / 500 °C, (c) H2 / CO2 = 550 °C / 550 °C, (d) H2 / CO2 

= 450 °C / 500 °C and (e) H2 / CO2 = 550 °C / 500 °C. Condition: 300 sccm CO2 (10% balanced 

with Ar), 300 sccm Ar (4N-grade), 300 sccm H2 (5%, balanced with Ar). 
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Figure S2. Recorded real-time CO2 concentration during chemical looping CO2-splitting step 

at 500 °C using Fe-oxygen carrier with different redox program. (a) H2 / CO2 = 3 min / 10 

min, (b) H2 / CO2 = 5 min / 10 min, (c) H2 / CO2 = 7 min / 10 min, (d) H2 / CO2 = 10 min / 10 min, 

and (e) H2 / CO2 = 60 min / 10 min. Condition: 300 sccm CO2 (10% balanced with Ar), 300 sccm 

Ar (4N-grade), 300 sccm H2 (5%, balanced with Ar). 
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Figure S3. Recorded real-time H2 concentration during chemical looping H2-oxidation step 

at 500 °C using Fe-oxygen carrier with different redox program. (a) H2 / CO2 = 3 min / 10 

min, (b) H2 / CO2 = 5 min / 10 min, (c) H2 / CO2 = 7 min / 10 min, (d) H2 / CO2 = 10 min / 10 min, 

and (e) H2 / CO2 = 60 min / 10 min. Condition: 300 sccm CO2 (10% balanced with Ar), 300 sccm 

Ar (4N-grade), 300 sccm H2 (5%, balanced with Ar). 
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Figure S4. Stability of the 5 min / 10 min program over more than 100 cycles. (a) Recorded 

real-time CO concentration. (b) Maximum CO concentration recorded in each cycle. 
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Figure S5. Plots of ln(-ln(1-a)) against ln(t) based on the data from Figure 2a-e. 
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Figure S6. Repeated CL-RWGS using the 3 min / 10 min program. (a) Real-time CO 

concentration recorded by the NDIR, (b) a-t plot, (c) ln(-ln(1-a)) vs ln(t), (d) n-value, and (e) k-

value over 10 cycles. 
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Supplementary  Note 1: Smoothing of the raw CO2-TPO data. 

 

Figure S7. Raw and smoothed data of the CO2 temperature programmed oxidation (CO2-

TPO) conducted on the iron oxygen carriers with increasing H2 step duration from 3 min, 5 

min, 7 min, 10 min, and 60 min (from top to bottom). The CO2-TPO was conducted under 10 

% CO2 (balanced with Ar) from 150 °C with a ramp rate of 10 °C/min to 500 °C followed by a 15 

min isothermal step. Other than the cycles listed in the legends, the CO2 step was conducted under 

500 °C for 10 min. 

The smoothing of the CO2-TPO data was conducted using the Origin software. The smoothed 

data presented in Figure 3a, 3d, 3g, 3j, and 3m was generated by performing adjacent-averaging 
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of the data presented in the left column of Figure S7, which consist of over 2500 data points. The 

points of window were set to 200 with no boundary conditions to average out the unrealistic steps 

in the raw data caused by the insufficient resolution of the NDIR detectors (Figure S8).  

 

 

Figure S8. Raw and smoothed representative CO2-TPO data with different points of windows. 
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Figure S9. (a) CO2-TPO profiles after selected cycles and corresponding PXRD patterns of the Fe 

oxygen carrier obtained after the (b) reduction and (c) oxidation step respectively using a H2 / CO2 

program of 3 min / 10 min. Same type of data as presented in (a-c) except with a H2 / CO2 program 

of (d-f) 5 min / 10 min, (g-i) 7 min / 10 min, (j-l) 10 min / 10 min, and (m-o) 60 min / 10 min. 
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Figure S10. (a) CO concentration recorded during the CO2-TPO cut-off after the first low-

temperature -peak. (b) PXRD pattern of the Fe oxygen carrier after the 2nd reduction step (2CY-

RD) and quenched after the -peak in the subsequent CO2-TPO experiment (2CY-TPO). 
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Figure S11. Grain size of Fe, FeO, and Fe3O4 of the Fe oxygen carrier obtained after 

reduction step using a H2 / CO2 program of (a) 3 min / 10 min, (b) 5 min / 10 min, (c) 7 min / 

10 min, (d) 10 min / 10 min, and (e) 60 min / 10 min. 
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Table S1. Mole fraction and grain size of Fe, FeO, and Fe3O4 phases of the Fe-oxygen carriers 

obtained from the refinement of the PXRD patterns in Figure 3(b, e, h, k, n). 

