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Ce,Ti,0,(211)

Fig. S1 Top (left) and side (right) view of optimized Ni(111), CeO,(111), TiO,(110) and Ce,Ti,O7(211) surfaces. These surface models

are constructed based on our XRD and HRTEM characterizations.
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Fig. S2 Top (left) and side (right) view of optimized Ni/CeO,(111), Ni/TiO,(110), and Ni/Ce,Ti,O7(211) structures.
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Fig. S3 (a) Temporal gaseous products concentrations for CeO,-TiO; during the CH, reduction half cycle of the isothermal MDR-STWS
process at 900 °C. (b) Average CH,4 conversion for CeO,-TiO, with different Ni loadings (0, 0.5, 1, 2, and 5 wt%) during the CHy
reduction half cycle of the isothermal MDR-STWS process.
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Fig. S4 Temporal gaseous products concentrations for 5Ni/CeO,-TiO, during the CH,4 reduction half cycle of the isothermal (a) MDR-
STCDS and (b) MDR-STWS processes at 900 °C over 10 redox cycles.
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Fig. S5 (a) Temporal gaseous products concentrations for SNi/CeO,-TiO, during the CHy4 reduction half cycles of the isothermal MDR-

STCDS process at 900 °C over 50 redox cycles. (b) The corresponding transient CO evolution rates for SNi/CeO,-TiO, during the CO,

splitting half cycles of the isothermal MDR-STCDS process over 50 redox cycles. The dashed horizontal line gives the theoretical CO

yield of 44.5 mL CO g! for 5Ni/Ce0,-TiO, assuming a full reduction to Ce?". (¢) Average CHy conversion, CO selectivity and Hy/CO

ratio for SNi/CeO,-TiO, during the CH,4 reduction half cycle of the isothermal MDR-STCDS process over 50 redox cycles.
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Fig. S6 (a) Temporal gaseous products concentrations for SNi/CeO,-TiO, during the CHy4 reduction half cycles of the isothermal MDR-
STWS process at 900 °C over 50 redox cycles. (b) The corresponding transient H, evolution rates for 5Ni/CeO,-TiO, during the H,O
splitting half cycles of the isothermal MDR-STWS process over 50 redox cycles. The dashed horizontal line gives the theoretical H, yield
of 44.5 mL H, g'! for 5Ni/Ce0,-TiO, assuming a full reduction to Ce3*. (c) Average CHy conversion, CO selectivity and H,/CO ratio for
5Ni/Ce0,-TiO; during the CH, reduction half cycle of the isothermal MDR-STWS process over 50 redox cycles.

Fig. S5 and Fig. S6 show catalytic performance of 5Ni/CeO,-TiO; for the cyclic MDR-STCDS and MDR-STWS
redox processes at 900 °C. The instantaneous gaseous products concentrations for S5Ni/CeO,-TiO, during the CHy4
reduction half cycle of the isothermal MDR-STCDS and MDR-STWS processes were relatively constant among
50 redox cycles (within experimental error), as shown in Fig. S5a and Fig. S6a, confirming that 5Ni/CeO,-TiO,
could be reduced with CH,4 repeatedly with high reproducibility. Meanwhile, reproducible kinetic curves of CO
and H, evolution rates were observed during the CO, and H,O splitting half cycles (Fig. S5b and Fig. S6b). The
CO (Fig. S5b) or H, (Fig. S6b) productivity, estimated by integrating the corresponding transient CO or H,
evolution rate with respect to time, stayed relatively constant over the course of 50 repetitive cycles, which was
comparable to theoretically expected value (44.5 mL CO/H, g' assuming a full reduction to Ce’*)
stoichiometrically available for complete oxidation of Ce** to Ce*". The corresponding catalytic performance of
5Ni/Ce0,-TiO, during CH,4 reduction is summarized in Fig. S5c¢ and Fig. S6c. Negligible change was observed in
term of CH,4 conversion (CH4 Con), H,/CO ratio, as well as the CO selectivity (CO Sele). Specifically, essentially
complete conversions of CH4 were achieved for both processes over entire 50 redox cycles, with H, : CO ratios
stabilized at ~1.8 (Fig. S5c) and ~1.9 (Fig. S6c). The CO selectivity for 5Ni/CeO,-TiO; in the isothermal MDR-
STCDS and MDR-STWS processes remained between 70-76% and 83-91%, respectively. Therefore, it was

confirmed that the 5Ni/CeQ,-TiO, redox catalyst possesses excellent recyclability over cyclic redox processes.
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Fig. S7 X-ray powder diffraction patterns of as synthesized CeO,-TiO, sample and CeO,-TiO, sample after MDR step. Phases: (#)CeO,,
(*)TiO; (rutile), (#)TiO, (brookite). The reduced sample after MDR step was cool down under flowing Ar and subjected to XRD

measurement.

