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Abstract 19 

The development and comprehension of supported metal catalysts for CO2 hydrogenation is of 20 

paramount importance in mitigating the net CO2 emissions. Supported Ru catalysts have been 21 

widely recognized in facilitating CO2 methanation, on which recent findings suggest that the CO2 22 

hydrogenation process can be manipulated to favor the reverse water-gas shift (RWGS) pathway 23 

by precisely adjusting the size of Ru particles. However, the size-dependent impact of Ru remains 24 

a topic of lively debate. In this work, Ru/MgO catalysts with Ru in the form of single atoms (Ru1) 25 

and atomic single-layer (RuASL) structures were prepared for CO2 hydrogenation. The 1.0Ru/MgO 26 

catalyst (with 1 wt.% of Ru), featuring a mixture of Ru1 and RuASL with a size of 0.6-1.0 nm, 27 

showed the highest CO yield (38% at 500 °C) with balanced CO2 conversion and CO selectivity. 28 

Transient CO2 hydrogenation and temperature-programmed surface reaction (TPSR) studies 29 

suggested that the adsorbed CO2 species participated in CO2 hydrogenation. On Ru1 sites, CO2 30 

hydrogenation followed the RWGS pathway, resulting in the production of CO. In contrast, on 31 

RuASL sites, the enhanced H2 dissociation ability, along with the presence of adsorbed bidentate 32 

and monodentate carbonate species at the Ru-MgO interfaces, facilitated the formation of CH4 33 

through the CO2 methanation pathway. This study highlights the critical roles of Ru structure and 34 

local environment in defining the CO2 hydrogenation pathways and provides new design principles 35 

for highly active Ru-based catalysts. 36 

Keywords: CO2 hydrogenation; Ru/MgO; Single-atom catalyst; Atomic single-layer structure; 37 

Reaction mechanism.  38 
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1. Introduction 39 

Catalytic CO2 hydrogenation holds significant promise to convert CO2, a major greenhouse 40 

emission, to high-value products, including fuels and essential building blocks in the chemical 41 

industry.[1-3] At atmospheric pressure, this process primarily results in the formation of CH4 42 

through CO2 methanation,[4, 5] and CO through the reverse water-gas shift (RWGS) reaction[6, 43 

7]. CO2 methanation serves the purpose of generating synthetic natural gas,[8, 9] while RWGS 44 

produces CO,[6, 10] a versatile raw material for producing value-added products through 45 

processes such as the Fischer-Tropsch synthesis.[1, 6, 11, 12] For CO2 hydrogenation, the catalyst 46 

ability to activate H2 and/or facilitate CO desorption plays a pivotal role in determining the 47 

dominant reaction pathway.[13, 14] It is generally agreed that a more favorable CO desorption 48 

capability and a weaker H2 activation ability will better facilitate the RWGS pathway. In supported 49 

metal catalysts, large metal clusters typically prove advantageous for H2 activation, thus 50 

facilitating deep CO2 reduction and suppressing CO production.[15] Conversely, metal single 51 

atoms or small clusters exhibit lower activity in H2 activation, resulting in a higher CO selectivity 52 

via the RWGS pathway. Accordingly, whether it is the relatively low CO selectivity on large metal 53 

clusters or the poor CO2 hydrogenation activity on metal single atoms or small clusters, both 54 

scenarios lead to a diminished CO yield in CO2 hydrogenation. Therefore, to enhance the 55 

efficiency of CO production, precise control of metal structure and size becomes imperative, thus 56 

striking the right balance between CO2 hydrogenation activity and CO selectivity. 57 

Supported ruthenium (Ru) catalysts are typically considered one type of the most active and 58 

stable catalysts for CO2 methanation due to their capability to dissociate H2 and bind CO.[3, 16-59 