Sample XFe (mol%) dFe (nm) XFeO (mol%) dFeO (nm) XFe3O4 (mol%) dFe3O4 (nm) 

3 min-cy2 6.1 101 40.8 51 53.1 76 

3min-cy5 5.1 121 33.5 57 61.6 222 

3min-cy8 21.6 130 27.8 56 50.6 259 

3min-cy12 17.7 161 22.9 61 59.4 292 

3min-cy15 16.8 181 15.7 74 67.5 276 

5min-cy2 7.4 118 33.4 105 59.2 250 

5min-cy5 12.9 158 14.7 93 72.4 204 

5min-cy8 27.1 197 10.3 108 62.6 158 

5min-cy12 74.8 250 3.3 150 21.9 89 

5min-cy15 78.3 307 1.6 128 20.1 62 

7min-cy2 16.1 162 39.0 100 44.9 160 

7min-cy5 25.8 301 0 - 74.2 253 

7min-cy8 58.3 360 0 - 41.7 250 

7min-cy12 84.9 397 0 - 15.1 200 

7min-cy15 81.9 387 0 - 18.1 156 

10min-cy2 72.9 128 17.0 62 10.1 319 

10min-cy5 54.8 208 0 - 45.2 265 

10min-cy8 64.0 246 0 - 36.0 227 

10min-cy12 87.3 476 0 - 12.8 205 

10min-cy15 89.2 558 0 - 10.9 156 

60min-cy1 86.2 381 0 - 13.8 233 

60min-cy3 100 530 0 - 0 - 

60min-cy5 100 772 0 - 0 - 
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Supplementary  Note 2: Refinement of XRD Patterns by GSAS 

The XRD quantitative analysis was conducted using GSAS-II software, employing the Rietveld 

full-pattern fitting method for peak fitting. Initially, the analysis file was imported by selecting the 

appropriate powder data format, such as “Topas xye” or “2th Fit2D chi file”. The instrument 

parameter file was then selected to ensure accurate analysis. Phases required for the analysis were 

added by importing from the CIF file, sourced from the ICSD database. To correct the position of 

each phase, lattice constants were adjusted within the phase's general settings, ensuring that the 

reference positions aligned with the experimental data. Once aligned, the lattice constants were 

fixed to maintain consistency. Constraints were applied to ensure that the sum of all phase 

proportions equaled 1, maintaining the overall balance in the quantitative analysis. Subsequently, 

phase fractions were analyzed by adjusting them to match the experimental data. Once a match 

was achieved, these parameters were fixed. The grain size (nm) of each phase was analyzed next, 

where an initial refinement was performed to adjust the peak shape to closely resemble the 

experimental data, followed by fixing this parameter. This process was repeated for all phases 

under the present study. The final output included the proportions of each phase and grain size, 

providing a comprehensive quantitative analysis of the sample. The snapshots of the fitting results 

for all patterns presented are provided below: 
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Figure S12. Graphical summary of the mole fraction and grain size of Fe and FeO in the 

oxygen carrier. (a, b) Mole fraction of FeO, (c, d) grain size of FeO, (e, f) mole fraction of Fe, 

and (g, h) grain size of Fe plotted over the number of looping cycles and the accumulated duration 

in H2.  

Notes: In general, the FeO content was higher in each cycle for programs with shorter H2 steps 

(Figure S12a). However, the 3 min / 10 min program remains unique as it preserved significantly 

more FeO even treated with the same amount of H2 accumulatively (Figure S12b). The growth in 

FeO grain size was also inhibited with more frequent cycling, being maintained below 80 nm for 

the 3 min / 10 min program while increased above 120 nm for the 5 min / 10 min program (Figure 

S12c, d ). On the contrary, Fe content was higher for programs with longer H2 steps and became 

the dominant phase (Figure S12e, f ). The grain size of Fe in the oxygen carriers increased with 

increasing number of cycles (Figure S12g) and the accumulated duration in H2 (Figure S12h). 

The size of the Fe grains was typically 2~3 times larger than FeO and can exceed 500 nm for long 

H2-steps. The 7 min / 10 min program was a special exception where the grain size of Fe reached 

a stable level around 400 nm. This explained its slow but persistent CO2-splitting ability.  
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Supplementary Note 3: The computational benchmark for FeO 

We varied the effective Hubbard U parameter from 0 to 6 eV and identified U = 3.7 eV as 

optimal for reproducing the electronic and structural properties of bulk FeO (Figure S13a), 

consistent with the prior work of Peilin Liao and Emily A. Carter [1]. With this setup, the calculated 

electronic band gap (Egap) is 1.29 eV. Orbital-resolved analysis indicates that this gap is governed 

by transitions into the Fe 4s manifold. Specifically, the first unoccupied Fe 4s state appears at 

∼1.29 eV above the Fermi level and marks the onset of the conduction band (Figure S13b). This 

result is consistent with the DFT study by Mazin et al., who reported a minimum gap of ∼1.3 eV 

[2]. As noted by T. Eom et al., the primary role of U in FeO is to tune the magnitude of the 

computed Egap  [3]. The selected value, U = 3.7 eV, lies within the commonly used 3–5 eV range 

for FeO [4–8].  

