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5 ABSTRACT: The true reaction pathway and the catalytic role responsible for it
6 remain uncertain in photocatalysis, where charge separation, hot spots, and
7 energetic modulation of the ground and excited states are involved. Herein, a Ru
8 atom was embedded in a ∼1.6 nm Ni nanoparticle dispersed on ZrO2. The 13CO2
9 photoreduction rate to 13CH4 showed a negligible change of ∼26 μmol h−1 gcat

−1

10 upon adding Ru (1.0 wt %) to the Ni (10 wt %)-ZrO2 photocatalyst under a 295 K
11 water bath for cooling irradiated by UV−visible light at 568 mW cm−2. By
12 contrast, the rate using the Ru−Ni−ZrO2 catalyst exceeded that of Ni−ZrO2 by
13 >2.7× (>7.9 mmol h−1 gcat

−1) when the 295 K water bath for catalysts was not
14 applied. Extended X-ray absorption fine structure analysis revealed that the hot
15 spot Ni temperature increased from 295 to 399 ± 29 K under 654 mW cm−2

16 irradiation, even with the 295 K ethylene glycol bath for cooling, confirming that
17 multiple hydrogenations occurred on Ni for COH species transferred from the O vacancy sites at the ZrO2 surface. In the absence of
18 the 295 K water bath, CO2 was directly adsorbed on the RuNi2 site, and its dissociation into CO and O species proceeded with a low
19 activation energy of 0.45 eV, enabling a photothermal pathway, as supported by DFT and FTIR analyses. These results highlight the
20 importance of monitoring the hot spot temperature in photocatalysts to identify the active site combined with redox sites on the
21 semiconductor, driven by charge separation under UV−visible light irradiation.

1. INTRODUCTION
22 Photocatalytic reduction of CO2 has been extensively
23 investigated as a promising approach to establishing a
24 carbon−neutral cycle in a sustainable society.1,2 The most
25 critical challenge for the photocatalytic reduction of CO2 is its
26 low efficiency in converting CO2 into fuels3−5 and/or valuable
27 chemicals.4,5 To overcome this problem, strategies to increase
28 charge separation efficiency and dramatically enhance photo-
29 catalytic activity�such as increasing the irradiation light
30 intensity on semiconductor-based photocatalysts�need to be
31 explored.
32 Historically, Ru has presented a puzzling case in catalytic
33 CO2 reduction. Under UV−visible light irradiation, CO2 was
34 reduced to CH4 using Ru−TiO2,6,7 primarily owing to heat
35 generated from light energy, while the contribution of charge
36 separation leading to redox reactions at the catalyst surface was
37 negligible, as evidenced by comparisons with catalytic reaction
38 rates driven by external heating under dark conditions.7

39 Recently, the effects of single Ru have been reported to
40 lower the activation energy (Eact) of the rate-determining step
41 in thermal CO2 hydrogenation, mostly during CO2 adsorption
42 or CO hydrogenation.8,9 By contrast, in photocatalytic CO2
43 hydrogenation, single Ru embedded on Cu nanoparticles
44 supported on Bi4Ti3O12 enhanced CO2 adsorption and its
45 subsequent conversion into OCOH species.10 Recently, Ozin,

46Yao, and colleagues reported micro- and nanoscale thermom-
47etry to probe the temperature of the catalyst in photothermal
48reactors, highlighting the difficulty of distinguishing photo-
49thermal effects from surplus catalytic activity arising from light-
50induced heating.11 One plausible pathway of photothermal
51excitation of reactant is the vibrational excitation of the
52reactant by light, which facilitates their transformation to
53products.11 In a related study, the dependence of CO2
54hydrogenation rates on irradiated UV−visible light intensity
55was investigated using an Fe−ZrO2 catalyst, revealing a two-
56step reaction mechanism: an initial redox reaction driven by
57charge separation in ZrO2, followed by multiple hydrogenation
58steps on the Fe0 surface.5 As the irradiated light intensity
59increased from 110 to 472 mW cm−2, the contribution of
60charge separation in ZrO2 became negligible to the overall
61pathway from CO2 to CH4, which occurred primarily on the
62Fe0 surface owing to heat generated from light. Thus, the
63origin of catalysis�whether thermal, photothermal, and/or
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64 photocatalytic�often remains elusive, making the reaction
65 mechanism unclear in semiconductor-based (photo)catalysts.
66 Herein, reaction pathways from CO2 to CH4 were clarified
67 using a Ru−Ni−ZrO2 catalyst under the irradiation of UV−
68 visible light, whether photocatalytic or photothermal, by
69 controlling the catalyst temperature with or without a 295 K
70 bath, as well as varying the UV−visible light intensity between
71 90 and 900 mW cm−2. Under irradiation at 568 mW cm−2, the
72 Ru atom embedded in the Ni nanoparticle remarkably
73 accelerated 13CH4 formation from 13CO2, reaching one of
74 the highest rates to date. This enhancement was attributed to
75 CO2 adsorption on the Ru site and its subsequent dissociation
76 into CO and O species, as confirmed by extended X-ray
77 absorption fine structure (EXAFS), FTIR spectroscopy, and
78 density functional theory (DFT) calculations. By contrast, the
79 photocatalytic pathway proceeded via OCO + H to OCOH
80 species at the O vacancy (VO

••) site on the semiconductor
81 ZrO2 surface, driven by charge separation under UV light
82 (Supporting Information, Section 3.1),3−5,12,13 followed by
83 transfer of COH species and multiple hydrogenation steps over
84 the hot spot Ni. This pathway from COH to CH4 was
85 primarily driven by heat generated from the light energy at
86 568−654 mW cm−2 under a 295 K bath.

2. EXPERIMENTAL METHODS

2.1. Catalyst Preparation
87 To prepare the composite catalysts comprising Ni, Ru, and ZrO2, the
88 concentration of Ni was fixed at 10 wt %, while the Ru loading was
89 varied between 0.5 and 2.0 wt % in the final composites. In a typical
90 procedure, ZrO2 (0.445 g; Type JRC-ZRO-3, Catalysis Society of
91 Japan; predominantly monoclinic with a minor tetragonal phase;
92 specific surface area = 94.4 m2 g−1) was dispersed in deionized water
93 (200 mL; <0.055 μS cm−1). The suspension was ultrasonicated (360
94 W, 40 kHz) for 20 min and magnetically stirred at 1000 rotations per
95 minute (rpm) for 1 h. Next, Ni(II) chloride hexahydrate (0.2025 g;
96 Macklin Biochemical Technology, Shanghai, China) and Ru(III)
97 chloride anhydrate (0.0051−0.0207 g; Macklin Biochemical Tech-
98 nology) were simultaneously added to the suspension and magneti-
99 cally stirred at 1000 rpm for 1 h. Then, an aqueous NaBH4 solution

100 (10 mL; 0.2803−0.3027 g; Sinopharm Chemical Reagent, Shanghai,
101 China) was added dropwise to the suspension, and the mixture was
102 stirred at 1000 rpm for 5 min. The obtained precipitate was filtered
103 using a poly(tetrafluoroethylene)-based membrane filter (Omnipore,
104 Type JVWP04700, Merck−Millipore, Darmstadt, Germany; pore size
105 = 0.1 μm) and washed with deionized water (50 mL each, 5×). The
106 obtained samples were denoted as Ru (x wt %)−Ni (10 wt %)−ZrO2,
107 where x = 0.5−2.0. Following a similar procedure, Ni (10 wt %)−
108 ZrO2 and Ru (1.0 wt %)−ZrO2 samples were prepared as reference
109 catalysts using NiCl2·6H2O or RuCl3.