23] However, recent findings suggest that the CO2 methanation pathway on Ru catalysts could be 60 

altered towards the RWGS pathway.[24-26] For example, by constructing strong metal-support 61 

interaction in Ru-MoO3 catalyst using CO2 hydrogenation reaction gas at 250 °C, it was possible 62 

to create MoO3-x overlayers on Ru particles within the Ru@MoO3-x catalyst.[25] Consequently, 63 

the initially observed 100% CH4 selectivity on Ru-MoO3 could be transformed to an impressive 64 

selectivity of over 99% CO on Ru@MoO3-x, while maintaining excellent activity and long-term 65 

catalytic stability. Additionally, the H-SiO2@Ru@SiO2 catalyst by encapsulating 1 nm Ru clusters 66 

within hollow silica shells has shown remarkable performance in CO2 hydrogenation.[26] This 67 

catalyst not only demonstrated outstanding CO2 reduction activity but also exhibited nearly 100% 68 

selectivity for CO. In addition, recent studies have also suggested that the size of Ru clusters played 69 
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a crucial role in determining the CO2 hydrogenation pathway. When supported on Al2O3, it was 70 

reported that Ru single atoms and small clusters exhibited high selectivity towards the RWGS 71 

pathway, whereas larger Ru particles tend to favor CH4 formation.[27] In the case of Ru 72 

nanoparticles supported on CeO2, an oxidative pretreatment could induce the redispersion of Ru 73 

nanoparticles into atomically dispersed sites, and result in a complete switch in the performance 74 

from a well-known selective methanation catalyst to an active and selective RWGS catalyst.[24] 75 

However, it is important to note that the size-dependent effect is still a subject of debate in the 76 

literature, as numerous reports suggest that the supported Ru-based materials are effective CO2 77 

methanation catalysts, regardless of whether the Ru species exist as single atoms or clusters.[5, 78 

28-31] For instance, either it was Ru-doped CeO2[31] or Ru single atoms and clusters (1-3 nm) 79 

supported on CeO2,[28] they all functioned as active methanation catalysts demonstrating >99% 80 

CH4 selectivity. 81 

To elucidate how Ru structure and local environment affect the CO2 hydrogenation pathway 82 

and to unveil the active Ru sites responsible for achieving high CO yield via the RWGS reaction, 83 

herein, we proposed a catalytic system comprising MgO as a support and Ru species with varying 84 

sizes and structures as the active sites. MgO was chosen as the support material because, as a Lewis 85 

base, it is effective in capturing CO2.[32, 33] Moreover, MgO can effectively mitigate catalyst 86 

deactivation arising from active site sintering and carbon deposition (i.e., coking).[34, 35] Our 87 

study revealed that the Ru species ranging from single atoms to large clusters could be synthesized 88 

by increasing the Ru density on the MgO support. As the size of the Ru clusters in Ru/MgO 89 

increased, we observed a corresponding increase in the CO2 hydrogenation activity. Among all the 90 

catalysts tested, 1.0Ru/MgO (with 1 wt.% of Ru) showing both Ru single atoms (Ru1) and Ru 91 

atomic single-layer (RuASL, with cluster size of ca. 0.6-1.0 nm) achieved the highest CO yield. By 92 

performing temperature-programmed surface reaction and transient CO2 hydrogenation 93 

experiments, CO2 hydrogenation pathways on different Ru structures were investigated. This work 94 

underscores the pivotal role of Ru structure in dictating the CO2 hydrogenation pathway on 95 

Ru/MgO catalysts, which is important for their potential industrial applications. 96 

2. Materials and methods 97 

2.1. Materials 98 

Magnesium hydroxide (Mg(OH)2) and ruthenium (III) nitrosyl nitrate (31.3 wt.% Ru) were 99 
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purchased from Alfa Aesar. H2 (99.99 %), CO2 (99.99 %), O2 (99.99 %), 10% H2/Ar, and Ar 100 

(99.999 %) gas cylinders were purchased from Airgas. No further treatment was conducted on all 101 

chemicals and cylinders used in this work. 102 

2.2. Catalyst preparation 103 

The xRu/MgO catalysts with x wt.% Ru (x = 0.5, 0.625, 0.75, 1.0 or 2.0) were prepared by a 104 

conventional incipient wetness impregnation (IWI) method, using Mg(OH)2 as support and 105 

ruthenium(III) nitrosyl nitrate as precursor. Typically, a solution of ruthenium (III) nitrosyl nitrate 106 

with determined concentration was added dropwise onto Mg(OH)2 support under stirring. 107 