It is important to distinguish the calculated electronic band gap from optical absorption features 

reported experimentally. The stronger optical edge observed near ∼2.4 eV is commonly attributed 

to transitions into Fe 3d states [9–11]. In our projected density of states (PDOS) calculations, the 

first unoccupied Fe 3d peak appears at ∼2.8 eV above the Fermi level. While this is somewhat 

higher than the upper end of the experimental optical edge (∼2.4 eV), it remains within an 

acceptable range for the present benchmarking purpose. Using larger U values would shift the 

unoccupied states to higher energies and further increase the deviation from the experimental 

spectroscopic features. 

The reliability of this electronic description also depends on including both antiferromagnetic 

(AFM) ordering and spin–orbit coupling (SOC), which are critical for maintaining the insulating 

character of FeO in our calculations (Figure S13c and Table S2). As reported by Forti et al., SOC 

can lift the degeneracy of Fe d-orbital states near the Fermi level, particularly the t2g manifold, an 

effect that may not be captured adequately by GGA+ U alone [12]. Table S2 compares the predicted 
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bulk properties for ferromagnetic (FM) and AFM orderings, highlighting the combined impact of 

the Hubbard correction and SOC. With the selected settings, we obtain an Fe–O bond length 𝑙Fe-O 

= 2.19 Å, corresponding to a lattice parameter a = 4.38 Å for the Fm3m structure. This value is 

close to the experimental lattice parameter of 4.34 Å [13] (Figure S13d). The projected magnetic 

moment on Fe is 𝜇Fe = ±3.74 𝜇B. Overall, these results are consistent with established experimental 

and theoretical benchmarks [14–21]. 

 

Table S2. Structural and electronic properties of FeO bulk phases under various magnetic 

and computational considerations. The settings ultimately adopted in this study are highlighted 

in bold. 

System 
Magnetis
m 

Ueff 

(eV) 
SOC a (Å) lFe-O (Å) μFe (μB) Egap (eV) 

FeO bulk 

FM 0 no 4.310 2.155 3.620 metallic 

AFM 0 no 4.321 2.161 ±3.545 metallic 

FM 3.7 no 4.307 2.153 3.796 metallic 

AFM 3.7 no 4.378 2.189 ±3.739 metallic 

FM 0 yes 4.310 2.155 3.616 metallic 

AFM 0 yes 4.321 2.161 ±3.541 metallic 

FM 3.7 yes 4.390 2.195 3.742 metallic 

AFM 3.7 yes 4.380 2.190 ±3.737 1.288 
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Figure S13. Benchmarking of the Hubbard Ueff parameter for bulk FeO via non-collinear 

SOC calculations. (a) Evolution of the PDOS under the AFM configuration as a function of the 

Hubbard U parameter (Ueff = 0 to 6 eV), benchmarking the sensitivity of the electronic band gap 

(Egap) to the U value. (b) Magnified view of the PDOS near the Fermi level for the AFM case (Ueff 

= 3.7 eV). (c) Comparison between ferromagnetic (FM) and antiferromagnetic (AFM) spin 

configurations, both calculated at a Hubbard U parameter of Ueff = 3.7 eV. (d) Impact of the 

Hubbard Ueff parameter on the FeO lattice constant (a) and electronic band gap (Egap). The red 

dashed line denotes the final settings adopted in this work. 
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Supplementary  Note 4: Surface cleavage and magnetism 

To enable a rational comparison between Fe and FeO surfaces, low-index facets (such as (100), 

(110), and (111)) of both materials were investigated (see Table S3). For Fe, only the 

ferromagnetic configuration was considered, excluding Hubbard U or SOC corrections as the 

standard PBE functional alone is sufficient to accurately reproduce the fundamental properties of 

this material. [24–26] For FeO, various magnetic orderings (AFM vs. FM) and corrections—

including Hubbard U and SOC—were also considered. Ultimately, the energetically most 

favorable FeO (100) and Fe (100) facets were selected for subsequent calculations, exhibiting 

surface energies (Es/A) of 0.037 and 0.153 eV/Å², respectively. 

The surface formation energies (Es) were calculated using Eq. S1, where E* represents the total 

energy of the cleaved slab, n is the number of atoms in the slab, Ebulk denotes the energy per atom 

in bulk phases, and A is the surface area of each unit cell. 

Es =
1

2A
(E* − n ∙ Ebulk)                                                 Eq. S1 
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Table S3. Energetics of low-index Fe and FeO facets. Surface formation energies per unit area 

(Es/A) evaluated under varying correction schemes and spin configurations, with each calculation 

employing its own relaxed lattice. To simplify the calculations of FeO facets, the slab models were 

initialized using lattice parameters obtained from AFM- and FM-relaxed bulk structures for Ueff ≠ 

0 and Ueff = 0 cases, respectively. Bolded entries denote the selected facet and conditions for the 

calculations of reaction energy pathway. 

