Supporting Information
Charge Separation and/or Hot Spots: Clarification of Efficient CO2 Reduction over Ru–Ni Nanoparticles Compared to Photocatalysis on Ru–Ni–ZrO2 Composites

Masahito Sasaki,1 Tomoki Oyumi,1 Keisuke Hara,1 Hongwei Zhang,2,* and Yasuo Izumi1,*

1 Department of Chemistry, Graduate School of Science, Chiba University, Yayoi 1-33, Inage-ku, Chiba 263-8522, Japan
2 Key Laboratory of Development and Application of Rural Renewable Energy, Biogas Institute of Ministry of Agriculture and Rural Affairs, Chengdu 610041, People’s Republic of China


Contents
1. Novelty of This Study
2. Experimental and Computational Methods
	2.1. Light Intensity
	2.2. Mass Balance of Photocatalytic Reaction and the Experimental Setup Photographs
	2.3. UV–Visible, XRD, and HR-TEM Measurements
	2.4. Debye–Waller Factor Changes and the Related Data
3. Catalytic CO2 Reduction Tests
	3.1. Bandgap of ZrO2 and 13CO2 Photoreduction Tests
	3.2. 13CO2 Photoexchange Reaction
4. UV–Visible, XRD, HR-TEM, and FTIR
5. Local Site Temperature Monitoring via EXAFS
6. DFT Calculations to Monitor the Reduction Reaction Pathway of CO2
	6.1. Convergence Criterion
	6.2. Over ZrO2 to Ru–Ni or Ni Surface
	6.3. Over Ru–Ni or Ni Surface
	6.4. Three Dimensional Illustration of the Transformation of Surface Species


1. Novelty of This Study

Artificial photosynthesis is ultimately the synthesis of fuels and/or valuable chemical resources from CO2 and H2O shown as Eq. S3. To achieve the reaction, a part of the reaction of Eq. S2 is investigated to be sufficiently fast and the reaction pathway was investigated in this study. The photocatalytic tests directly for Eq. S3 have been previously tried in References S1–S3.

2H2O → O2 + 2H2 (or 4H+ + 4e−),			ΔrHo = 483.64 kJ mol−1		(S1)
CO2 + 4H2 (or 8H+ + 8e−) → CH4 + 2H2O,	ΔrHo = −164.94 kJ mol−1		(S2)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
CO2 + 2H2O → CH4 + 2O2,				ΔrHo = 802.34 kJ mol−1		(S3)
= 2×(S1) + (S2)

First, scientific novelty is to correlate the local temperature of nanosize catalytic site under the UV–visible light irradiation to the catalytic activity. The authors have already reported these correlations.S1–S5 However, the temperature of photocatalyst cell and the irradiated light intensity during photocatalytic tests were not controlled in these previous studies. This study determines the local temperature of Ru–Ni or Ni site of sub 2 nm size under controlled cell temperature as well as the controlled irradiated light intensity. As the result, Ru–Ni or Ni site was locally warmed even under water/ethylene glycol (EG) bath irradiated by UV–visible light of 568–654 mW cm−2 and participated in the latter steps of CO2 photoreduction, following the former photoreduction steps over ZrO2 from CO2 to COH and/or CO.
Second, practical novelty is clarify the pathway from CO2 to hydrocarbons, not CO, via photocatalytic or photothermal catalysis. Photocatalysis based on charge separation in semiconductor is intriguing, however, it tends to be limited to red-ox reactions and is difficult to form hydrocarbon(s) from CO2. This study has clarified the CH4 formation pathway when the catalyst was cooled in water bath (combination pathway over ZrO2 + Ru–Ni or Ni) and without water bath (via the pathway exclusive on Ru–Ni or Ni), and the Ru was effective only in the latter pathway. The latter photothermal pathway is similar to thermal CH4 formation already reported, e.g. references 8–10, main text, however, the contribution of Ru, metal nanoparticle temperature, and the reaction pathway to the fast CH4 formation (>7.9 mmol h−1 gcat−1) on practical level has been clarified for the first time.