Fig. S7 shows the XRD patterns of the as prepared CeO,-TiO, sample before and after MDR step. It is obvious
that the as synthesized sample exhibited distinct reflection peaks corresponding to CeO, and TiO, (rutile, JCPDS
01-083-2242; brookite, JCPDS 01-076-1934). No apparent change in XRD patterns was observed for CeO,-TiO,
sample after MDR step, further confirming that negligible reduction of CeO, and TiO, occurred after reducing
with CHg.

Ce,Ti,O,, JCPDS 43-1002

£ it it U

Intensity (arb.units)

20/degree

Fig. S8 X-ray powder diffraction pattern of CeO,-TiO, sample after H,-TPR measurement. The reduced sample after H,-TPR experiment

was cool down under flowing Ar and subjected to XRD measurement.

The XRD patterns of CeO,-TiO, after H,-TPR measurement clearly indicated the formation of Ce,Ti,O;
pyrochlore (JCPDS 00-047-0667), which verified that a stoichiometric reaction between CeO, and TiO, occurred

after reducing with H,.
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Fig. S9 Normalized XANES spectra for as synthesized CeO,-TiO, sample and CeO,-TiO, sample after MDR step at the Ce Lyj-edge.
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Fig. S10 STEM images and the according element-mapping images of Ce, Ti, Ni, and O for as synthesized 5Ni/CeO,-TiO, in different

regions.
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Fig. S11 (a) STEM image and the according element-mapping images of Ce, Ti, and O for as synthesized CeO,-TiO, sample; (b) STEM

image and the according element-mapping images of Ce, Ti, and O for CeO,-TiO, sample after MDR step.
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Fig. S12 (a) STEM image and the according element-mapping images of Ce, Ti, Ni, and O for 5Ni/CeO,-TiO, after isothermal MDR-
STCDS redox cycling at 900 °C; (b) STEM image and the according element-mapping images of Ce, Ti, Ni, and O for 5Ni/CeO,-TiO,

after isothermal MDR-STWS redox cycling at 900 °C.
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Fig. S13 Top (up) and side (down) view of states of methane dissociation (CH4(g) — CH;" + H") in Fig. 10(a).
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Fig. S14 Top (up) and side (down) view of states of CO, dissociation (COx(g) — CO* + O*) in Fig. 10(b). The oxygen atoms from CO,

are colored in magenta.
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Fig. S15 Top (up) and side (down) view of states of H,O splitting (H,O(g) — O" + H,") in Fig. 10(c). The oxygen atoms from H,O are

colored in magenta.
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Fig. S16 Top views of oxide surface with one oxygen vacancy (Vo), corresponding to the oxygen vacancy listed in Fig. 10(d). The

position of oxygen vacancy is labelled by a green circle.



Table S1. k-point meshes used for bulks and surfaces

Models k-points
Bulks Ni 11 x 11 x11
CeO, Tx7Tx7
rutile TiO, 4x4x7
Ce,Ti,0; 5x5x2
Surfaces Ni(111) 3x3x1
CeOy(111) I1x1x1
TiO5(110) 1x1x1
Ce,Ti,04(211) 1x1x1
Ni/CeOy(111) 1x2x1
Ni/TiO5(110) 1x2x1
Ni/Ce,Ti,07(211) Ix1x1

Table S2. Optimized lattice constants of metal and metal oxides

Bulks Lattice constant
Ni a=b=c=3479 A
CeO, a=b=c=5428A
rutile TiO, a=b=4.609 A, c=3.002 A

Ce,T1,0; a=7.786,b=5428 A, c=13.055 A, f=98.59 °




Table S3. Detailed structural parameters of slab models

Surface facets Size of supercells Number of Number of Vacuum space Number of
atomic layers frozen layers (A) atoms
Ni(111) p(3 x 3) 4 2 15 Ni 36
CeOy(111) p(3 % 3) 9 3 15 Ce27,054
TiO,(110) p(3 x2) 6 3 15 Ti24,0 48
Ce,Ti,04(211) p(1 x1) half of the total 15 Ce 16, Ti 16,
atoms (Ce 8, Ti 0 56
8,0 28)
Ni/CeOy(111) p(4 x 2) for 6 for CeO,(111), 2 for 20 Ni 12, Ce 16,
CeOy(111) 2 for Ni nanorod CeOy(111) 032
Ni/TiO,(110) (\/5 x 6 for TiO,(110), 3 for TiOy(110) 20 Ni 12, Ti 16,
\/5)449,46o for 2 for Ni nanorod 032
TiO,(110)
Ni/Ce,Ti,O4(211 p(1 x 1) for 2 for Ni nanorod half of the 18 Ni 28, Ce 16,
) Ce,Ti,04(211) atoms (Ce 8, Ti Ti 16, O 56
8, O 28) for