Surface Magnetism Ueff (eV) SOC Es (eV) A (Å²) Es/A (eV/Å²) 

Fe(100) FM 0 no 4.906 32.103 0.153 

Fe(110) FM 0 no 3.526 22.700 0.155 

Fe(111) FM 0 no 9.003 55.604 0.162 

FeO(100) 

AFM 3.7 yes 0.703 19.184 0.037 

AFM 3.7 no 3.087 19.171 0.161 

AFM 0 yes 1.857 18.572 0.100 

AFM 0 no 1.857 18.575 0.100 

FM 3.7 yes 1.282 19.184 0.067 

FM 3.7 no 2.902 19.171 0.151 

FM 0 yes 0.525 18.572 0.028 

FM 0 no 0.523 18.575 0.028 

FeO(110) 

AFM 3.7 yes 1.739 27.131 0.064 

AFM 3.7 no 1.678 27.112 0.062 

AFM 0 yes 1.586 26.265 0.060 

AFM 0 no 1.584 26.269 0.060 

FM 3.7 yes 1.978 27.131 0.073 

FM 3.7 no 2.918 27.112 0.108 

FM 0 yes 1.713 26.265 0.065 

FM 0 no 1.713 26.269 0.065 

FeO(111) AFM 3.7 yes 3.522 33.228 0.106 
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AFM 3.7 no 3.332 33.205 0.100 

AFM 0 yes 1.837 32.168 0.057 

AFM 0 no 1.833 32.172 0.057 

FM 3.7 yes 4.198 33.228 0.126 

FM 3.7 no 5.541 33.205 0.167 

FM 0 yes 2.833 32.168 0.088 

FM 0 no 2.835 32.172 0.088 

 

It is worth highlighting, as reported by S. Yoon et al., that the potential energy surface of 

magnetic metal oxide facets is highly sensitive to the specific spin arrangements. Even when all 

configurations are formally antiferromagnetic, variations in the noncollinear spin cancellation 

patterns can lead to substantial fluctuations in surface formation energy. [27,28] This sensitivity 

likely originates from interfacial effects involving subtle symmetry breaking, which can give rise 

to distinct surface spin textures. Within the field of antiferromagnetic spintronics, [29–31] such 

textures may arise from SOC mechanisms such as the spin Hall [32,33] and Rashba–Edelstein effects, 

[34] which provide a plausible explanation for the diverse spin configurations observed in our 

surface models. 

This phenomenon introduces considerable complexity to subsequent calculations. To address 

this, we sampled several initial magnetic configurations on the FeO (100) facet. For the 2×2×5 

supercell, the two magnetic configurations with in-plane cancellation along the x–y plane (stripy 

and canted Néel) exhibit similar surface energies per unit area (see Table S4, Figure S14). These 

configurations appear to be less favorable when the spin cancellation occurs along the z direction 

(perpendicular to the x–y plane), while the preference becomes slightly less pronounced in the 

larger simulation cell. Notably, the canted Néel configuration is hard to reproduce under periodic 

boundary conditions when transitioning to the 3×3×5 supercell and was thus excluded. Therefore, 
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the stripy configuration was selected as the reference for the clean surface energy in the subsequent 

adsorption calculations. 

 

Table S4. Energetic comparison of non-collinear spin orderings on FeO(100). 

Magnetic ensemble Supercell Es (eV) A (Å²) Es/A (eV/Å²) 

stripy (x-y plane) 2×2×5 -4.307 38.369 -0.112 

canted Néel (x-y plane) 2×2×5 -4.256 38.369 -0.111 

z-axis 2×2×5 -3.235 38.369 -0.084 

stripy (x-y plane) 3×3×5 -9.391 86.330 -0.109 

z-axis 3×3×5 -9.321 86.330 -0.108 
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Figure S14. AFM configurations on relaxed FeO(100) clean surfaces: top and side views. 

Representative unit cells are outlined in gray; surface Fe atoms are shown as yellow spheres, and 

red arrows indicate non-collinear magnetic moments. Surface O atoms are omitted for clarity. 

Subplots a–f depicted three distinct spin patterns on 2×2 slabs, while g–j corresponded to those on 

3×3 slabs. To highlight the AFM configurations nearest to active adsorption sites, subplots a, c, e, 

g, and i displayed only top-layer Fe MAGMOM vectors under different spin orders, whereas b, d, 

f, h, and j show the full-layer Fe MAGMOM vectors. Lattice axes shown as red (a), green (b), and 

blue (c) arrows. 
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Table S5. Monkhorst–Pack k-point meshes and corresponding computational objectives for 

material systems of varying sizes. n denotes the total number of atoms in the systems. a refers to 

the lattice constant (Å); Egap indicates the band gap (eV); Es denotes the cleaved surface formation 

energy (eV); μFe represents the magnetic moment (μB) including non-collinear MAGMOM 

matrices for iron oxide systems; qB indicates the Bader charge (e). 