2.2. Catalytic Reduction Tests of CO2 under Light
110 CO2 reduction tests using H2 were conducted using 20 mg of
111 catalysts. The catalyst powder was placed in a U-shaped quartz reactor
112 connected to a Pyrex glass circulation system (206.1 mL) and
113 evacuated under a vacuum (10−6 Pa) for 1 h. Subsequently, the
114 catalyst was exposed to H2 (purity >99.99%; 21.7 kPa), heated to 723
115 K at a ramp rate of 15 K min−1, and maintained at 723 K for 10 min,
116 followed by evacuation and cooling to 295 K. The reduced catalyst is
117 denoted, for example, as Ru−Ni−ZrO2-723R (Reduction).
118 Then, catalytic tests for 13CO2 reduction were performed using the
119 reduced catalysts, 13CO2 (2.3 kPa; 13C 99.0%, 17O 0.1%, purity
120 >99.9%, Cambridge Isotope Laboratories, Inc., Tewksbury, MA), H2
121 (21.7 kPa), and UV−visible light irradiation from a 300 W Xe arc
122 lamp (Model MAX-350, Asahi Spectrum, Japan). The wavelength
123 dependence of light intensity and the corresponding absorbance by
124 photocatalysts are depicted in Figures S1 and S4, respectively. 13CO2
125 was used to kinetically monitor the reaction pathway also in the FTIR

126study (see Section 2.3). The distance between the quartz light guide
127exit of the UV−visible light source (Φ = 5.0 mm) and the catalyst was
128kept at 1 cm for all tests. Light intensity was measured by using a
129photosensor (Model PCM-01, Prede, Tokyo, Japan) and a counter
130(Model KADEC-UP, North One, Sapporo, Japan) and recorded for
131each test. Experiments were conducted both with cooling the reactor
132via a water bath (2.5 L, Chart S1) and without a water bath, while
133both were irradiated with UV−visible light.
134During 13CO2 photoreduction tests, a packed column of 13X-S
135molecular sieves (3 m length, 3 mm internal diameter; GL Sciences,
136Inc., Japan) was used for online gas chromatography−mass
137spectrometry analyses (Model JMS-Q1050GC, JEOL, Tokyo,
138Japan) with helium (0.40 MPa, purity >99.9999%) as the carrier
139gas. 13CO (mass-to-charge ratio (m/z) = 29 for 13CO+), 13CH4 (m/z
140= 17 for 13CH4

+), 12CH4 (m/z = 16 for 12CH4
+), and 13C2H6 (m/z =

14130 for 13C2H4
+) were well separated and evaluated in each mass

142chromatogram. 13CH4 and 12CH4 were quantified based on their m/z
143of 17 and 16, respectively, considering the fragment ratio of CH3

+/
144CH4

+ (0.708:1).

2.3. Characterizations

145Ni and Ru K-edge XAFS spectra were measured in the transmission
146mode on beamline 9C at the Photon Factory and on beamline
147NW10A at the Photon Factory Advanced Ring, respectively, at the
148High Energy Accelerator Research Organization (Tsukuba, Japan).
149The Ru (1.0 wt %)−Ni (10 wt %)−ZrO2 sample powder (120 mg)
150was prepared in a Pyrex glass U-tube connected to a quartz XAFS cell
151(sample diameter Φ = 20 mm, thickness t = 1 mm). The sample in
152the U-tube was reduced under H2 at 723 K, then evacuated, and filled
153with CO2 (2.3 kPa) and H2 (21.7 kPa). The powder was subsequently
154transferred from the U-tube to the XAFS cell, which remained
155connected to the U-tube. The samples did not contact air throughout
156the experiments. The XAFS cell was equipped with polyethylene
157terephthalate (PET) film windows (Toyobo Film Solutions, Japan,
158G200X-38; t = 38 μm) to allow both UV−visible light and X-ray
159transmission. Then, the XAFS cell was immersed in an ethylene glycol
160(EG) bath at 295 K (Chart S2), which minimized bubble formation in
161the X-ray beam path during time-resolved monitoring at both the Ni
162and Ru K-edges. The sample was then irradiated with UV−visible
163light from a Xe arc lamp (Model MAX-350) at the beamline. X-rays
164were transmitted perpendicularly through the disk, whereas UV−
165visible light was incident at 45° relative to the X-ray direction. The
166distance between the light exit of the quartz fiber light guide and the
167sample was 5 cm. The light intensity at the sample position was 654
168mW cm−2. The monitoring without an EG bath was difficult because
169the PET windows melted during monitoring.
170At beamline 9C, the storage ring energy was 2.5 GeV with a ring
171current of 450 mA. At beamline NW10A, the storage ring energy was
1726.5 GeV with a ring current of 50 mA. A Si(1 1 1) double-crystal
173monochromator and a Si(3 1 1) double-crystal monochromator,
174along with Rh- and Pt-coated focusing bent cylindrical mirrors, were
175inserted into the X-ray beam paths at 9C and NW10A, respectively.
176At both beamlines, a piezo transducer was used to detune the X-ray
177intensity to two-thirds of the maximum to suppress high harmonics
178compared to primary X-rays. The Ni and Ru K-edge absorption
179energies were calibrated at 8331.65 and 22,119.3 eV, respectively,
180using spectra of Ni metal foil (5.0 μm thick) and Ru metal powder.14