2. Experimental and Computational Methods

2.1. Light Intensity. The light intensity distribution of Xe arc lamp used in this study is depicted in Figure S1. The Xe collimated arc lamp with parabolic reflector (Type CL300BUV, Luxtel, MA) was used as bulb, and the wavelength λ well extends to 200 nm.S6 In Model MAX-350, ozone-cut filter and combination mirror cut the emitted UV light of λ < ~230 nm and λ < ~240 nm, respectively. Even so, a part of the UV light of λ < 248 nm was irradiated and photoexcited ZrO2 (Figure S4). Furthermore, interband states, e.g. O vacancy, of ZrO2 enabled the light absorption of λ > 248 nm.S1–S3
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Figure S1. Light intensity distribution using a Xe arc lamp (Model MAX-350, Asahi Spectrum) as a function of wavelength.

Based on the monitoring using photosensor in lab (Experimental Methods, section 2.2, main text), the decay of UV–visible light intensity I (mW cm−2) followed the equations as a function of irradiation time t (h) of the UV–visible light source (Model MAX-350) used in this study:

I = 1452 e−0.005t (0 ≤ t < 122 h)				(S4)
I = 830 e−0.0006t (122 h ≤ t)					(S5)

2.2. Mass Balance of Photocatalytic Reaction and the Experimental Setup Photographs. Major photocatalytic reaction monitored in this study proceeded via eq. S2. Based on the introduced 13CO2 amount and the volume of reaction glass system (Section 2.2, main text), final amounts of CH4 and H2O should be 193 and 387 μmol, respectively, in the exothermic reaction when all the charged 13CO2 was converted. Therefore, under the conditions of FTIR monitoring, the final vapor pressure of H2O was 3.46 kPa, corresponding to the saturated vapor pressure at 300 K. Based on the exothermic conditions and the mass balance, we did not apply a H2O trap in the reaction system during photocatalytic CO2 reduction tests (Section 3.1, main text) and the EXAFS (Section 3.2, main text) and FTIR monitoring (Section 3.3, main text).

Chart S1. Setup for CO2 photoreduction test with the quartz reactor cooled using 2.5 L of H2O in a quartz water bath
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Chart S2. EXAFS measurement setup during CO2 photoreduction test with the EXAFS cell cooled using an 80 mL ethylene glycol (EG) bath
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2.3. UV–Visible, XRD, and HR-TEM Measurements. UV–visible spectra were recorded on a double-beam model UV-3600i Plus spectrometer (Shimadzu, Kyoto, Japan) using D2 and halogen lamps below and above 340 nm equipped with a photomultiplier tube and an integrated 150 mm-diameter sphere for diffuse-reflectance detection within the range from 200 to 1200 nm. Samples treated under H2 were transferred to an airtight cell without contact with air, and a formed polytetrafluoroethylene plate was used as a reference. X-ray diffraction (XRD) patterns were observed using a D8 ADVANCE diffractometer (Bruker, Billerica, MA) with a Bragg angle (θB) of 2θB = 5°–85°, employing a scan step of 0.02° and scan rate of 1.0 s per step. The measurements were performed at 40 kV and 40 mA using Cu Kα emission (λ = 0.15419 nm) with a Ni filter.
Transmission electron microscopy (TEM) and HR (high resolution)-TEM was performed using a model JED-2300T (JEOL, Tokyo, Japan) equipped with a field-emission gun (acceleration voltage of 200 kV). The samples were mounted on a Cu mesh (250 meshes per inch) coated with carbon and a copolymer film of poly(vinyl alcohol) and formaldehyde (Formvar, Monsanto, St. Louis, MO). Aberration-corrected scanning TEM (STEM) observations were performed using a model JEM-ARM200F (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. The elemental mapping was performed using energy-dispersive spectra using a Si (Li) detector equipped in the TEM apparatus.
2.4. Debye–Waller Factor Changes and the Related Data. Zr sites in Ni (10 wt%)–ZrO2 reduced at 723 K were monitored by Zr K-edge EXAFS spectra under the similar experimental setup to that at Ni and Ru K-edges (Experimental Methods; Section 2.3, main text), but without cooling EG-bath. The Debye temperature for ZrO2 was set to 590 KS7 to evaluate the Debye–Waller factor using FEFF 8.4 (Figure S2C),S8 and the time course changes of Debye–Waller factor were evaluated based on the curve-fit analysis using a software package XDAP.S9
The temperature of metal sites generally increased under UV–visible light irradiation as light intensity increased, while the molar heat capacityS11 was comparable among the metals (Table S1a–g). As the samples were set in the photoreactor on weight (w) basis and irradiated by light, metals with greater atomic weight (M) corresponds to smaller molar amount (n) and accordingly greater temperature increases under similar UV–visible light intensity (Table S1a–g), according to the following relation:
∝  = 				(S6)
where n is the molar amount,  is the molar heat capacity at standard conditions, T is the temperature, and E is the energy. In spite of this, the Ru atom site in the Ni nanoparticle experienced a negligible temperature increase under light, probably due to confined and/or undercoordinated (Figure S9B) model conditions of Ru in Ni lattice based on mean Ru–Ni distance of 0.240 nm (Figures S2B and S9B).
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Figure S2. Temperature dependence of Debye–Waller factor (σ) for the (A) Ni, (B) Ru, and (C) Zr sites in the Ru–Ni nanoparticle model and the support ZrO2, calculated using FEFF version 8.40.S8