System Size of cell/slab n k-point mesh Target property 

Fe (bulk) primitive (cubic) 2 18×18×18 a 

FeO (bulk) primitive (cubic) 8 12×12×12 a, Egap, μFe, qB 

Fe₃O₄ (bulk) primitive (rhombohedral) 14 10×10×10 μFe, qB 

Fe(100) 2×2×5 20 9×9×1 Es 

Fe(110) 2×2×5 20 9×9×1 Es 

Fe(111) 2×2×5 20 7×7×1 Es 

FeO(100) 1×1×6 24 12×12×1 Es, μFe  

FeO(110) 1×1×6 24 12×12×1 Es, μFe  

FeO(111) 1×1×6 24 9×9×1 Es, μFe  

Fe(100) 4×4×5 80 5×5×1 Eads 

FeO(100) 2×2×5 40 6×6×1 Eads, μFe  

FeO(100) 3×3×5 90 3×3×1 Eads, μFe  
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Supplementary  Note 5: Investigate the surface adsorption of the gaseous species 

Next, we explore the surface reaction relevant to CO2 reduction using DFT computations. In this 

stage, the D3BJ dispersion correction was explicitly included for both Fe(100) and FeO(100) 

surfaces to accurately account for van der Waals interactions between the adsorbates and the 

surfaces, which are otherwise underestimated in standard DFT treatments. [35,36] Various 

adsorption configurations and site characteristics of Fe(100) were listed in Figures S15 and Table 

S6, including unit cell surface area (A), adsorption energies (Eads), and site-specific geometric 

features. The adsorption energy (Eads), was estimated using Eq. S2: 

Eads = Eb* − (E* + Eb)                                              Eq. S2 

where Eb* denotes the total energy of the relaxed surface–adsorbate complex, E* represents the 

clean surface (with the surface state indicated by the subscript asterisk “*”), and Eb refers to the 

isolated adsorbate species (with the subscript “b” indicating the adsorbate). A negative value of 

Eads signifies an exothermic adsorption process. In a similar manner, the dissociative adsorption 

energy of CO* and O* is denoted as ΔEchem. [24] 

ΔEchem = ECO* + O* − (E* + ECO₂(g)) Eq. S3 

As an example, the most exothermic configuration on Fe (100) corresponds to adsorption at the 

H4 site (where H denotes a 4-fold hollow site formed by surface Fe atoms, and the superscript ⁴ 

indicates four O–Fe coordination), yielding an Eads of –0.92 eV. In contrast, the most endothermic 

adsorption occurs at the B0 site, with an Eads of +0.24 eV. Noted that Y. P. Ma and G. C. Wang, 

employing the BEEF exchange–correlation functional, [37] identified the same hollow adsorption 

configuration (corresponding to the H4 site in Table S6) with a calculated Eads of –0.69 eV. [38] 

Additionally, N. N. Tolkachev et al. reported a similar result at an nearly equivalent site using 

conventional PBE, which gave –0.87 eV. [39] 
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Table S6. Adsorption energetics and geometries on Fe(100). For the following tables, H, B and 

T denote 4-fold hollow, bridge and on-top sites, respectively. The dA–B (or dതA–B) represents the 

(average) distance between atoms A and B. For CO₂*, dതC–Fe refers to the mean distance between 

the carbon atom and its bonded surface Fe atoms; dതC–O indicates the average internal C–O bond 

length within the CO₂ molecule; dതO–Fe describes the average distance between the oxygen atoms 

of CO₂ and the surface Fe atoms. 

Surface Supercell A (Å²) State Site Eads (eV)  ̅dC–Fe (Å)  ̅dC–O (Å)  ̅dO–Fe (Å) θO–C–O (°) 

Fe(100) 4×4×5 131.152 

  T2 -0.293 1.883 1.279 2.351 131.322 

  B2 -0.730 2.091 1.258 2.122 134.885 

CO₂* B0 0.242 2.090 1.268 - 132.268 

  H4 -0.923 2.175 1.343 2.073 120.925 

  H2 -0.562 2.193 1.318 1.957 118.171 

       ̅dC–Fe (Å) dC–O (Å)  ̅dO–Fe (Å)   

  T0 -1.969 1.752 1.183 -   

CO* H0 -1.092 2.183 1.235 -   

  H2 -2.070 2.069 1.316 2.124   

       ̅dO–Fe (Å)       

  T -2.104 1.644       

O* B -2.723 1.821       

  H -2.864 2.056       

    ΔEchem (eV)         

  T0 + T -0.788         

CO* + O* T0 + H -1.720         

  H2 + H -1.769         

 