Following a dehydration at 120 °C for 1 h, the obtained powders were calcined at 550 °C for 2 h 108 

with a temperature ramp of 5 °C/min. For comparison, the reference catalyst 1.0Ru/MgO-ref was 109 

prepared using the same method for 1.0Ru/MgO, except that MgO (obtained by the calcination of 110 

Mg(OH)2 at 800 °C for 2 h) was used as support. 111 

2.3. Characterization 112 

X-ray powder diffraction (XRD) patterns were obtained using a PANalytical Empyrean 113 

diffractometer, utilizing Cu Kα X-rays with a wavelength of 0.15406 nm. The XRD patterns were 114 

collected within the range of 10 to 80 °, employing a scanning speed of 6 °/min and a scanning 115 

step of 0.067 °. 116 

The porosity property of the samples was determined via N2 physisorption at 77 K using a liquid 117 

nitrogen bath on a Quantachrome Physisorption-Chemisorption Instrument (Autosorb-iQ), with 118 

the samples degassed at 300 °C for 1 h under vacuum before measurement. Brunauer-Emmett-119 

Teller (BET) surface areas were calculated using adsorption points in the relative pressures 120 

between 0.05 and 0.3. The non-local density functional theory (DFT) method was used to 121 

determine the pore size distributions of the samples. 122 

Transmission electron microscopy (TEM) imaging and electron diffraction were performed for 123 

the xRu/MgO samples (x = 0.5, 0.625, 0.75, and 1.0) using an FEI Titan (Schottky field-emission 124 

gun (FEG), 300 kV) with a CEOS double-hexapole aberration corrector for the image-forming 125 

lenses, and for the 2.0Ru/MgO sample using an FEI Tecnai F30 (Schottky FEG, 300 kV). Scanning 126 

transmission electron microscopy (STEM) imaging was performed on a JEOL JEM-ARM300CF 127 

GRAND ARM (cold FEG, 300 kV) with a JEOL dodecapole aberration corrector for the probe-128 
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forming lenses. The high-angle annular dark-field imaging (HAADF) collection angle was 68−280 129 

mrad. High-magnification HAADF images were denoised using a non-linear filter described in an 130 

earlier report.[36] Energy dispersive X-ray spectroscopy (EDS) data was captured on the JEM-131 

ARM300CF with dual JEOL Centurio silicon drift detectors (SDDs) and processed with Thermo 132 

Fisher Pathfinder for elemental mapping based on net signal counts and standardless quantification. 133 

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure 134 

(EXAFS) of Ru K-edge for the selected samples were measured in fluorescent mode at beamline 135 

7-BM QAS of the National Synchrotron Light Source II (NSLS-II), Brookhaven National 136 

Laboratory. Ex situ measurements were performed at room temperature (RT). For in situ 137 

measurements, following the loading of 100 mg sample into the Nashner-Adler reaction cell, the 138 

experiments were conducted as follows: Step 1, the N2 flow at a rate of 20 mL/min was introduced 139 

at 30 °C and maintained for 10 min before collecting Spectrum 1; Step 2, the flow was 140 

subsequently switched to 10% CO2 + 30% H2 (CO2 + H2) mixture with N2 balance (20 mL/min), 141 

and the sample was maintained at 30 °C for 10 min before collecting Spectrum 2; Step 3, in the 142 

same CO2 + H2 flow, the sample was heated from 30 to 500 °C and maintained at 500 °C for 30 143 

min;, and then Spectrum 3 was collected; Step 4, the flow was then adjusted to 10% CO2 (using 144 

N2 as balance) at a rate of 20 mL/min and maintained at 500 °C for 30 min before collecting 145 