CezTi207(21 1)




Table S4. Comparison of peak CO production rates and corresponding total CO yields for two-step STCDS, HDR-STCDS (H, driven

reduction solar thermochemical CO; splitting) and MDR-STCDS processes

Redox material Temp (°C;  Process Sweep gas Feed Peak COrate  Total Ref.
red/ox) CO; (%) (mLmin"g") CO yield
(mL g
CeO, 1500/800 STCDS Ar 50 10.0 6.9 Chueh et al.!
Ce.975210,0250, 1400/800 STCDS N, 25 13.0 3.0 Gibbons et al.?
CeO, 1250/850 STCDS N, 25 6.3 0.9 Rudisill et al.?
CeO, 1400/800 STCDS N, 100 9.0 2.1 Malonzo et al.*
CeO, 1500/1000  STCDS Ar 38.5 — 2.1 Furler et al.’
Sro4LageMngAly 4055  1350/1000  STCDS He 40 1.3 6.6 McDaniel et al.®
CeO, 1500/900 STCDS Ar Protal  — 1.2 6.3 Marxer et al.”
=10mbar
Ce0,-Fe,03 600/600 HDR-STCDS 5%H,/Ar 100 43.0 24.6 Galvita et al.®
CeO, 900/900 HDR-STCDS 14.3%H,/Ar  14.3 94.9 22.7 Zhao et al.®
Ce.5Zr9 50, 900/900 HDR-STCDS 14.3%H,/Ar  14.3 115.4 18.5 Zhao et al®
Lag ¢Cag 4Fe 4Mng O3 550/950 HDR-STCDS 10%H,/He 10 3.6 21.8 Maiti et al.'
Lay 75S19,5Fe05/Si0, 600/600 HDR-STCDS 10%H,/He 10 3.6 11.6 Hare et at."!
Ce0,-TiO, 900/900 HDR-STCDS 1%H,/Ar 100 33.4 40.7 This work
Fe,TiOs 1050/1050 ~ MDR-STCDS 50%CH4/N, 10 1.7 — Luo et al."?
CeO, 1000/1000  MDR-STCDS 40%CH4/Ar 40 28.6 — Nair et al."3
Lag ¢Sr9.4Co92Fe) 5035 1029/1029  MDR-STCDS 100%CH,4 100 1.7 — Michalsky et al.'*
Sr3Fe,07.5-Cag sMngsO  900/900 MDR-STCDS 10%CH4/Ar 10 29.3 343 Zhang et al.’’
5Ni/Ce0,-TiO, 900/900 MDR-STCDS 1%CH4/Ar 100 168.8 48.3 This work




Table S5. Comparison of peak H, production rates and corresponding total H, yields for two-step STWS, HDR-STWS (H, driven

reduction solar thermochemical H,O splitting) and MDR-STWS processes

Redox material Temp (°C;  Process Sweep gas Feed Peak H, rate Total H, Ref.
red/ox) H;0 (%) (mLmin'g") yield (mL
g"
CeO, 1500/800 STWS Ar 44-52 10.0 6.2 Chueh et al.!
CeO, 1500/1150  STWS N, 50-80 5.6 10.2 Gokon et al.'®
Rh/CeO, 1500/1500  STWS Ar 15 1.5 2.0 Hao et al.'?
Ce0,-0.158n0, 1400/800 STWS Ar 42 3.0 7.2 Ruan et al.’$
Ce 7521925025 1450/1045  STWS He — 0.47 53 Abanades et al."®
CoFe,04/AL 05 1350/1350  STWS He 50 0.7 2.3 Muhich et al.?
Cog4Feo AL Oy 1500/1350  STWS He 50 22 6.9 Muhich ez al?!
Lag Srg,MnOs3_5 1400/800 STWS Ar 20 1.3 29 Yang et al??
Sro4LageMngeAly 4055 1350/1000  STWS He 40 1.7 6.9 McDaniel et al.®
Fe,04/Z1r0, 600/600 HDR-STWS H,, CO, 5-6 49.7 17.8 Scheffe et al.?
CO,/He
Coy g5Fe;.1504/Z10, 600/600 HDR-STWS H,, CO, 5-6 53.9 92.5 Scheffe et al.?
CO,/He
Ce.3Z1920, 825/825 HDR-STWS 5% Hy/Ar 2.7 17.9 26.4 Petkovich et al.?*
CeO, 700/700 HDR-STWS 14%H,/Ar 26 80.6 5.8 Zhao et al
Ce0,-TiO, 900/900 HDR-STWS 1%H,/Ar 42 20.5 40.3 This work
Fe,05/Ce 521950, 800/800 MDR-STWS 15%CH4s/He — 15.7 — Galvita et al 2
Lag gSrg,FeOs.5-Fe;04 900/750 MDR-STWS 10%CH4s/He — 1.6 96.3 He et al.”’
5Ni/Ce0,-TiO, 900/900 MDR-STWS 1%CH4/Ar 4.2 97.5 47.0 This work