Table S1. Temperature of metal (Fe, Co, Ni, Ru, Ag, and Au)–ZrO2 photocatalyst samples monitored via EXAFS and related factors
	Metal
	Under light

	Ent.
	Ele.
	Atomic weight
	Cont. (wt%)
	Mean particle size (nm)
	TDebye
	Cp⦵ (J K−1 g−1)S11
	Cp⦵ (J K−1 mol−1)S11
	Gas
	Light int (mW cm−2)
	Theated (K)
	Ref.

	
	
	
	
	
	BulkS10
	Surf. (∥)
	Surf. (⟂)
	
	
	
	
	
	

	a
	Fe
	55.8
	7.5
	1.6
	467
	––
	225
	0.449
	25.10
	CO2 (2.3 kPa) + H2 (21.7 kPa)
	322
	459 ± 36
	S4

	b
	Co
	58.9
	7.5
	2.9
	445
	––
	211
	0.421
	24.81
	
	142
	362 ± 21
	S1

	c
	Ni
	58.7
	10
	1.7
	450
	348
	208
	0.444
	26.07
	
	90
	391 ± 3
	S2

	d
	
	
	
	1.6
	
	
	
	
	
	
	654 (EG bath)
	399 ± 29
	This study

	e
	(Ru)
	101
	1.0
	––
	(600)
	––
	(295)S12
	0.238
	24.06
	
	
	302 ± 12
	

	f
	Ag
	108
	3.0
	2.5–3.7
	225
	––
	155
	0.235
	25.350
	
	<90
	355 ± 26
	S3

	g
	Au
	197
	5.0
	4.3
	165
	––
	83
	0.129
	25.418
	
	
	317 ± 3
	S5



The temperature of sample surface was also measured by IR thermography using C5 thermal camera (FLIR, Wilsonville, OR), featuring a 160 × 120 thermal detector and a 54° × 42° field of view. The sample was vertically irradiated under a 300-W Xe arc lamp guided through an optical fiber adjusted to light intensity of 670 mW cm−2 at the sample position. The emissivity ε of sample increases when the surface is rough and nonmetal,S13 and ε = 0.95 was chosen based on the database.S14 The reflected apparent temperature was set to 293 K. The catalyst (20 mg) was dispersed in the area of 0.785 cm2. The IR thermal image was recorded at 45° from the surface, after 3 min of irradiation reached at a thermal equilibrium. The position and the incident angle of UV–visible light were nearly common to the conditions for Ni and Ru K-edge EXAFS measurements, but the sample was in ambient air and EG cooling was not used during the IR thermography monitoring.