Spectrum 4; Step 5, subsequently, the flow was switched back to the CO2 + H2 mixture (20 mL/min) 146 

and maintained at 500 °C for 30 min before collecting Spectrum 5; Step 6, the sample was cooled 147 

down to 30 °C in the same CO2 + H2 flow, and Spectrum 6 was collected after holding for 10 min. 148 

Data were analyzed using Athena and Artemis from the Demeter software package. Ru foil was 149 

measured during data collection for energy calibration and drift correction of the monochromator. 150 

The processed EXAFS, χ(k), was weighted by k2 to amplify the high-k oscillations. For Fourier-151 

transformed (FT) spectra, the k range between 3 and 12 Å-1 was used, and the fitting in the R range 152 

for Ru coordination shells was between 1.0 and 3.0 Å for Ru/MgO samples, and between 1.5 and 153 

3.0 Å for Ru foil in Artemis software. 154 

H2 temperature-programmed reduction (H2-TPR) experiment was carried out on a 155 

Quantachrome Physisorption-Chemisorption Instrument (Autosorb-iQ). Prior to testing, all 156 

samples were pretreated in a flow of 5 % O2/He (40 mL/min) at 500 °C for 1 h to remove potential 157 

surface adsorbents. After cooling down to 40 °C, the pretreated sample was exposed to a flow of 158 

10 % H2/Ar (30 mL/min), and heated linearly from 40 to 850 °C at a ramping rate of 10 °C/min. 159 
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The alteration in H2 concentration was monitored on-line using a thermal conductivity detector 160 

(TCD). The H2 consumption of each sample was calculated using CuO as standard. 161 

CO2 temperature-programmed desorption (CO2-TPD) and H2 temperature-programmed surface 162 

reaction (H2-TPSR) experiments were performed in a fixed-bed quartz tube reactor. Prior to testing, 163 

50 mg of sample was loaded and pretreated in 20% O2/Ar flow (40 mL⋅min-1) at 350 °C for 30 164 

min. Afterwards, the sample was exposed to 10% CO2/Ar flow (40 mL⋅min-1) to achieve saturated 165 

CO2 adsorption at 40 °C. The flow was then switched to pure Ar (40 mL/min) for 30 min to remove 166 

weakly adsorbed CO2. For the CO2-TPD experiment, the sample was heated linearly from 40 to 167 

700 °C in Ar flow at a ramping rate of 10 °C/min. In the case of H2-TPSR, instead of heating in 168 

Ar flow as that in CO2-TPD, the sample was exposed to 10% H2/Ar flow (40 mL⋅min-1) and heated 169 

from 40 to 700 °C with a ramping rate of 10 °C/min. The concentrations of CO2, H2, CO, and CH4 170 

were continuously monitored using a mass spectrometer (MS, Hiden Analytical HPR20 R&D) 171 

with m/z values of 44, 2, 28, and 15, respectively. 172 

In situ diffused reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were 173 

carried out on a Thermo Nicolet iS50 FTIR spectrometer with a liquid nitrogen-cooling mercury-174 

cadmium-telluride (MCT) detector. The infrared (IR) spectra were recorded by accumulating 100 175 

scans at a spectral resolution of 4 cm-1. Before in situ DRIFTS experiment, catalyst was loaded 176 

into a high-temperature IR cell (PIKE DiffusIR cell with ZnSe windows), followed by a treatment 177 

in 10 % O2/Ar flow (30 mL/min) at 400 °C for 1 h. Subsequently, the catalyst was cooled to 25 °C 178 

followed by Ar purge (50 mL/min) for 30 min before collecting background spectrum. For CO2 179 

adsorption, typically, 2.5% CO2/Ar was introduced into the cell for 1 h to achieve saturated CO2 180 

adsorption on the catalyst. Then, the flow of CO2 was discontinued, and the catalyst was exposed 181 

to Ar flow for 30 min to remove weakly adsorbed CO2. The IR spectra were collected continuously 182 

during the whole procedures. 183 

2.4. Evaluation of catalytic performance 184 

Catalytic performance of Ru/MgO catalysts for the RWGS reaction was evaluated on a continuous 185 