181The obtained Ni and Ru K-edge XAFS data were analyzed using
182XDAP software, version 3.2.9.15 The empirical amplitude of
183oscillation was extracted from the EXAFS data for Ni and Ru metals
184as well as NiO and RuO2 powders. For Ni metal (lattice constant a =
1850.35238 nm), the interatomic distance (R) for the Ni−Ni pair was set
186to 0.24917 nm with a coordination number (N) of 12.16 For NiO (a
187= 0.4176 nm), the R values for the Ni−O and Ni−Ni pairs were set to
1880.2088 nm with an N value of 6 and to 0.2953 nm with an N value of
18912, respectively.17 For Ru metal (lattice constants a = 0.27059 nm, c =
1900.42815 nm), the R value for the Ru−Ru pair was set to 0.26780 nm
191with an N value of 12.16 We assumed that the many-body reduction
192factors were identical for both the sample and the reference.
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193 The temperatures of local Ni and Ru sites were monitored using
194 the Debye−Waller factor obtained from curve-fitting analysis in
195 XDAP and the correlated Debye model.18,19 EXAFS analysis indicated
196 that Ru atoms substituted for Ni atoms at the Ni metal surface, which
197 was further supported by structural optimization using DFT
198 calculations (see Section 3.4., photocatalytic CO2 reduction pathway).
199 The correlation between site temperature and the Debye−Waller
200 factor was calculated for both Ni and Ru sites (Figure S2A,B,
201 respectively) based on the Debye temperature for Ni (bulk 450 K;20

202 surface perpendicular translational motion ⊥: 208 K; surface parallel
203 translational motion ∥: 348 K21) using FEFF version 8.40.22

204 Calculations for Ru were performed using the Debye temperature
205 for Ni because the Ru atom was embedded in the Ni crystal (see
206 Section 3.2., Ni and Ru Site Structure and Temperature Analyses via
207 XAFS; Table S1).
208 In situ FTIR spectroscopy measurements were performed at 295 K
209 over a range of 4000−650 cm−1 using a Model FT/IR-4200
210 instrument (JASCO, Tokyo, Japan). Ru (1.0 wt %)−Ni (10 wt
211 %)−ZrO2 and Ni (10 wt %)−ZrO2 catalyst disks (71 mg each, Φ = 2
212 cm) were heated under H2 at 723 K in a quartz cell and then
213 transferred to a quartz FTIR cell inside a glovebox (UN-6509LCIY,
214 Unico, Japan). The sample disks were irradiated with UV−visible light
215 from a Xe arc lamp (Model MAX-350) through a quartz fiber light
216 guide. The distance between the fiber light exit and the sample disk
217 was 5 cm, and the light intensity was controlled between 90 and 900
218 mW cm−2. The energy resolution of the spectrometer was set to 1
219 cm−1, and data were accumulated over 512 scans (∼2 s per scan).

2.4. DFT Calculations

220 Spin-polarized periodic DFT calculations were conducted using the
221 Vienna Ab initio Simulation Package version 6.4.223 on a WJ9J-W231
222 Server comprising an Intel Xeon w9-3495X processor (1.9 GHz, 56
223 cores; Tsukumo, Japan) and a VT64 Server XS2-2TI comprising four
224 units of Intel Xeon Platinum 9242 processors (2.3 GHz, 48 cores;
225 Visual Technology, Tokyo, Japan). Additional computations were
226 performed using the supercomputer facilities at the Institute for Solid
227 State Physics, University of Tokyo, Japan. The projector-augmented
228 wave method was employed at the DFT-D3 level to account for van
229 der Waals interactions. The generalized gradient approximation
230 (GGA) with the revised Perdew−Burke−Ernzerhof (RPBE)
231 exchange−correlation functional was employed by setting a plane-
232 wave energy cutoff of 500 eV. Each optimized structure was obtained
233 at the D3 level employing the GGA−RPBE functional and adding a
234 Hubbard U parameter (4.0 eV) for Zr.24,25

235 The convergence criterion was set to 10−4 eV for the self-consistent
236 field cycle, and optimizations were considered converged when the
237 forces on all atoms were smaller than 0.1 eV Å−1 (Å = 0.1 nm), which
238 was small enough based on convergence tests (Table S3). All of the
239 atoms were fully relaxed during structural optimization. The Brillouin
240 zone was sampled with a 3 × 3 × 1 wavenumber vector k-point grid.
241 Transition states were pursued using the climbing-image nudged
242 elastic band (CI-NEB) method.26

243 The (1 1 1) surface of face-centered cubic (fcc) Ni, modeled with
244 (2 × 2 × 2) element unit cells, was chosen as the slab model, with a
245 vacuum spacing of 1.0 nm between slabs.27 Separately, a hemi-
246 spherical Ni19 cluster exposing the (1 1 1) face, based on the fcc
247 structure, and a Ni metal cluster in which one Ni atom was replaced
248 by a Ru atom (RuNi18) were combined with a monoclinic ZrO2(1 1
249 1) surface.27

250 The adsorption energy (Eads) of the adsorbate was calculated based
251 on eq 1

E E E Eads mol/slab mol slab=252 (1)

253 where Emol/slab, Emol, and Eslab are the total energies of the adsorbate on
254 the slab model, the isolated molecule in the gas phase, and the bare
255 surface, respectively.

3. RESULTS AND DISCUSSION

3.1. CO2 Reduction Tests Irradiated under UV−Visible
256Light
257Preliminary CO2 photoreduction tests were performed under
258CO2 (10 kPa), H2 (50 kPa), and UV−visible light irradiation
259(620 mW cm−2 at the photocatalyst) using Ru (0 wt %−2.0 wt
260%)−Ni (10 wt %)−ZrO2 photocatalysts (Table S2). The CH4
261formation rate reached a maximum when the Ru content was
2621.0 wt % (entry c). Therefore, the Ru (1.0 wt %)−Ni (10 wt
263%)−ZrO2 photocatalyst was chosen for subsequent photo-
264catalytic tests and characterization. Furthermore, the CH4
265formation rates were proportional to the square of the
266irradiated UV−visible light intensity using the catalysts,
267consistent with our previous study results.3

26813CO2 photoreduction tests were performed using isotopi-
269cally labeled 13CO2 (2.3 kPa) and H2 (21.7 kPa) with the Ru
270(1.0 wt %)−Ni (10 wt %)−ZrO2 photocatalyst under the
271irradiation of UV−visible light (568 mW cm−2 at the
272photocatalyst). The photoreactor was maintained in a water
273 f1bath at 295 K (Figure 1 and Chart S1) to suppress thermal

274reactions arising from light-to-heat conversion, and the results
275were compared with those obtained using Ni (10 wt %)−ZrO2
276photocatalyst (Figure 1). For both photocatalysts, the major
277product was 13CH4, and the 13CH4 formation rate using Ru−
278Ni−ZrO2 (21 μmol h−1 gcat

−1) was equivalent or slightly
279inferior to that observed with Ni−ZrO2 (26 μmol h−1 gcat

−1).
280The molar fraction of 12CH4 in total CH4 formation

281( )12CH
12CH 13CH

4

4 4+ was also very similar for both catalysts (5.0 mol

282%−5.2 mol %), corresponding to the ratio of 12CO2 adsorbed
283from air at VO

•• sites on the ZrO2 surface relative to the
284introduced 13CO2 gas (isotopic purity 99.0%) used as the
285reactant.3−5,12,13,27 These results indicate that the 1.0 wt % Ru