3. Catalytic CO2 Reduction Tests

3.1. Bandgap of ZrO2 and 13CO2 Photoreduction Tests. The charge separation in ZrO2 (Type JRC-ZRO-3, Catalysis Society of Japan) occurred owing to the excitation by the light of 200 nm from 150 W-Xe arc lamp evidenced as the fluorescence spectrum peaked at 367 nm (Model FP-8600, JASCO).S1 The bandgap value for the ZrO2 evaluated by the UV–visible absorption edge (248 nm) was 5.0 eV (Figure S4(a)).S1 In accordance, the excitation spectrum for 369 nm-fluorescence sharply decayed at the excitation energy greater than 248 nm.S1
In addition to the bandgap excitation, interband impurity levels, e.g. surface O vacancy (VO••) sites, is likely to contribute to a part of the charge separation based on the photocatalytic test using ZrO2 irradiated under full light from Xe arc lamp compared to that irradiated under light filtered at wavelength λ > 320 nm. As the result, 18% of photocatalytic activity was retained in the test filtered at λ > 320 nm,S3 strongly suggesting the contribution of interband impurity levels.
The light intensity distribution from Model MAX-350 (Asahi Spectrum) used in this study is shown as a function of wavelength (Figure S1). Although the distribution below 250 nm was not shown, the distribution extends below 250 nm to enable bandgap transition for ZrO2 as well as transitions starting from interband impurity level to conduction band and/or from valence band to interband impurity level (see Section 2.1).S6
In clear contrast, nanosize Ru–Ni or Ni portion in Ru–Ni–ZrO2 and Ni–ZrO2 catalysts were responsible for the extensive absorption throughout the UV and visible light ranges (Figure S4(b) and (c)), and not sensitive to the excitation wavelength to enable the catalytic role.

Table S2. Results of catalytic CO2 reduction tests using Ru–Ni–ZrO2 catalysts with varying the Ru loading between 0 and 2.0 wt% under CO2 (10 kPa), H2 (50 kPa), and UV–visible light irradiation (620 mW cm−2)
	Entry
	Catalyst
	CH4 formation rate
(mmol h−1 gcat−1)

	a
	Ni (10 wt %)–ZrO2
	0.52

	b
	Ru (0.50 wt %)–Ni (10 wt %)–ZrO2
	1.3

	c
	Ru (1.0 wt %)–Ni (10 wt %)–ZrO2
	7.2

	d
	Ru (1.5 wt %)–Ni (10 wt %)–ZrO2
	5.6

	e
	Ru (2.0 wt %)–Ni (10 wt %)–ZrO2
	2.8
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Figure S3. Time course of 13CO, 13CH4, 12CH4, and 13C2H6 formation under 13CO2 (2.3 kPa) and H2 (21.7 kPa) using Ru (1.0 wt%)–Ni (10 wt%)–ZrO2 catalyst. Reaction was performed under UV–visible light irradiation at 568 mW cm–2 at the catalyst position by inserting a quartz plate (thickness 3.0 mm) between the reactor and quartz light guide. The distance between the light exit and the catalyst was 1 cm.

3.2. 13CO2 Photoexchange Reaction. We evaluated CO2 adsorbed on VO•• sites at ZrO2 surface from air by 13CO2 photoexchange reaction test.S2,S3 Using Ni (10 wt%)–ZrO2 photocatalyst (20 mg),S2 0.535 μmol 12CO2 desorbed versus 13CO2 (13C 99.0%) introduced to the test system (2.3 kPa ~ 193.3 μmol). Thus, the amounts of 13CO2 and 12CO2 present in the reaction system were 191.4 μmol and 2.468 μmol, respectively, indicating 1.27 mol% of 12CO2 in total CO2.

4. UV–visible, XRD, HR-TEM, and FTIR
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Figure S4. Diffuse-reflectance UV–visible absorption spectra measured for (a) ZrO2, (b) Ni (10 wt%)–ZrO2 reduced at 723 K, and (c) Ru (1.0 wt%)–Ni (10 wt%)–ZrO2 reduced at 723 K.
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Figure S5. XRD diffraction patterns measured for (a) ZrO2, (b) Ni (10 wt%)–ZrO2 reduced at 723 K, and (c) Ru (1.0 wt%)–Ni (10 wt%)–ZrO2 reduced at 723 K. The Miller indexes are for monoclinic ZrO2 except for Ni 1 1 1 diffraction.