flow fixed-bed quartz tubular microreactor (internal diameter = 4.0 mm). Typically, 25 mg of 186 

catalyst (40-60 mesh) diluted with 0.25 g SiC (40-60 mesh) was loaded into the reactor to achieve 187 

a weight hourly space velocity (WHSV) of 200 L⋅gcat
−1⋅h−1. For apparent activation energy 188 

measurement, 12.5 mg of catalyst was used, achieving the WHSV of 400 L⋅gcat
−1⋅h−1. In addition, 189 
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to exclude the Ru loading effect, varied WHSV was also used for Ru/MgO catalyst with different 190 

Ru loadings, obtaining the WHSV of 40,000 L⋅gRu
−1⋅h−1 normalized by Ru content. The feeding 191 

gas was composed of 30 % H2 and 10 % CO2 using Ar as balance. The concentrations of CO2, CO, 192 

and CH4 were detected online using a gas chromatography-mass spectrometry (GC-MS, Shimadzu, 193 

QP2010 SE). The CO2 conversion, CO selectivity, and CO yield during the RWGS reaction were 194 

determined according to the following equations: 195 

CO2 conversion (%) = ([CO2]in – [CO2]out) / [CO2]in × 100%    (1) 196 

CO selectivity (%) = [CO]out / ([CO2]in – [CO2]out) × 100%    (2) 197 

CO yield (%) = [CO]out / [CO2]in × 100%         (3) 198 

3. Results and discussion 199 

3.1. Catalytic CO2 hydrogenation performance 200 

Fig. 1 shows the catalytic performance of CO2 hydrogenation on the as-prepared Ru/MgO catalysts 201 

with different Ru loadings. Under the testing conditions using a weight hourly space velocity 202 

(WHSV) of 200 L⋅gcat
−1⋅h−1 based on the mass of catalyst, as depicted in Fig. 1a, the CO2 203 

conversion on Ru/MgO catalysts exhibited a significant upward trend as the Ru loading increased 204 

from 0.5 to 2.0 wt.%. Conversely, as shown in Fig. S1a, the CO selectivity gradually declined as 205 

a function of elevated Ru loading, decreasing from 100% to 48% at 500 °C due to the formation 206 

of CH4. To better demonstrate the CO2 hydrogenation performance, we calculated the CO yields 207 

on different catalysts, and the results are presented in Fig. 1b. As the Ru loading increased from 208 

0.5 to 1.0 wt.%, the CO yield at 500 °C exhibited a significant increase, rising from 4% on 209 

0.5Ru/MgO to 38% on 1.0Ru/MgO. However, when the Ru loading was further increased to 2 210 

wt.%, the CO yield decreased to 23%. The 1.0Ru/MgO catalyst performed the best, demonstrating 211 

the highest CO yield among all the catalysts. 212 
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 213 

Fig. 1. (a) CO2 conversion and (b) CO yield on 0.5Ru/MgO, 0.625Ru/MgO, 0.75Ru/MgO, 214 

1.0Ru/MgO, and 2.0Ru/MgO catalysts under RWGS testing condition with a weight hourly 215 

space velocity (WHSV) of 200 L⋅gcat
−1⋅h−1. (c) CO2 conversion and (d) CO yield on 0.5Ru/MgO, 216 

0.625Ru/MgO, 0.75Ru/MgO, and 1.0Ru/MgO catalysts under RWGS testing condition with a 217 

WHSV of 40,000 L⋅gRu
−1⋅h−1 normalized by Ru content. (e) Arrhenius plots of RWGS rates on 218 

0.5Ru/MgO, 0.625Ru/MgO, 0.75Ru/MgO, and 1.0Ru/MgO catalysts; Reaction conditions for 219 

determination of apparent activation energy: 10% CO2, 30% H2; WHSV: 400 L⋅gcat
−1⋅h−1, with 220 

CO2 conversion controlled below 13%. 221 
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 222 