Figure 1. 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 (A) and Ni (10 wt %)−ZrO2 (B) catalysts.
Reactions were performed under UV−visible light irradiation at 568
mW cm−2 at the catalyst position with the photoreactor maintained in
a 295 K bath (1) and 568 mW cm−2 at the catalyst position without
the bath (2).
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286 in the photocatalyst had no effects on either the 13CH4
287 formation rate or the 12CH4 fraction under 13CO2 photo-
288 reduction in the 295 K water bath.
289 The photocatalytic test results under the 295 K bath (Figure
290 1B(1)) were compared with photocatalytic tests performed
291 under similar UV−visible light intensity (568 mW cm−2) in the
292 absence of the 295 K bath (panels A(2) and B(2)). Under
293 both reaction conditions, 13CH4 was the major product for
294 both Ru (1.0 wt %)−Ni (10 wt %)−ZrO2 and Ni (10 wt %)−
295 ZrO2 photocatalysts. However, 1.0 wt % Ru acted as an
296 effective promoter under the no-bath condition, in clear
297 contrast to the photocatalytic results under the 295 K bath. In
298 the absence of the 295 K bath, 2.3 kPa of 13CO2 was
299 completely converted within 1 h of UV−visible light
300 irradiation, corresponding to a 13CH4 formation rate of >7.9
301 mmol h−1 gcat

−1 for Ru (1.0 wt %)−Ni (10 wt %)−ZrO2
302 (Figure 1A(2)), which is >2.7× higher than the rate of 2.9
303 mmol h−1 gcat

−1 observed with Ni (10 wt %)−ZrO2 (panel
304 B(2)). These results suggest that the CO2 reduction pathway
305 differs depending on whether the reaction is conducted under
306 the 295 K bath or without the bath, both under UV−visible
307 light irradiation. The catalytic test result with an empty bath
308 (Figure S3) was essentially the same as that in Figure 1A(2).
309 The molar fraction of 12CH4 in total CH4 formation

310 ( )12CH
12CH 13CH

4

4 4+ was essentially constant at 0.8 mol %−1.0 mol

311 %, independent of the catalyst used without the bath,
312 significantly smaller than the total amount (1.3 mol %) of
313 the 12CO2 impurity in the 13CO2 reagent and 12CO2 adsorbed
314 on VO

•• sites from air (Supporting Information, Section 3.2),
315 demonstrating that 12CO2 on VO

•• sites at ZrO2 surface was
316 not included in the reaction pathway to CH4, in clear contrast
317 to these values of 5.0%−5.2% observed during tests conducted
318 under the 295 K bath in which the contribution of 12CO2 on
319 VO

•• sites at ZrO2 surface was suggested.
320 The 13CH4 formation rates using the Ru (1.0 wt %)−Ni (10
321 wt %)−ZrO2 catalyst differed by >380× between the presence

322and absence of the 295 K bath (Figure 1(2)). UV light of
323energy greater than the bandgap (5.0 eV) of ZrO2 was clearly
324irradiated under the kinetic reaction conditions as well as a
325minor interband impurity level contribution, e.g., VO

•• sites, for
326UV absorption (Section 3.1), strongly suggesting the photo-
327catalytic steps in the presence of a 295 K bath.3−5,12,13,27 The
328reason for the dramatic difference above is elucidated below in
329terms of distinct reaction pathways.

3.2. Ni and Ru Site Structure and Temperature Analyses
330via XAFS

331The Ni and Ru sites in Ru (1.0 wt %)−Ni (10 wt %)−ZrO2-
332723R were analyzed using XAFS spectroscopy. X-ray
333absorption near-edge structure (XANES) spectra at both Ni
334and Ru K-edges for the Ru−Ni−ZrO2-723R catalyst before
335photocatalytic testing resembled those of the corresponding
336 f2metals (Figure 2A(1),B(1)). However, the postedge oscil-
337lations became weaker compared to bulk metals, reflecting the
338lower probability of multiple scattering of photoelectrons in
339the Ru−Ni nanoparticles.
340Next, Ni K-edge EXAFS for Ru (1.0 wt %)−Ni (10 wt %)−
341ZrO2-723R under the 295 K bath was monitored in the
342presence of CO2, H2, and UV−visible light irradiation (654
343mW cm−2). In the Fourier transform, the peak intensity at 0.21
344nm (phase shift uncorrected) quickly decreased when the
345UV−visible light was turned on (Figure 2) and remained
346essentially constant during 90 min of light irradiation. By
347contrast, as soon as the UV−visible light was turned off, the
348peak rapidly increased, returning almost to its preirradiation
349intensity (Figure 2A(3)).
350These changes in peak intensity during UV−visible light-on
351and light-off periods were attributable to the corresponding
352increase and decrease in the Debye−Waller factor (σ) because
353the associated N and R values remained essentially unchanged
354(Figure S9). The σsample

2 value was calculated as the
355summation of σcorrelated Debye

2 (for standard metal crystal, Figure
356S2), σXDAP

2 (from curve-fit analysis of experimental data), and

Figure 2. XAFS results at the Ni (A) and Ru K-edges (B) for Ru (1.0 wt %)−Ni (10 wt %)−ZrO2-723R under the 295 K ethylene glycol bath using
CO2 (2.3 kPa), H2 (21.7 kPa), and the UV−visible light irradiation (654 mW cm−2). (1) Normalized X-ray absorption near-edge structure
(XANES) spectra compared with the corresponding metal references; (2, 3) Fourier transform of k3-weighted EXAFS under UV−visible light
illumination (2) and after turning the light off (3); (4) Time course of the Debye−Waller factor σ for the Ni−Ni (A) and Ru−Ni (B) interatomic
pairs, with the corresponding site temperatures evaluated using the correlated Debye model.
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357 σstructural disorder
2 (representing plausible contribution from metal

358 nanoparticles in the photocatalysts)

sample
2

correlated Debye
2

XDAP
2

structural disorder
2= + +

359 (2)

360 The values of σcorrelated Debye
2, σXDAP

2, and σstructural disorder
2

361 were determined to be 4.91 × 10−5, −1.03 × 10−5, and 2.10
362 × 10−5 nm,2 respectively, resulting in a σsample value of 0.00773
363 nm for the Ni sites (Figure 2A(4)) before UV−visible light
364 irradiation. This calculation assumes 67% dispersion of
365 spherical nanoparticles, corresponding to a mean particle size
366 of 1.6 nm based on the given N value28 and surface exposure of
367 the hemisphere on ZrO2 in the Ru (1.0 wt %)−Ni (10 wt %)−
368 ZrO2-723R photocatalyst.
369 By contrast, for the Ru sites, the values of σcorrelated Debye