[image: グラフィカル ユーザー インターフェイス

AI 生成コンテンツは誤りを含む可能性があります。]Figure S6. TEM photographs for Ru (1.0 wt%)–Ni (10 wt%)–ZrO2 catalyst reduced at 723 K. (a) TEM, (b) HR-TEM, and (c) the comparison among TEM, HAADF-STEM, and elementary mapping for Ni, Ru, Zr, and O atoms in the same field of view.

FTIR spectra were measured for ZrO2 under similar conditions to those for spectra in Figure 3, main text. Under CO2, CO2 adsorbed on ZrO2 as bicarbonate (νas(OCO) 1624 cm−1, νs(OCO) 1421 cm−1, and δ(OH) 1220 cm−1) and carbonate (νas(OCO) 1553 cm−1 and νs(OCO) 1334 cm−1) species. The shoulder peaks at 1585 and 1342 cm−1 (Figure S7A)S3 have been tentatively assigned to carboxylate (CO2) based on the assignments at νas(OCO) 1595–1550 cm−1 and νs(OCO) 1382–1355 cm−1 in literature.S15 The peaks shifted to 1550 and 1312 cm−1 under 13CO2 and H2 (Figure S7B).
The isotope shift was based on the following equations.

					(S7)

		(S8)
where  is the wave number, c is the speed of light, k is the force constant, and μ is the reduced mass of bonding atoms.
Under 13CO2 and H2, bicarbonate (νas(OCO) 1582 cm−1, νs(OCO) 1407, 1390 cm−1, and δ(OH) 1220 cm−1) and carbonate (νas(OCO) 1530 cm−1 and νs(OCO) 1289 cm−1) have been assigned on Ru–Ni–ZrO2 catalyst (Figure S8) based on Figure S7S3 and reference S16.
Furthermore, OCOH species (carboxy) and formate species resulting from the transfer of H atom for OCOH species to C position have been reported: OCOH species on Ni–CoS2 (1643 and 1528 cm−1 corresponding to 1606 and 1494 cm−1 for O13COH species),S17 and on Pd–CeO2 (1568 cm−1 corresponding to 1533 cm−1 for O13COH species),S18 blue-shifted from 13CO2 adsorbed (1550 and 1312 cm−1).S15 The growth of these peaks during photocatalytic conditions in Figure S7B were not clearly observed due to much intense peaks of bicarbonate and carbonate species for Ru–Ni–ZrO2 (Figure S8).
However, 13C-formate species appeared at νas(OCO) 1530 cm−1, νs(OCO) 1340 cm−1, and δ(CH) 1382 cm−1 for Ni–ZrO2.S2 On Ru–Ni–ZrO2, peaks owing to bicarbonate and carbonate quickly disappeared by the increase of UV–visible light intensity from 90 to 900 mW cm−2 (Figure S8(f)) desorbed as 13CO2 and/or converted to 13CO and then to 13CH4. Conversely, weak peaks due to 13C-formate species of νas(OCO) 1529 cm−1, νs(OCO) 1325 cm−1, and δ(CH) 1297 cm−1 slowly decreased under irradiation of UV–visible light of 900 mW cm−2 on Ru–Ni–ZrO2 (Figure S8(f)–(h)).S16
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Figure S7. FTIR spectra of ZrO2 (50 mg). (A) Under CO2 for 2 h (1) and under vacuum for 30 s (2) and 7 min (3). (B) Under UV–visible light, 13CO2 (2.3 kPa), and H2 (21.7 kPa) for 2 h (1) and under vacuum for 90 s (2) and 24 h (3).S3
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Figure S8. FTIR spectra of Ru (1.0 wt%)–Ni (10 wt%)–ZrO2 Time-course FTIR spectra of OCO stretching region under 13CO2 (2.3 kPa) and H2 (21.7 kPa) at 0 h (a), 1.5 h (b) under dark, and 0.5 h (c), 2 h (d), and 19 h (e) under UV–visible irradiation (90 mW cm−2), and 0 h (f), 1 h (g), and 2 h (h) under UV–visible irradiation (900 mW cm−2).