For FeO(100), following the analysis of magnetic ensembles on clean surfaces in the previous 

section, we extended similar considerations to examine the influence of post-adsorption magnetic 
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arrangements on adsorption energetics (the relaxed adsorption configurations are also provided in 

Figure S16 and S17). Interestingly, adsorption significantly alters the surface spin configurations 

and consistently favors AFM cancellation within the x–y plane rather than along the z-axis in 

almost all cases. We characterized the magnetic orders by projecting the MAGMOM vectors of 

top-layer Fe atoms onto the x–y plane, centered around the adsorbate. As summarized in Table S7 

(exemplified by a 2×2×5 supercell model), the observed patterns include stripy (antiparallel), 

zigzag, [40–42] vortex, [43–47] Néel, [48–58] and several biaxial variants of Néel and stripy ordering: 

canted Néel , [59–63] stripy Néel , crossed Néel and zigzag stripy. Noted that AFM configurations 

not strictly confined to the x–y plane, as well as those lacking discernible ordering, are categorized 

as “disordered,” and only the most stable configuration from each category is presented. 

The top views of representative unit cells with pattern-resolved magnetic moments were 

presented in Figure S18 and S19. Though adsorbate-induced changes in surface spin arrangements 

may appear elusive, it is by no means unprecedented. Prior studies on simple hydrogen adsorption 

over transition metal surfaces have demonstrated that adsorption can significantly alter the overall 

magnetic strength of the material. [64–67] As shown in Table S7, we observed that even for similar 

adsorbate geometries and adsorption sites, variations in magnetic configurations can result in 

substantial fluctuations in calculated Eads. Interestingly, among the most exothermic configurations, 

the FeO (100) surface itself tends to retain the stripy AFM patterns. 
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Table S7. Adsorption Energetics, magnetic properties and geometries on FeO(100). The 

notations follow those used in the last table. The label “phys” denoting configurations 

corresponding to physisorption, and the AFM spin pattern refers only to the spin arrangement of 

top-layer Fe atoms. For CO₂*, dC–X indicates the closest distance between the carbon atom in CO₂ 

and a surface element X—even for physisorbed states where no direct bonding is present. As an 

example, T(phys) denotes a configuration where the carbon atom in CO₂ is closest to a surface Fe 

on-top site, with a C–Fe distance of 3.322 Å. 

Surface Supercell A (Å²) State Site 
AFM pattern 
on x-y plane 

Eads (eV)  dC–X (Å)  ̅dC–O (Å)  ̅dO–Fe (Å) θO–C–O (°) 

FeO(100) 2×2×5 38.369 

CO₂* 

H2 stripy -0.441 1.431 (O) 1.261 2.177 132.509 

H2 vortex -0.407 1.429 (O) 1.262 2.167 132.376 

H2 canted Néel 0.968 1.428 (O) 1.262 2.154 132.251 

T(phys) canted Néel -0.206 3.322 (Fe) 1.177 - 179.802 

H(phys) Néel 0.256 2.899 (O) 1.177 - 177.951 

H(phys) canted Néel -0.330 2.900 (O) 1.177 - 177.681 

H(phys) crossed Néel -0.082 2.916 (O) 1.177 - 178.034 

         dC–Fe (Å) dC–O (Å)     

CO* 

T0 Néel -0.540 2.084 1.148     

T0 stripy Néel -0.557 2.095 1.149     

T0 disordered 0.719 2.088 1.147     

         ̅dO–Fe (Å)       

O* 

B zigzag -1.053 1.814       

B Néel -0.602 1.852       

H(3-fold) disordered -0.775 1.986       

      ΔEchem (eV)         

CO* + O* T0 + B zigzag stripy 1.568         
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Surface Supercell A (Å²) State Site 
AFM pattern 
on x-y plane 

Eads (eV)  dC–X (Å)  ̅dC–O (Å)  ̅dO–Fe (Å) θO–C–O (°) 

FeO(100) 3×3×5 86.330 

         dC–X (Å)  ̅dC–O (Å)  ̅dO–Fe (Å) θO–C–O (°) 

CO₂* 
H2 canted stripy -0.644 1.417 (O) 1.265 2.182 131.475 

H(phys) stripy -0.299 2.776 (O) 1.178 - 176.598 

         dC–Fe (Å) dC–O (Å)     

CO* T0 disordered 0.523 2.083 1.149     

        dO–Fe (Å)       

O* T stripy 0.043 1.678       

      ΔEchem (eV)         

CO* + O* T0 + T stripy 2.512         
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Figure S15. Top and side views of relaxed CO₂*, CO*, O*, and CO* + O* adsorption 

configurations on the 4×4×5 Fe(100) surface. Lattice axes shown as red (a), green (b), and blue 

(c) arrows. 