2,
370 σXDAP

2, and σstructural disorder
2 were determined to be 3.97 × 10−5,

371 4.22 × 10−5, and 5.63 × 10−7 nm,2 respectively, providing a
372 σsample value of 0.00908 nm (Figure 2B(4)) before UV−visible
373 light irradiation, assuming complete surface dispersion of Ru
374 atoms on the Ni nanoparticle.
375 Based on the correlation between Ni site temperature and
376 the Debye−Waller factor for bulk and surface sites (horizontal
377 and vertical translational motions; Figure S2(A)) in the Ni
378 lattice, the σ value for Ni, which corresponded to 296 K before
379 light irradiation, increased to 399 ± 29 K under UV−visible
380 light for 90 min (Figure 2A(4)). It gradually decreased to the
381 temperature in the beamline hutch after the light was turned
382 off. As inner electron excitation (10−17−10−18 s)29 is faster
383 than charge separation in semiconductors under light (∼fs),30

384 only temperature change would affect the Debye−Waller factor
385 by the light irradiation. The PET window used for EXAFS cell
386 cuts the UV light of λ < 320 nm, but the effects seem
387 insignificant because Ru−Ni or Ni nanoparticles absorb the
388 whole range of th spectrum in the UV and visible light regions
389 (Supporting Information, Section 3.1).
390 Similarly, the correlation between Ru site temperature and
391 Debye−Waller factor for bulk and surface sites (horizontal and
392 vertical motions; Figure S2(B)) in the Ni lattice was calculated
393 based on a single Ru atom substitution at the surface of the Ni
394 lattice using Debye temperature values for Ni (Table S1d).20,21

395 By contrast, at the Ru K-edge, the σ value corresponding to
396 296 K before light irradiation changed negligibly, reaching 302
397 ± 12 K under UV−visible light irradiation for 300 min (Figure
398 2B(4)). After the light was turned off, the temperature
399 remained constant at 304 ± 8 K. As the single Ru atom is
400 embedded at the Ni nanoparticle surface (Scheme S2a) and is
401 coordinated exclusively to the surrounding Ni atoms, the
402 surface Debye temperature for Ni (vertical motion, 208 K) was
403 used. This trend was well reproduced under similar conditions
404 (Figure S10), and even if the corresponding Debye temper-
405 ature for Ru (295 K; Table S1e) was used in the correlated
406 Debye model, the Ru site temperature still showed a negligible
407 change.
408 Based on Ru K-edge XANES (Figure 2B(1)) and the mean
409 Ru−Ni interatomic distance of 0.240 nm (Figure S9B) for Ru
410 (1.0 wt %)−Ni (10 wt %)−ZrO2-723R, shorter than the Ru−
411 Ru interatomic distance of 0.26780 nm for Ru metal and even
412 the Ni−Ni interatomic distance of 0.24917 nm,16 the
413 possibilities of oxidized Ru and pure Ru nanoclusters are
414 neglected. The Ru−Ni coordination number of 4.1 (Figure
415 S9B) suggested an abnormally confined Ru atom in the surface
416 layer of the Ni nanocrystal. Experimentally, σ values for
417 confined Ru sites were greater by 0.0027−0.0035 nm

418compared to normal Ru metal10,31 and theoretically, Debye
419temperature decreased for subnm metal nanoparticle,32,33 in
420accord with greater σ value for confined Ru in this study
421(Figure 2A4,B4). Therefore, the correlated Debye model
422would not precisely monitor further increase of σ value under
423UV−visible light irradiation for such an abnormally confined
424and/or undercoordinated site (see Section S5).
425In contrast, Zr K-edge EXAFS monitoring for the Ni−ZrO2
426sample showed a minor temperature increase to 323 ± 6 K @
427142 mW cm−2 (Figure S11) or increase to 347 K @670 mW
428cm−2 for ZrO2 sample by IR camera (Figure S12A).
429Similar monitoring of local nanoparticle metal site temper-
430atures has been reported at Fe, Co, Ni, and Ag K-edge3−5,12

431and Au L3-edge,13 demonstrating site warming up to 317−459
432K (Table S1) in the absence of the 295 K bath. Herein,
433however, the monitoring was performed with the catalyst
434sample in a quartz cell under a 295 K bath (Chart S2). In both
435sample setups, the metal sites absorbed UV and/or visible
436light, converting the light energy to heat, forming hot spots, as
437discussed for surface-enhanced Raman spectroscopy using
438probe molecules on Au−Ag/Ag2S,34 Au/TiO2-poly(N-isopro-
439pylacrylamide),35 the small gaps between Au and W18O49 on
440TiO2

36 and between Au nanoparticles,37 plasmon difference
441between Au nanoparticles and nanorods,38 and theoretical
442analyses of photothermal heating of Au nanoparticle.39

443The irradiated light intensity corresponded to 0.65 J s−1 for a
4441 cm2 sample. Therefore, the temperature increase was <12 K
445s−1 and <11 K s−1 for the Ru−Ni−ZrO2 and Ni−ZrO2
446samples, respectively, based on the heat capacity of ZrO2
447(0.455 J g−1 K−1), Ni (0.444 J g−1 K−1), and Ru (0.238 J g−1

448K−1)3,16 in the absence of an EG bath, and >0.18 K min−1

449based on the heat capacity of EG (2.394 J g−1 K−1)16 when an
450EG bath was used. The observed temperature increase of Ni
451was >15 K min−1 (Figure 2A(4)). Thus, the system quickly
452reached a heat dissipation equilibrium at the Ni hot spot,
453where the light-induced heating was balanced by ZrO2
454(Figures S4−S6), the EXAFS quartz cell, and EG. Under the
455EG bath, the irradiated light intensity increased to 654 mW
456cm−2, compared to 90 mW cm−2 without the bath; however,
457the resulting Ni temperature remained similar, 391−399 K
458(Table S1c,d). The temperature achieved was determined by
459the light intensity and the presence or absence of the 295 K EG
460bath and was independent of the heat capacities of the
461nanoparticle metals (Table S1).16

462The conditions of the Ru−Ni−ZrO2 sample during EXAFS
463σ monitoring closely resemble the photocatalytic test
464conditions using 13CO2, H2, and UV−visible light irradiation
465at 568 mW cm−2 under the 295 K bath (Figure 1)), suggesting
466that the Ni and Ru temperature monitored via the EXAFS σ
467factor (Figure 2A(4),B(4)) reflect the reactivity of multiple
468hydrogenation steps converting COH species, transferred from
469VO

•• sites on the ZrO2 surface, into CH4 based on kinetic
470results4,5 and DFT calculations27 (see Section 3.4; Section
4713.1).
472When UV−visible light was not irradiated at 295 K, the
473

13CH4 formation rate was as low as 53 nmol h−1 gcat
−1 using Ni

474(10 wt %)−ZrO2,3 which is approximately 3 orders of
475magnitude lower than the rates of 21−26 μmol h−1 gcat