5. Local Site Temperature Monitoring via EXAFS

Abnormally confined Ru atoms in metal nanoparticle have been reported in several recent studies. Abnormally confined and/or undercoordinated Ru atom in Ni nanoparticle exhibited Ru–Ni interatomic distance (R) of 0.240 nm with the coordination number (N) of 4.1 (Figure S9B). Notably, the Debye–Waller factor (σ) was greater: 0.0086 nm compared to 0.0059 nm for Ru–Ru interatomic pair of Ru metal.S19 Similarly, confined and/or undercoordinated Ru atom in Cu nanoparticle exhibited R(Ru–Cu) value of 0.2498 (± 0.0001) nm with the N value of 2.5 (± 0.1). The σ value was greater: 0.0094 (± 0.0028) nm compared to 0.0059 (± 0.0026) nm for Ru–Ru interatomic pair of Ru metal.S20
These trends in literature were in accord with the greater σ value of Ru–Ni pair 0.00908 nm compared to that of Ni–Ni pair 0.00773 nm for Ru (1.0 wt%)–Ni (10 wt%)–ZrO2-723R and the σ value of 0.00378 nm for Ru–Ru interatomic pair of Ru metal in this study.
Previously, we evaluated the effects of the translational degree of freedom for atoms at surface of Ag metal nanoparticles on the σ value.S21 For the N(Ag–Ag) value of 4.9–7.1, more than one translational freedom was required to evaluate the σ value of Ag metal nanoparticles based on the bulk and surface Debye temperature. Based on the even lower N(Ru–Ni) value of 4.1 and the reported trend of decreased Debye temperature for sub-nm metal nanoparticles,S22,S23 further increase of σ value (0.0086 nm) under the irradiation of UV–visible light would not be precisely monitored (Figure 2B2–4).
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Figure S9. Variation of coordination number (N) and interatomic distance (R) for (A) Ni–Ni and (B) Ru–Ni interatomic pairs, measured at the Ni K-edge (A) and Ru K-edge (B), for Ru (1.0 wt%)–Ni (10 wt%)–ZrO2-723R in an EG bath under CO2 (2.3 kPa), H2 (21.7 kPa), and the UV–visible light irradiation (654 mW cm−2).
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Figure S10. EXAFS results at the Ru K-edge for Ru (1.0 wt%)–Ni (10 wt%)–ZrO2-723R using CO2 (2.3 kPa), H2 (21.7 kPa), and the UV–visible light irradiation (142 mW cm−2). Fourier transform of k3-weighted EXAFS under UV–visible light illumination. EG bath was not used (a repetition test of Figure 2B(2) under similar photocatalytic reaction conditions).
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Figure S11. Time course of Debye–Waller factor (σ) for Zr–O interatomic pair, measured at the Zr K-edge for Ni (10 wt%)–ZrO2 reduced at 723 K under UV–visible light irradiation (142 mW cm−2). EG bath was not used.
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Figure S12. Surface temperature imaging using IR camera for (A) ZrO2 and (B) Ru (1.0 wt%)–Ni (10 wt%)–ZrO2 reduced at 723 K (each 20 mg dispersed in the area of 0.785 cm2 noted as white dotted line). Light intensity 670 mW cm−2. T ℃ = (T + 273.15) K.


6. DFT Calculations to Monitor the Reduction Reaction Pathway of CO2

6.1. Convergence Criterion. The Eact value varied within 6% maximum when the force on all atoms for convergence changed from 0.1 eV Å−1 to 0.05 eV Å−1 (Table S3). We regard these variations are minimal, and conducted the calculation with the forces on all atoms for convergence = 0.1 eV Å−1 in this study. When the convergence criterion was set to smaller than 10−4 eV for self-consistent field cycle, the variation of Eact value was smaller than the range listed in Table S3.

