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A syngas was generated at a near-unity H2/CO ratio independent of the reactant gas composition over Rh-loaded strontium titanate in the photo-induced dry reforming of methane. Moreover, light irradiation inhibited side reactions, such as the reverse water gas shift reaction and the precipitation of the solid-state carbon. These results was not explained by thermodynamic equilibrium, but was presumably owing to the unique effect of the photogenerated electron-hole pairs. 
Syngas is a valued industrial material for the production of various chemicals, such as alcohols, hydrocarbons (produced via Fischer-Tropsch synthesis (FTS)), and aldehydes (produced via the oxo-process), that is composed of H2 and CO.1 Dry reforming of methane (DRM: CO2 + CH4 → 2CO + 2H2, H = +247 kJ mol-1) is one of the most important reactions for generating syngas from the two major greenhouse gases, CO2 and CH4. The optimal H2/CO ratio of DRM syngas (1:1) is ideal for the industrial oxo-process.2 However, stoichiometric syngas production in DRM is challenging. During thermal catalysis, the H2/CO ratio approaches unity at high temperatures, such as 800 °C,3–5 under ideal reactant gas composition—CH4/CO2 = 13,6,7. This is observed because side reactions, such as the reverse water gas shift reaction (RWGS)8,9 and the precipitation of solid-state carbon (coking)10,11, are more likely to occur at low temperatures and under CO2-rich or CH4-rich atmospheres, according to thermodynamic equilibrium considerations12.
	Recently, photo-induced catalysis systems have garnered attention as alternatives to conventional thermal catalysis, because they can enhance catalytic activity and modify product selectivity.13–16 Previous studies showed that hot electrons in metals or excited charge carriers in semiconductors can enhance catalytic reactions; additionally, these photo-induced systems can approach or exceed the thermodynamic equilibrium limitations.17–19 For example, Shoji et al. generated a stoichiometric syngas with a yield greater than 50 % for H2 and CO without an additional heat input using Rh loaded strontium titanate (SrTiO3) under UV irradiation.18,20 In addition to improving the reaction rate, previous studies attempted to control the H2/CO ratio in photo-induced DRM reactions. These studies successfully achieved near stoichiometric syngas production, suggesting that stoichiometric syngas production is possible in a photo-induced system when the reactant gas ratio of CH4/CO2 is one.21–23 During photo-induced catalysis, redox reactions can be driven by photoexcited electron-hole pairs; thus, the oxidation and reduction of DRM are hypothesized to proceed equally, even when the ratio of the reactant gases is changed.
	Herein, syngas was successfully produced with a near-unity H2/CO ratio using Rh-loaded SrTiO3 (Rh/STO) under UV irradiation that was independent of the reactant gas composition. The H2/CO ratio was constricted between 0.72–1.3 (0.11–1.74 under dark), even when the reactant gas composition of CH4/CO2 largely changed from 1/9 to 9. These results were not obtained using previously reported thermal reaction systems. This study demonstrates the unique effect of photons on a light-irradiated catalytic system, in which the effects of light and heat are controversial. During this photo-induced process, the photoexcited electron-hole pairs likely induced the oxidation and reduction of DRM reactions in equal proportion. The present findings enable the continuous production of stoichiometric syngas even when exposed to unstable gas compositions within the supply stream of the DRM gas.
	The Rh/STO catalyst was synthesised using a wet impregnation method as described in the electronic supplementary information (ESI †, Note 1). Figure 1 shows the transmission electron microscopy (TEM) images of the Rh/STO catalysts. The STO particle size was approximately 50 nm, and the Rh nanoparticles were loaded at an average size of 2.6 nm. The annular dark-field (ADF) scanning TEM (STEM) image (Fig. 1 (c)) and fast Fourier transform (FFT) patterns (Fig. 1 (d,e)) show that the Rh(100) faces were epitaxially grown on the STO(100) faces. The average interlayer spacings of Rh(100) and STO(100) faces were 0.38 nm and 0.39 nm, respectively, consistent with 
Fig. 1 TEM images of Rh/STO: (a) at low magnification ( 100 k) and (b) at high magnification ( 800 k). (c) ADF-STEM image of an Rh nanoparticle on the STO surface. The FFT patterns for (d) Rh and (e) STO.
those ones in the JCPDS cards (00-005-0685 and 00-035-0734). The X-ray diffraction (XRD) pattern of the Rh/STO powder is shown in Fig. S1 (ESI †). Most of the diffraction peaks were assigned to the perovskite crystal structure of SrTiO3 (JCPDS, 00-035-0734). The small impurity peak at 2θ = 27.8 was assigned to the largest peak of rutile TiO2 (JCPDS, 01-071-4809). No metallic Rh peaks were observed because of its small size or low loading quantity. The quantity of Rh introduced into the impregnation process was 2.0 wt% versus SrTiO3; however, the actual loaded quantity of Rh was 1.8 wt%, as confirmed by X-ray fluorescence (XRF) analysis. Scanning electron microscopy (SEM) and EDS mapping show the presence of Rh nanoparticles on STO (Fig. S2 (ESI †)). Based on SEM and EDS mapping, the size of aggregated STO particles was below 20 µm and Rh nanoparticles were dispersed on the surface of STO.