−1

476using Ni (10 wt %)−ZrO2 and Ru (1.0 wt %)−Ni (10 wt %)−
477ZrO2 under 568 mW cm−2 light with a 295 K bath (Figure
4781(1)), suggesting the contribution of charge separation in
479ZrO2 and/or photothermal effects of local metal sites under
480light irradiation.
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481 The warming of the Ni site to 399 ± 29 K for Ru (1.0 wt
482 %)−Ni (10 wt %)−ZrO2 (Figure 2A(4)) is consistent with the
483 proposed reaction pathway: CO2 adsorption on VO

•• sites at
484 the ZrO2 surface, followed by the transfer of COH species to
485 Ni or another metal nanoparticle surface, which is heated by
486 light to 317−459 K, enabling multiple hydrogenation reactions
487 (Table S1).3−5,12,13,27

3.3. Intermediate Monitoring via FTIR
488 The adsorbed species and reaction intermediates were
489 monitored under 13CO2, H2, and UV−visible light irradiation.
490 Using the Ni−ZrO2 sample, negligible peaks appeared under

f3 491
13CO2 and H2 at 295 K in the CO stretching region (Figure

f3 492 3B1(a),(b)). Upon irradiation with UV−visible light (90 mW

493 cm−2) for 1 h, a weak, broad peak appeared at 2015 cm−1 (d),
494 which was assigned to the 13CO stretching vibration (ν-
495 (13CO)) adsorbed on Ni atoms.3 However, the peak did not
496 grow well, even after 20 h of light irradiation (f). Intermittent
497 noise grew in Figure 3B(a)−(e) was basically owing to
498 photocatalytically, exothermically formed H2O via eq S2, in
499 accord with the intermittent noise also at 4000−3500 cm−1.40

500 The noise level varied due to the dew point at room
501 temperature (Figure 3A,B).
502 By contrast, using the Ru−Ni−ZrO2 photocatalyst, a broad
503 peak appeared at 1971 cm−1 under 13CO2 and H2 even before
504 UV−visible light irradiation (Figure 3A1(b)). Based on the
505 following correlation

c
k1

2
=

506 (3)

507and

0.97778
13

12

1
13

1
16

1
12

1
16

CO

CO

=
+

+
=

508(4)

509where ν̃ is the wavenumber, c is the speed of light, k is the force
510constant, and μ is the reduced mass of bonding atoms, the
511peak at 1971 cm−1 corresponds to the ν(12CO) peak on Ni
512atoms originating from 12CO2 adsorbed on VO

•• sites at the
513ZrO2 surface (1585 and 1342 cm−1; see Section 4, Figure
514S7A), compared to the ν(13CO) peak at 2015 cm−1. The
515ν(12CO) peak intensity increased by 40% under UV−visible
516light irradiation (90 mW cm−2) for 0.5 h (c). A new peak
517appeared at 1993 cm−1 as a shoulder after 2 h of light
518irradiation with a weak ν(13CO) peak on Ni at 2016 cm−1 (d).
519After 19 h of light irradiation, the peaks at 2016 and 1993 cm−1

520became the major features (e). The peak at 1993 cm−1 can be
521assigned to ν(13CO) of 13CO adsorbed on Ru atoms.
522When the UV−visible light intensity irradiating the Ru−Ni−
523ZrO2 photocatalyst increased from 90 to 900 mW cm−2

524(Figure 3A1(f)−(h)), both ν(13CO) peaks on Ni (2016
525cm−1) and Ru (1993 cm−1) disappeared, likely owing to
526desorption and/or conversion to CH4.
527The transformation of surface species was also followed in
528the C−H stretching region using Ru−Ni−ZrO2 (Figure
5293A(2)). Under 13CO2 and H2, a pair of peaks slowly grew at
5302943 and 2861 cm−1 over 2−19 h of UV−visible light
531irradiation (spectra d and e), corresponding to the
532antisymmetric ν(CHas) and symmetric ν(CHs) stretching
533vibrations of 13CH3 species.3

534By contrast, when the irradiation light intensity increased
535from 90 to 900 mW cm−2, the pair of peaks corresponding to
536ν(CHas) and ν(CHs) quickly disappeared, and the P branch
537(ΔJ = −1) of ν3 triplet stretching vibration of gaseous CH4
538catalytically formed appeared (spectra f−h). Together with the
539behavior of the ν(CO) peaks (Figure 3A(1)), this indicates
540that the 13CO and 13CH3 species on Ni and/or Ru either
541desorbed as CO and/or photoconverted to CH4 owing to the
542effect of Ru.
543The light intensity of 90 mW cm−2 was insufficient to fully
544activate the redox reactions over ZrO2 via charge separation.5

545However, the specific role of Ru atoms on Ni nanoparticles
546was suggested: they facilitated the splitting of 12CO2
547transferred from the ZrO2 surface to 12CO and the splitting
548of 13CO2 from the gas phase to 13CO on either Ni or Ru
549(Figure 3A1(a)−(e)). These reaction steps are likely
550responsible for the promoted 13CH4 formation observed with
551Ru−Ni−ZrO2 compared to Ni−ZrO2 (Figure 1A(2),B(2)).
552Under the high irradiation intensity of 900 mW cm−2, the
553adsorption equilibrium of 13CO2, its dissociation to 13CO, and
554subsequent multiple hydrogenation on the Ru−Ni surface
555occurred rapidly enough to allow observation of the
556intermediate species leading to CH4, consistent with the
557catalytic test results at 568 mW cm−2 without the 295 K bath
558(Figure 1A(2),B(2)).

3.4. Photocatalytic CO2 Reduction Pathway
559The pathway of photocatalytic CO2 reduction over metallic
560Ni0−ZrO2 photocatalyst has been reported via CO2 adsorption
561and one-electron reduction at the VO

•• sites on the ZrO2
562surface, followed by multiple hydrogenation steps of trans-
563ferred COH and/or CO species over the Ni0 surface, driven by
564heat generated from light energy absorbed by the Ni0

Figure 3. Time-course FTIR spectra: (1) CO stretching region: (A)
Ru (1.0 wt %)−Ni (10 wt %)−ZrO2-723R 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). (B) Ni (10 wt %)−ZrO2-723R (B) under 13CO2 (2.3 kPa) and
H2 (21.7 kPa) at 0 h (a), 1 h (b) under dark, and 0 h (c), 1 h (d), 4 h
(e), and 20 h (f) under UV−visible irradiation (90 mW cm−2). (2)
CHx stretching region: Ru (1.0 wt %)−Ni (10 wt %)−ZrO2-723R.
Intermittent noise basically owing to photocatalytically formed H2O40

appeared in spectra A(f)−(h) and B(a)−(e).
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565 nanoparticles,27 as evidenced in this study (Figure 2(4)). The
566 presence of VO

•• sites was confirmed based on the 13CO2
567 exchange reaction with 12CO2 adsorbed at VO