Fig. 2. CO yield as a function of CO2 conversion over 0.5Ru/MgO, 0.625Ru/MgO, 223 

0.75Ru/MgO, and 1.0Ru/MgO catalysts under the RWGS testing condition with a WHSV of 224 

40,000 L⋅gRu
−1⋅h−1 normalized by Ru content. 225 

To confirm the active Ru sites for CO2 hydrogenation, we conducted further assessment of the 226 

Ru/MgO catalysts, utilizing a WHSV of 40,000 L⋅gRu
−1⋅h−1 normalized by the mass of Ru in the 227 

catalysts. By doing so, we aimed to exclude the effect of Ru loading on the CO2 hydrogenation 228 

performance. As depicted in Figs. 1c, 1d and S1b, similar CO2 conversion trends emerged when 229 

comparing to the results obtained under the testing conditions using WHSV of 200 L⋅gcat
−1⋅h−1. 230 

Notably, as the Ru loading increased from 0.5 to 1.0 wt.%, the Ru sites within the Ru/MgO 231 

catalysts exhibited monotonically improved activity in CO2 hydrogenation. This increase was 232 

evident through both the improved CO2 conversions (Fig. 1c) and the higher CO yields (Fig. 1d) 233 

with elevated Ru loading or density, even though there was some decrease in the CO selectivity 234 

(Fig. S1b). To gain a deeper insight into the Ru sites, the relationship between CO yield and CO2 235 

conversion in the CO2 hydrogenation reaction was established. As depicted in Fig. 2, interestingly, 236 

the CO yield versus CO2 conversion on the Ru/MgO catalysts with Ru loading from 0.5 to 1.0 wt.% 237 

adhered to the same linear relationship, suggesting that the CO yield was dominated by the CO2 238 

conversion. The 1.0Ru/MgO catalyst exhibited the highest CO2 conversion at tested temperatures, 239 

resulting in the highest CO yield. It is evident that 1.0Ru/MgO featured the most active Ru sites, 240 

a conclusion further supported by the lower apparent activation energy (Ea) for CO2 hydrogenation 241 

on this catalyst comparing to that on 0.5Ru/MgO (Fig. 1e). We also prepared a reference catalyst 242 

using MgO support directly (denoted as 1.0Ru/MgO-ref), and subjected to the CO2 hydrogenation 243 
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testing. As shown in Fig. S2, higher CO2 conversion and CO yield were observed on 1.0Ru/MgO 244 

catalyst prepared from Mg(OH)2 support comparing to that on 1.0Ru/MgO-ref. This result 245 

suggests that loading Ru precursor on hydroxyl-rich Mg(OH)2 followed by subsequent calcination 246 

could fabricate more beneficial structural configuration for the Ru active sites in catalytic CO2 247 

hydrogenation. 248 

3.2. Structure characterization 249 

 250 

Fig. 3. Powder XRD patterns for the bare MgO, 0.5Ru/MgO, 0.625Ru/MgO, 0.75Ru/MgO, and 251 

1.0Ru/MgO catalysts. 252 

Fig. 3 shows the XRD patterns for the bare MgO and Ru/MgO catalysts. All diffraction peaks for 253 

the pristine MgO could be attributed to the cubic MgO crystal structure (JCPDS No. 01-1235). 254 

With the introduction of Ru, no additional diffraction peaks were observed for Ru/MgO catalysts, 255 

which should be due to the low Ru loading (≤ 1 wt.%) and the high dispersion of Ru species. To 256 

determine whether the introduction of Ru impacted the crystalline structure of MgO, the crystallite 257 

size of MgO (DMgO) was calculated using the Scherer equation based on the full width at half 258 

maximum (FWHM) of the peak corresponding to the MgO(200) plane. As shown in Fig. 3 and 259 

listed in Table S1, the increase of Ru loading led to a monotonic increase of the MgO crystallite 260 

size, for example, from 11.0 nm for MgO to 16.3 nm for 1.0Ru/MgO. These results suggest that 261 

the loading of Ru onto Mg(OH)2, followed by calcination, accelerated the crystallization process 262 

of MgO. Fig. S3a illustrates the N2 adsorption-desorption isotherms of MgO support and Ru/MgO 263 
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catalysts. All samples displayed characteristic type IV isotherms with distinct hysteresis loops (H3 264 

type), suggesting the presence of mesopores.[34, 37] As shown in Fig. S3b, MgO exhibited a 265 

relatively well-defined mesopore size distribution ranging from 3 to 6 nm, while broader pore size 266 

distributions were observed for Ru/MgO catalysts extending up to 16 nm. As listed in Table S1, 267 