[bookmark: _Hlk173661998]	Ultraviolet–visible diffuse reflectance spectroscopy (UV–vis DRS) was used to investigate the optical properties of the catalysts. Rh/STO and STO exhibit strong light absorption below 380 nm (Fig. S3 (ESI †)). The bandgap values were determined using Tauc plots (Fig. S4 (ESI †)) and the estimated band gaps of Rh/STO and STO were 3.3 eV and 3.2 eV, respectively, which were similar to the reported bandgap of STO.24 The light spectrum of a Hg–Xe lamp used during photocatalysis analysis is shown in Fig. S5 (ESI †). Visible light absorption by the Rh metal over 400 nm was observed, thus we investigated the contribution of visible light to the DRM activity by using an optical cutoff filter (see our Supporting Information, Fig. S6 (ESI †)). However, the effect of visible light irradiation was negligible under the same surface temperature condition. These results indicate that the bandgap excitation under UV light is the dominant process to drive the DRM reaction.2 nm
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 Fig. 2 The reactant gas composition dependence of the thermodynamic equilibrium, which was calculated using CEA. Calculation conditions: 800 °C, 1 atm.
	Before the experimental catalysis evaluations, the thermodynamic equilibrium at various temperatures and the DRM reactant gas compositions were calculated to predict the product gas composition in a thermal catalysis system. The calculation method is described in Note 2 (ESI †). The experimental surface temperature of Rh/STO under UV irradiation was 427 C, as determined using a radiative thermometer; however, the DRM activity was limited under such low temperatures by thermodynamic restriction (ESI, Fig. S7). Therefore, the temperature was set to 800 C for the equilibrium calculation of the reactant gas composition dependence because this temperature was generally used in thermal catalytic DRM systems25. Figure 2 shows the mole fractions of H2, CO, CH4, CO2, H2O, and solid-state carbon (C(gr)) versus the reactant gas composition (CH4/(CH4 + CO2)). In addition to the DRM reaction, two side reactions can also occur, as shown in Fig. 2. When the reverse water gas shift reaction (RWGS: CO2 + H2 → CO + H2O, H = +41 kJ mol-1) occurs under CO2-rich conditions, the H2/CO ratio decreases. In contrast, the H2/CO ratio increases when the CH4 decomposition reaction occurs (CH4 → C + 2H2, H = +75 kJ mol-1) under CH4-rich conditions. The unity of H2/CO ratio is only achieved when the concentrations of CO2 and CH4 are nearly equal.
	Figure 3 (a) shows the H2/CO ratios under varying ratios of CH4/(CO2 + CH4)—from 0.1 to 0.9—over Rh/STO. Under dark conditions at 800 °C, the trend of the H2/CO ratio (blue squares) was consistent with that of the calculated thermodynamic equilibrium under excess CO2. This observation occurred because of the RWGS reaction. However, the H2/CO ratio at 800 °C was lower than that of the calculated thermodynamic equilibrium under excess CH4. The difference between the experimental and calculated results under excess CH4 could be attributed to the slow reaction rate of coking, which did not reach equilibrium. Compared with dark conditions at 800 °C, the H2/CO ratios converged from 0.72 to 1.3 under UV light irradiation at 150 °C. Therefore, the generated H2/CO ratio was stable and independent of the composition of the reactant gas in the light-irradiated system. These results suggest that the photoexcited electron-hole pairs equally induce oxidation and reduction reactions, and the stoichiometric DRM reaction 
Fig. 3 The reactant gas composition dependence of (a) H2/CO, and (b) H2 and CO production rates under dark and light irradiation conditions. Reaction conditions: 15 mL min−1 of ﬂow rate, 15 mg of catalyst, and 150 W Hg–Xe lamp.(a)
(b)

proceeds despite the changing chemical compositions in the source DRM gas stream. Figure 3 (b) shows the production rates of H2 and CO at ratios of CH4/(CO2 + CH4) varying from 0.1 to 0.9. The trends in the production rates of H2 and CO exhibited broader volcano shapes under light irradiation than those under dark conditions. Under dark conditions at 800 ˚C, the production of H2 significantly decreased in the CH4-poor region (the left side of the graph) where CO was produced. However, H2 production was sustained under light irradiation, even though the production of CO was lower than that under dark conditions. The consumption rates of CH4 and CO2 were nearly equal under light irradiation over a wide range of the reactant gas composition (ESI †, Fig. S8). These results support the hypothesis that photoexcited electron-hole pairs drive the stoichiometric DRM reaction independently of the reactant gas composition. The present trends in the reactant and produced gas compositions differed from those of photo-thermal systems in previous studies26–28. For example, Takami et al.26 showed that photo-thermal heating of Rh nanoparticles by irradiating Xe lamp (> 430 nm) enhanced the high-temperature reaction field for DRM, resulting in syngas production (H2/CO = 0.5–0.7) under a reactant gas ratio of CH4/(CO2 + CH4) ≈ 0.44. In their photo-thermal system, the driving force of the DRM reaction is heat; therefore, the H2/CO ratio should follow thermodynamic equilibrium. 