Table S3. Variation tests of Eact values in the reaction pathways in Schemes 1 and 2 by changing the force values on all atoms for convergence
	Pathway
	Active sites
	Step
	Eact (eV)

	
	
	
	Forces on all atoms for convergence
	Difference

	
	
	
	0.1 eV Å−1
	0.05 eV Å−1
	

	Scheme 1
	Ru–Ni–ZrO2
	g→gʹ
	0.7033
	0.7295
	0.0261

	
	
	gʹ→h
	0.7477
	0.7462
	−0.0015

	
	Ni–ZrO2
	g→gʹ
	0.7100
	0.7555
	0.0456

	
	
	gʹ→h
	0.6960
	0.7233
	0.0273

	Scheme 2
	Ru–Ni
	e→f
	1.7310
	1.7371
	0.0061

	
	Ni
	
	1.7347
	1.7416
	0.0069



6.2. Over ZrO2 to Ru–Ni or Ni Surface. The photocatalytic reduction pathway of CO2 over ZrO2 comprising VO•• sites is summarized based on the experimental study using Fe–ZrO2,S4 Co–ZrO2,S1 Ni–ZrO2,S2 Ag–ZrO2,S3 and Au–ZrO2 photocatalysts,S5 and DFT calculations.S1,S24 The presence of VO•• sites, especially at ZrO2 surface, was confirmed based on 13CO2 exchange reaction with 12CO2 adsorbed at VO•• sites supported by the corresponding DFT calculations, in consistent with the species reported in this study (Scheme 1A(b), B(b), and Bʹ(b)).
The CO2 adsorbed at VO•• sites was suggested to hydrogenate to OCOH species, which is rate-determining with the activation energy (Eact) = 1.17 eV (Schemes 1Bʹ(c) and (d)). Following dissociation step was dramatically facilitated at the VO•• sites neighboring to Ni–Ru or Ni nanoparticle with Eact = 0.32 eV to COH species transferred to Ni–Ru or Ni surface leaving O atom at the VO•• site, in comparison to VO•• sites of ZrO2 unrelated to Ni–Ru or Ni nanoparticle with Eact = 1.18–1.30 eV to COH or CO species.S24
6.3. Over Ru–Ni or Ni Surface. The hydrogenative dehydration step from hydroxymethin (HC–OH; Scheme S1A(g)) to methin (CH, species gʹ) was dramatically facilitated when proceeding via splitting into CH and OH, followed by hydrogenation of OH (Eact = 0.71–0.75 eV; Scheme 1B(h) and Bʹ(h)), compared to direct hydrogenative dehydration from g to h with Eact = 1.40 eV (Scheme S1A, B, and Bʹ).S24 The dissociation of C–OH (Scheme S1(f)) to C and OH ((f ʹ)) was energetically unfavorable. Hydrogenation of HC–OH (g) to hydroxymethylene (H2C–OH, hʹ) was favorable; however, hydrogenative dehydration of H2C–OH (hʹ) required an Eact of 0.92 eV, greater than the 0.70–0.75 eV (Ru–Ni–ZrO2) and 0.70–0.71 eV (Ni–ZrO2) in the pathway g → gʹ → h (Schemes 1 and S1).


Scheme S1. (A) Proposed latter branched part of the photocatalytic and thermal reaction pathway, along with the corresponding free energy calculations for CO2 reduction over (A, B) single Ru–Ni–ZrO2 and (B') Ni–ZrO2. For the Ni–ZrO2 photocatalyst, the surface metallic sites were Ni3 and Ni sites, instead of the Ni2Ru and Ru sites illustrated in panel A
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6.4. Three Dimensional Illustration of the Transformation of Surface Species.
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AI 生成コンテンツは誤りを含む可能性があります。]Scheme S2. Three-dimensional illustration of surface species (Scheme 1A) on a monoclinic ZrO2 (1 1 1) surface combined with a RuNi18 nanocluster exposing an fcc (1 1 1) surface. The illustration was created under CO2 and H2 using OVITO version 3.7.8.S25 Color scheme: light green, Zr atom; red, O atom; gray, C atom; white, H atom; orange, Ni atom; blue, Ru atom



Scheme S3. Three-dimensional illustration of surface species (Scheme 2A) on a RuNi18 nanocluster exposing an fcc (1 1 1) surface. The illustration was created under CO2 and H2 using OVITO version 3.7.8.S25 Color scheme: red, O atom; gray, C atom; white, H atom; orange, Ni atom; blue, Ru atom
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