Table S6. Reaction energies AE (eV) and activation energies E, (V) for the elementary steps involved in methane dissociation (CH4(g)

— CHj3" + H") on metal, oxide, and metal-oxide interface

CeO,(111) TiOy(110) Ni(111) Ni/CeOy(111) Ni/TiO,(110)
reactions
AE E, AE E, AE E, AE E, AE E,
CHy(g) — CH," -0.13 -0.35 -0.25 -0.30 -0.28
CH," — CH;"+ H* 1.16 1.44 1.04 1.27 0.17 0.73 -0.86 0.80 -0.41 0.81

Table S7. Reaction energies AE (eV) and activation energies E, (V) for the elementary steps involved in carbon dioxide splitting (CO,(g)

— CO" + O") on metal, oxide, and metal-oxide interface

Ce,Ti,04(211) Ni(111) Ni/Ce,Ti,07(211)
reactions
AE E, AE E, AE E,
CO,(g) — COY” -0.49 -0.01 -0.82
CO," — CO™+ 0" 1.08 1.45 -1.14 0.46 -1.89 0.82

Table S8. Reaction energies AE (eV) and activation energies E, (V) for the elementary steps involved in water splitting (H,O(g) — H,"

+ O") on metal, oxide, and metal-oxide interface®

Ce,Ti,04(211) Ni(111) Ni/Ce,Ti,07(211)
reactions
AE E, AE E, AE E,
H,0(g) — H,0" -1.13 -0.50 -1.07

H,0" — H*+ HO" -0.10 0.34 -0.28 0.90 -1.72 1.13

H"+HO"— H," + 0" 2.99 3.53
H'+HO"— 2H" + 0" -0.09 1.09 0.64 1.03
2H"+0" - H," +O" 0.62 0.68 0.51 0.80

@ Two steps of hydrogen atom diffusion on Ni/Ce,Ti,07(211) in Fig. 10c are not included here.



Table S9. The actual Ni loadings of the as-prepared catalysts determined by ICP-AES analysis

Sample Ni (wt%)
5Ni/Ce0,-TiO, 4.8
2Ni/Ce0,-TiO, 1.9
INi/Ce0,-TiO, 1.1
0.5Ni/Ce0,-TiO, 0.5
Ce0,-TiO, -

Process mass balance on C, H, O:

Table S10. Summary of the integrated inlet and outlet gaseous species for 5Ni/CeO,-TiO, redox catalyst during a typical reduction half

cycle of MDR-STCDS and MDR-STWS processes

Process CH,4 CH,4
inlet outlet

(mL/g) (mL/g)

MDR-STCDS 47.8 0.9
MDR-STWS 473 0.3

converted

CH,

(mL/g)

46.9
47.0

reduction products (mL/g)

o CH, Cco

extracted  Conversion selectivity

(60)
36.3
40.5

H,
71.8
77.0

CO,
10.6

6.5

H,0?
22.0

17.0

(mL/g)*
b
0 79.5 98.1% 77.4%
0 70.5 99.3% 86.1%

aThe H,O produced was removed by a condenser before entering the mass spectrometer, so the undetectable H,O

was calculated through mass balances between the converted CH4 and measurable product gases.

As no detectable amount of CO, or CO was observed during the H,O splitting cycle, indicating the negligible

carbon deposition after the CH, driven reduction step.

°The O% consumed during the reduction half cycle was derived from CeO,-TiO, (44.5 mL/g), the loading NiO

(19.1 mL/g), and the surface oxygen in hydroxyl and carbonate species, very close to the measure one.
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