•• sites (Section
568 3.2) supported by DFT calculations with the CI-NEB

s1 569 method27(Scheme 1A(b),B′(b)).
570 The CO2 adsorbed at VO

•• sites was suggested to
571 hydrogenate to OCOH species, which was rate-determining
572 with Eact = 1.17 eV (Schemes 1B′(c),(d)). The following
573 dissociation step was facilitated at the VO

•• sites neighboring to
574 Ni−Ru or Ni nanoparticle with Eact = 0.32 eV to COH species
575 that was transferred to Ni−Ru or Ni surface leaving O atom at
576 the VO

•• site, in comparison to VO
•• sites of ZrO2 distant from

577 Ni−Ru or Ni nanoparticle with Eact = 1.18−1.30 eV to COH
578 or CO species.27

579 The following steps require lower Eact values than the rate-
580 determining step on ZrO2 from Schemes 1B′(c),(d). Among
581 several possible COH hydrogenation pathways, the route from
582 hydroxymethin (Schemes 1A(g),B′(g)) to methin (g′),
583 followed by hydrogenative dehydration (h), was found to be
584 the most favorable compared with other routes illustrated in
585 Scheme S1 (Section 6.3).
586 Next, the CO2 photoreduction route using the Ru (1.0 wt
587 %)−Ni (10 wt %)−ZrO2-723R photocatalyst was considered.
588 A hemispherical RuNi18 cluster exposing the Ni (1 1 1) surface
589 was combined with the monoclinic ZrO2 (1 1 1) surface
590 (Scheme S2). The N value for surface Ni sites with a mean size
591 of 1.6 nm (Figure S9A) is 8.0, while the observed N value for
592 Ru−Ni was ∼4.1 (Figure S9). When a Ru adatom was
593 structure-stabilized on the Ni (1 1 1) surface, the R value for
594 Ru−Ni initially appeared unrealistically short (0.23 nm),
595 demonstrating that a Ru atom replaced a Ni atom on the Ni (1
596 1 1) surface. The discrepancy in the N value for the Ru−Ni
597 pair likely reflects that a minor portion of the impregnated Ru
598 was oxidized, as suggested by the small positive shift of the Ru
599 K-edge compared to metallic Ru (Figure 2B(1)). In fact, a Ni
600 atom was substituted by a Ru atom at the Ni (1 1 1) surface,
601 and the structure of the system was stabilized. The mean R for

602Ru−Ni (0.250 nm) after structure stabilization (Scheme
603S2(a)) was similar to that of Ru−Ni (0.240 nm) based on
604EXAFS curve-fit analysis (Figure S9A) and the Ni−Ni distance
605(0.24917 nm) in a metallic Ni crystal.16 This surface site
606substitution model is in accord with previously reported Ru
607site models in the literature.8−10

608The reduction pathway and energy diagram were compared
609between the RuNi18 cluster exposing the (1 1 1) face and the
610Ni19 cluster exposing the (1 1 1) face, both combined with the
611ZrO2 (1 1 1) surface. The pathways from CO2 to CH4 over the
612binary sites of ZrO2 and the nanocluster of Ni and/or Ru
613atoms were very similar for both Ru−Ni−ZrO2 and Ni−ZrO2

614(Schemes 1B,B′). The most favorable route shared a common
615Eact of 1.17 eV for the hydrogenation of adsorbed CO2 at the
616VO

•• site (species c and d), followed by the second highest
617energy step, the hydrogenative hydration of methin from g′ to
618h, with an Eact of 0.75 eV over the single Ru−Ni sites,
619resembling 0.70 eV for the same step over Ni sites.
620Thus, Ru exhibited no promotion effect in the photocatalytic
621route from CO2 to CH4, consistent with the negligible effect of
622Ru (19% decrease, Figure 1B(1)) observed in the photo-
623catalytic reduction tests under a 295 K water bath. Across the
624entire pathway from CO2 to CH4, the hydrogenation of CO2

625adsorbed on VO
•• sites at the ZrO2 surface to form OCOH

626species (Schemes 1A,B, and B′(c),(d)) required the highest
627Eact of 1.17 eV.
628The observed molar fraction of 12CH4 formation

629( )12CH
12CH 13CH

4

4 4+ of 5.0 mol %−5.2 mol % (Figure 1B(1)),

630apparently greater than the 1 mol % 12CO2 impurity in the
631

13CO2 reagent, for both Ni−ZrO2 and Ru−Ni−ZrO2 photo-
632catalysts, indicates the contribution of the ZrO2 surface to
633photocatalysis via CO2 adsorption and the subsequent
634reduction step via charge separation in ZrO2 (Scheme 1).

Scheme 1. Proposed Photocatalytic Reaction Pathway and Corresponding Free Energy Calculations for CO2 Photoreduction
to Proceed Over (A,B) Single Ru−Ni−ZrO2 and (B′) Ni−ZrO2 Photocatalysts

a

aFor the Ni−ZrO2 photocatalyst, the surface metallic sites are Ni3 and Ni sites, rather than the Ni2Ru and Ru sites illustrated in panel A.
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3.5. Thermal CO2 Reduction Pathway and the Effects of Ru

635 Finally, the pathway of thermal CO2 reduction was evaluated,
636 which is controlled exclusively by heat generated from light
637 energy and is unaffected by charge separation in the
638 semiconductor, owing to light irradiation. Under these catalytic
639 conditions, the effects of single Ru atom substitution were
640 evaluated based on DFT calculations with the CI-NEB
641 method.
642 In thermal catalysis, the major role of ZrO2 is to disperse Ni
643 and/or Ru nanoparticles on the ZrO2 surface, and the effect of
644 its amphoteric nature and strong metal−support interaction is
645 very limited. Thus, all steps along the pathway from CO2 to
646 CH4 were assumed to occur on the Ni (1 1 1) surface, with

s2 647 one Ni atom substituted by a Ru atom (Schemes 2A and S3a).
648 The catalytic effect of a single Ru atom embedded in the
649 metallic Ni surface was clearly identified in the adsorption
650 stage of CO2 (Schemes 2B,B′). CO2 adsorbed on the Ru atom
651 via an O atom (μ1−OCO; Scheme 2A(b)) with an Eads of

652−0.23 eV (Scheme 2B(b)) and was subsequently transformed
653to a 3-fold bridging adsorption via the C atom at the RuNi2 site
654(μ3-CO2; Scheme 2A(b′)) with an Eads value of −0.07 eV
655(Scheme 2B(b′)). By contrast, CO2 adsorbed on a Ni atom via
656the O atom with an Eads of −0.23 eV (Scheme 2B′(b)) did not
657convert to the μ-CO2 state in the absence of a Ru atom. Similar
658promotional effects of CO2 adsorption have been reported for
659single Ru atoms alloyed with Ni or Cu to enhance CO2
660reduction.8−10

661The Eact value for μ3-CO2 dissociation into CO and O
662species was 0.45 eV on the Ni2Ru site (Schemes 2A,B(b′),(c))
663while the Eact value for μ1-OCO to directly dissociating into
664CO and O species was significantly higher at 0.79 eV on the
665Ni3 site (Scheme 2B′(b),(c)) mostly because the C�O
666moiety of the μ1-OCO species could not effectively approach
667the Ni surface.
668In the following steps from dissociated CO species to CH4,
669the reaction pathways were essentially identical on the single

Scheme 2. (A) Proposed Thermal Reaction Pathway and Corresponding Free Energy Calculations for CO2 Reduction Using
(B) Ni−ZrO2 and (B′) Single Ru−Ni−ZrO2 Photocatalysts

a

aFor the Ni−ZrO2 photocatalyst, the surface metallic sites are the Ni3 and Ni sites, rather than the Ni2Ru and Ru sites illustrated in panel A.