 37

 

Figure S16. Top and side views of relaxed CO₂*, CO*, O*, and CO* + O* adsorption 

configurations on the 2×2×5 FeO(100) surface. Lattice axes shown as red (a), green (b), and 

blue (c) arrows. 
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Figure S17. Top and side views of relaxed CO₂*, CO*, O*, and CO* + O* adsorption 

configurations on the 3×3×5 FeO(100) surface. Lattice axes shown as red (a), green (b), and 

blue (c) arrows. 
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Figure S18. Top-layer AFM configurations on 2×2 FeO(100). Representative unit cells (gray 

lines) show magnetic moments (red arrows) for top-layer Fe atoms (yellow; O atoms omitted for 

clarity) and adsorbates (C: black; O: orange). Panels a–d correspond to CO₂*, CO*, O*, and 

dissociated CO* + O* states, respectively. 
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Figure S19. Top-layer AFM configurations on 3×3 FeO(100). Representative unit cells (gray 

lines) show magnetic moments (red arrows) for top-layer Fe atoms (yellow; O atoms omitted for 

clarity) and adsorbates (C: black; O: orange). Panels a–d correspond to CO₂*, CO*, O*, and 

dissociated CO* + O* states, respectively. 

 

 



 41

Supplementary  Note 6: The reaction energy diagram 

As discussed in previous sections, CO2 reduction reaction (CO2RR) on both materials involves 

CO2 adsorption (CO2*), dissociative adsorption of CO2 where the C–O bond breaks to form co-

adsorbed CO* and O*, as well as individual adsorption of CO* or O*. Accordingly, Figure 5 

summarizes the reaction energy diagrams associated with these intermediates on various surfaces, 

while Figure 5c specifically only reflects the results obtained using a 2×2×5 FeO(100) supercell. 

As a supplement, Figure S20 shows the reaction pathway on a 3×3×5 FeO(100) surface, 

emphasizing the influence of lower adsorbate coverage on reaction energetics (1/9 ML in Figure 

S21 vs. 1/4 ML in Figure 5c). 

At a coverage of 1/9 ML, the C–O bond cleavage following the CO₂ chemisorption appears 

more difficult, with an energy difference of +3.16 eV compared to +2.01 eV at 1/4 ML. This can 

be attributed to the reduced stabilization of the resulting O* and CO* intermediates at lower 

coverage, as reflected by their nearly thermoneutral or exergonic desorption energies (O* = –

0.04 eV, CO* = –0.52 eV), in contrast to the more stabilized state at 1/4 ML (O* = +1.05 eV, CO* 

= +0.56 eV). 

 

Figure S20. Reaction energy diagrams for CO₂ reduction on 3×3×5 FeO(100) slab model. 
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Supplementary  Note 7: The CO* spillover at Fe/FeO interface and the effect of coverage  

As shown in Figure 5c and S20, the dissociation of CO2 on FeO(100) is highly endergonic 

regardless of slab size, indicating its much lower efficiency in breaking C–O bond as compared to 

Fe(100). To address this, we considered the possibility of surface CO* spillover between 

coexisting Fe and FeO surfaces, as discussed in the main text. This process involves CO₂ 

dissociation occurring on Fe (100), followed by spillover of the resulting CO* species onto the 

FeO (100) surface. The energies in Figure 5a were derived from surface energy calculations using 

a combined Fe(100)/2×2 FeO(100) system. The energy difference of the CO* spillover is estimated 

using Eq. S4: 

ΔEspillover = (ECO*, FeO(100) + E*, Fe(100)) − (ECO*, Fe(100) + E*, FeO(100))          Eq. S4 

where ΔEspillover indicates the tendency of CO* species to migrate from one surface to another, 

ECO* denotes the adsorption energy of CO and E* refers to the total energy of the clean surface. In 

contrast, for the combined Fe(100)/3×3 FeO(100) system, we encountered difficulty in reaching a 

converged result. Accordingly, the exchange process was approximated by Eq. S5: 

ΔEspillover = (ECO*+O*, FeO(100) + EO*, Fe(100)) − (ECO*+O*, Fe(100) + EO*, FeO(100))           Eq. S5 

which captures the thermodynamic driving force for CO transfer from Fe(100) to the bare FeO(100) 

surface in the presence of a dangling O* intermediate on the interface. ECO*+O* and EO* denote the 

energies of co-adsorbed CO* + O* and individual O*, respectively.  

To investigate whether CO adsorption on Fe(100) remains strongly favorable (a key factor for 

supporting the suggested spillover effect), we further evaluated the thermodynamic preference for 

desorbing a single CO molecule from Fe(100) at different coverages. The adsorption energies 

shown in Figure S21 were obtained from the configurations listed in Figure S22, where all 

adsorption sites were initialized from the most stable state (e.g., H²) identified in Table S6. For 

CO coverages (θCO*) of 1/4, 1/2, 3/4, and 1 monolayer (ML), each arrangement was designed to 
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maximize intermolecular spacing, leading to symmetric adsorption patterns and only one 

configuration being relaxed per coverage in our calculations. As coverage exceeds 1/2 ML, CO–

CO interactions become significant, preventing the adsorbates from lying flat. At 1 ML, all CO* 

species adopt upright geometries to better minimize repulsion. 