[bookmark: _Hlk163824126]	The stoichiometry of the photo-induced and thermal reactions were assessed through the C balance. As shown in Fig. 3 (a), the H2/CO ratio under CH4-rich conditions (CH4/CO2 = 0.9) at 150 C under light irradiation was lower than that at 800 C under dark conditions. The quantity of C-containing gases (CH4, CO2, CO) between the inlet reactant gas and the outlet product gas for light-irradiated and dark conditions were compared (ESI †, Fig. S9). The percentage of C-containing gases reduced by the reaction under the light-irradiated conditions was 1.7 %, approximately one-fifth of the percentage under dark conditions (7.9 %). These results suggest that coking occurs more frequently in the dark. Therefore, the quantity of carbon precipitation under light irradiation and dark were assessed using Raman spectroscopy and thermogravimetry-differential thermal analysis (TG-DTA). For both measurements, the sample obtained after the reaction under CH4-rich conditions (CH4/CO2 = 9) was used. As shown in Fig. S10 (ESI †), G-band (1584 cm-1) and D-band (1289 cm-1) carbon vibrations29 were observed in the sample only after the reaction under dark conditions. The results of TG-DTA are shown in Fig. S11 (ESI †). Significant weight loss and exothermic heat flow were observed at 317 °C and 427 °C for the sample after the reaction under dark conditions at 800 °C, which were attributed to the combustion of the precipitated carbon species. In contrast, limited weight loss and endothermic heat flow were observed for the sample after the reaction under light irradiation at 150 °C. These signals were attributed to physical and chemical water desorption rather than to carbon combustion. The consumption rates of the reactant gases under excess CH4 (CH4/CO2 = 9) and dark conditions were higher than those under light irradiation (ESI †, Fig. S8). However, the carbon signal of the Raman spectrum and TG-DTA under light irradiation were negligible (ESI †, Fig. S10 and S11). These differences could not be explained by the different consumption rates between the light-irradiated and dark conditions. They indicate that light irradiation inhibits carbon formation, even under excess CH4.
	Water production was assessed using online quadrupole mass spectrometry (Q-Mass) during the reactions under an atmosphere of CH4/CO2 = 1/9. The Q-Mass signal of water (m/z = 18) was only detected under dark conditions (ESI †, Fig. S12). The consumption rates of the reactant gases under excess CO2 (CH4/CO2 = 1/9) and dark conditions were similar to those under the light irradiated conditions (ESI †, Fig. S8). However, water generation was negligible under light irradiation. These results indicate that light irradiation inhibits water generation from the RWGS, even under excess CO2.
[bookmark: _Hlk174033862]	According to Shoji et al18,20 and Kushida et al. 30,31, the photogenerated charge carriers and oxygen ions in metal-oxide semiconductors play important roles in stoichiometric DRM reactions. Electron spin resonance (ESR) and Kelvin probe force microscopy (KPFM) showed that under UV light irradiation, charge separation occurred as electrons accumulated in the Rh nanoparticles and holes accumulated in the STO near the interface of the Rh nanoparticles18,31. These dual active sites are known to balance the conversion of CH4 and CO2 eﬀectively32. After CO2 was reduced by electrons in the Rh nanoparticles to generate CO, residual oxygen ion would migrate through the lattice oxygen ions to the residual carbons, which were generated from CH4 oxidation. Previous studies demonstrated the mediation of lattice oxygen ions through isotope trace experiments18 and gas-phase electrochemical studies using an oxygen-ion conductor electrolyte30. These active lattice oxygen ions would effectively remove carbon from the catalyst surface, even under CH4-rich conditions. Furthermore, the separated redox reaction sites may lead to the suppression of the RWGS, even under CO2-rich conditions, where there was little contact between the CO* species produced from CO2 reduction and the H* species produced from CH4 oxidation.
	The Rh/STO catalyst under UV light irradiation demonstrated sustained syngas production with an H2/CO ratio near unity, independent of the reactant gas composition. The photoexcited electron-hole pairs balanced the oxidation and reduction reactions and achieved the stoichiometric DRM reaction. In addition to stable syngas production at a constant H2/CO ratio, the photo-induced system has the advantage of suppressing the RWGS and coking, even under excess CO2 and CH4 conditions. These findings contribute to the understanding of the effect of photoirradiation on catalytic reactions and suggest that nonthermal effects are dominant in metal-nanoparticle-modified semiconductor systems. They are not expected to be limited to specific Rh/STO catalysts or specific DRM reactions but can be applied to various photo-induced reaction systems.
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