Scheme 3. Mechanistic Comparison of Photocatalytic (A) and Thermal CO2 Reduction to CH4 Converted From Light Energy
(B)a

aArrhenius plot for the reaction of CO2 and H2 using Ru (1.0 wt %) By contrast, CO2Ni (10 wt %) By contrast, CO2ZrO2 at 323−473 K heated by
heater is compared to the 13CH4 formation rate in the photocatalytic reduction using 13CO2, H2, and Ru (1.0 wt %) By contrast, CO2Ni (10 wt %)
By contrast, CO2ZrO2 irradiated by UV−visible light (568 mW cm−2) under a 295 K bath (Figure 1(1) and Chart S1). In the latter test, the Ni site
temperature increased to 399 K (Figure 2B(4)), while the ZrO2 site remained at 323 K.
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670 Ru−Ni surface (Scheme 2B) and the Ni surface (Scheme 2B′),
671 with the highest common Eact of 1.73 eV for the conversion of
672 CO species to COH species at the Ni2Ru (Scheme 2A,B(e),
673 (f)) and Ni3 sites (Scheme 2B′(e),(f)).
674 In summary, as the UV−visible light intensity increases,
675 thermal effects on Ru−Ni dominate over redox reactions
676 driven by charge separation in ZrO2 induced by light. In the
677 photothermal pathway, CO2 is stabilized on sites associated
678 with the Ru atom, facilitating its dissociation into CO, in clear
679 contrast to pure Ni surfaces, where CO2 stabilization is
680 minimal. This kinetic difference clearly accounts for the >2.7×
681 promotion of the CO2 conversion rate into CH4 by adding a
682 Ru atom under UV−visible light irradiation at 568 mW cm−2

683 in the absence of a 295 K bath (Figure 1A(2)). The molar

684
fraction of 12CH4 formation ( 12CH

12CH 13CH
4

4 4+
) of 0.8 mol %−1.0

685 mol %, nearly matching the molar ratio of 12CO2 (1.0 mol %)
686 in 13CO2 reagent, indicating that the ZrO2 surface plays a
687 negligible role in catalysis under these conditions and that
688

12CO2 adsorbed at surface sites does not reach equilibrium
689 with 13CO2 during the reaction pathway, as depicted in

s3 690 Scheme 3B.
691 The critical difference between photocatalytic CO2 reduc-
692 tion and thermal CO2 reduction driven solely by light-induced
693 heating is summarized in Scheme 3. The thermal reaction
694 follows simple Arrhenius kinetics with an Eact value of 38.6 kJ
695 mol−1 (Scheme 3A(b)), along the reaction pathway over the
696 Ru−Ni surface (Scheme 2A). By contrast, for the photo-
697 catalytic reaction, the local temperature at the Ni site needs to
698 be monitored using site-specific techniques,3−5,12,13,32−37

699 which was measured at 399 K (@654 mW cm−2, Figure
700 2A(4)). This accounts for a 1.72-fold promotion of CH4
701 formation compared to the rate predicted by simple Arrhenius
702 kinetics (Scheme 3A, arrow on the left). Meanwhile, the ZrO2
703 sites reached 323 K @142 mW cm−2 (Figure S11) or 347 K @
704 670 mW cm−2 (Figure S12A), corresponding to a 9.8-fold
705 enhancement compared to the Arrhenius plot under the light
706 irradiation of 670 mW cm−2 (Scheme 3A, arrow on the right).
707 These results clearly demonstrate a combinational pathway in
708 which initial CO2 photoreduction occurs via charge separation
709 in ZrO2 as supported by the 12CH4 ratio of 5.0 mol %−5.2 mol
710 % (Figure 1(1)) and the substitution of 12CO2-derived 12CO
711 by 13CO2-derived 13CO leading to CH4 (Figure 3), followed by
712 multiple hydrogenation steps on the Ni surface (Scheme 1A).
713 As also discussed in cathodic CO2 reduction pathways, further
714 reduction of CO/COH intermediates to hydrocarbons often
715 requires a metal surface,41 presumably serving as a hot spot,
716 similar to the Ni sites in this study.

4. CONCLUSIONS
717 The origin of the catalytic reaction for CO2 reduction under
718 UV−visible light irradiation was thoroughly investigated using
719 Ru−Ni−ZrO2 and Ni−ZrO2 catalysts, based on kinetic tests
720 conducted with or without a 295 K water bath, Ni and Ru K-
721 edge EXAFS, FTIR, and DFT calculations with the CI-NEB
722 method. Under UV−visible light irradiation at an intensity of
723 568 mW cm−2 in the absence of a 295 K bath, the CH4
724 formation rate using the Ru−Ni−ZrO2 catalyst was >2.7×
725 higher than that using the Ni−ZrO2 catalyst. This enhance-
726 ment occurred because the reaction proceeded exclusively on
727 the Ru−Ni or Ni surface owing to heat generated from light
728 absorption. The dissociation of CO2 into CO was the key
729 promoted by the Ru atom, with Eact = 0.45 eV, compared to

7300.79 eV on a pure Ni nanoparticle surface. By contrast, under
731UV−visible light irradiation at an intensity of 568 mW cm−2

732with the quartz reactor maintained at 295 K, the Ni site
733behaved as a hot spot, as probed by the Debye−Waller factor,
734reaching 399 ± 29 K under CO2, H2, and UV−visible light
735irradiation. This hot spot did not mean simple photothermal
736catalysis in the absence of the 295 K bath; the CH4 formation
737rate on Ni at 399 K, in thermal equilibrium with ZrO2, the
738reactor, and H2O/EG under the 295 K bath, was 1.72 times
739higher than the rate predicted by a simple photothermal
740reaction at 399 K. This demonstrates the combined effect of
741local heating and the reduction of CO2 to COH at the VO

••

742site as supported by DFT calculations via charge separation in
743ZrO2 induced by UV and/or visible light irradiation.
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