The coverage test reveals that at approximately 3/4 ML, CO adsorption becomes slightly less 

exothermic (dropping from a maximum of –2.15 eV to –1.72 eV) yet still satisfies the 

thermodynamic condition for enabling the spillover effect (i.e., adsorption remains stronger than 

–1.59 eV). Additionally, we compared these results with prior PBE calculations without D3(BJ) 

dispersion corrections reported by T. Wang et al., [25] as shown in Figure S20. While adsorption 

energies at low θCO* are nearly identical, our calculated Eads at higher θCO* is more negative (likely 

due to van der Waals contributions). Nevertheless, both approaches exhibit similar trends and 

adsorption geometries across θCO*, reinforcing the robustness of this conclusion. Moreover, they 

also revealed that even on Fe (110) and Fe (111), high θCO* lead to desorption and C–O bond 

dissociation barriers that exceed the threshold required for spillover (~1.6 eV). For instance, at 

5/12 ML coverage on Fe(110), a single CO desorption exhibits a barrier of 1.56 eV, while C–O 

bond cleavage to form C* and O* incurs a barrier of 1.70 eV. [26] 
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Figure S21. Comparison of stepwise CO adsorption energy at different coverages on Fe (100) 

surfaces. 
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Figure S22. Stepwise adsorption configurations and energetics of CO on Fe(100) under 

varying coverages. Top and side views of relaxed CO adsorption structures on a 4×4×5 Fe(100) 

slab at different θCO* (ML) are shown. The corresponding stepwise adsorption free energies (Eads, 

CO) are reported for transitions from 3/16 to 1/4, 7/16 to 1/2, 11/16 to 3/4, and 15/16 to 1 ML 

coverage. Lattice axes shown as red (a), green (b), and blue (c) arrows. 
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Supplementary  Note 8: Surface reconstruction on FeO (100) 

We observed a notable phenomenon during the relaxation of the 2×2 FeO(100) slab: adsorption 

of O* induces significant surface reconstruction (Figure S23). The top-layer Fe atoms tend to 

adopt a coordination environment resembling that in Fe₃O₄, characterized by a lower average Fe–

O* coordination number. As shown in Table S7, the most exothermic O* bridge adsorption state 

(Eads = –1.053 eV) corresponds to exactly 4-fold coordination, while moderately exothermic (–

0.775 eV) and endothermic (–0.602 eV) states exhibit coordination numbers of 4.25 and 4.5, 

respectively. To further understand this behavior, we compared the Bader charges of surface Fe 

atoms in the O*-adsorbed 2×2 FeO(100) with those in clean FeO surfaces and bulk Fe₃O₄ (Figure 

S15c). The average net charge of Fe (qFe) increases from the uniform ~1.3 e in bulk and clean FeO 

to a broader distribution (qFe = 1.223–1.600 e) upon O* adsorption. This bader charge resembles 

that in bulk Fe₃O₄, where two Fe atoms exhibit Fe²⁺-like states (qFe ≈ +1.362 e) and four show 

Fe³⁺-like states (qFe ≈ +1.649 e), suggesting a tendency of the FeO(100) surface to evolve toward 

a higher oxidation state akin to Fe₃O₄ in the final stages of the CO₂ reduction pathway. 
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Figure S23. Computational setup and Bader charge analysis related to surface 

reconstruction. a,b) Relaxed bulk structures of FeO and Fe₃O₄ with corresponding non-collinear 

spin configurations (O atoms omitted for clarity). Gray lines denote the unit cell boundaries. The 

Fe₃O₄ setup follows the final selection listed in Table S1. c) Average net Bader charges of Fe 

atoms (qFe, in e) across systems are shown as bars, with standard deviations indicated by error bars. 

Lattice axes shown as red (a), green (b), and blue (c) arrows. 
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Figure S24. Representative SEM micrographs of the used oxygen carrier after the 8th H2 step. 

(a) 3 min / 10 min, (b) 5min / 10 min, (c) 7 min / 10 min, and (d) 10 min / 10 min program. (e) 

After the 3rd H2 step of the 60 min / 10 min program. 
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Figure S25. STEM and EDS spot analysis of the crushed oxygen carrier after the 8th H2 step 

of the 3 min / 10 min program. 
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Figure S26. HAADF-STEM image of the crushed oxygen carrier taken after the reduction 

step of the 8th cycle of the 3 min / 10 min program. 
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Figure S27. STEM and EDS spot analysis of the crushed oxygen carrier after the 8th H2 step 

of the 5 min / 10 min program. 
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