MgO showed the BET surface area of 119 m2/g, the pore volume of 0.29 cm3/g, and an average 268 

pore size of 5.4 nm. Upon the introduction of Ru, there was no noticeable impact on the pore 269 

volume, which remained in the range of 0.27 to 0.30 cm3/g. However, there was a gradual decline 270 

in the BET surface area, decreasing from 119 to 92 m2/g, and an increase in the average pore size 271 

from 5.4 to 8.5 nm. This decrease in surface area with increasing Ru loading could be attributed 272 

to the enhanced crystallization of MgO as verified by XRD results. 273 

 274 

Fig. 4. (a) TEM image, (b) selected area electron diffraction (SAED), and (c) HAADF image and 275 

corresponding EDS elemental maps of 0.625Ru/MgO. (d, g) High-resolution TEM and (e, f, h, i) 276 

HAADF-STEM images of 0.5Ru/MgO (d-f) and 1.0Ru/MgO (g-i) catalysts. 277 
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TEM and STEM images were collected to determine the morphology and Ru structure of 278 

Ru/MgO catalysts. As depicted in Fig. 4 and Figs. S4-S8, the Ru/MgO catalysts with varying Ru 279 

loadings exhibited consistent mesoporous nanoplate morphology. For instance, the 0.625Ru/MgO 280 

catalyst (Fig. 4a-c and Fig. S5), as exemplified here, displayed a single mesocrystalline nanoplate 281 

structure, with the majority of crystallites within the mesocrystal oriented along the 111-zone axis, 282 

perpendicular to the plate surface,[38] as confirmed by the selected area electron diffraction 283 

(SAED) results (Fig. 4b). EDS elemental mapping images (Fig. 4c) show that the Ru element was 284 

tracking well with O and Mg elements within this nanoplate, indicating a high dispersion of Ru 285 

species. Moreover, high-resolution TEM analysis demonstrated that the {111} surfaces of MgO 286 

were not atomically flat but rather structured by 001 nano-pyramidal textures (Fig. 4g); and these 287 

features were also discovered earlier in MgO thin films deposited by molecular beam epitaxy 288 

(MBE).[39] These non-atomically flat features could be beneficial for anchoring metal atoms. As 289 

expected, the Ru structures in the as-prepared Ru/MgO catalysts were confirmed to be Ru1 or/and 290 

thin Ru clusters, with no obvious bulk Ru crystals observed. In the case of 0.5Ru/MgO catalyst, 291 

as shown in Fig. 4d-f and Fig. S4, exclusive Ru1 was identified on the MgO support. As the Ru 292 

loading increased from 0.5 to 1.0 wt.%, in addition to the presence of Ru1, Ru clusters in atomic-293 

layer thickness with increased sizes also emerged on MgO. Specifically, the 0.625Ru/MgO (Fig. 294 

S5), 0.75Ru/MgO (Fig. S6), and 1.0Ru/MgO (Fig. 4g-i and Fig. S7) catalysts exhibited hybrid Ru 295 

structures, encompassing both Ru1 and Ru clusters in atomic-layer thickness with sizes measuring 296 

< 0.3 nm, 0.2-0.4 nm, and 0.6-1.0 nm, respectively. With the further increase of Ru loading to 2.0 297 

wt.%, bulk Ru particles were observed on 2.0Ru/MgO catalyst (Fig. S8), with sizes measuring 298 

0.8-1.5 nm. The enlargement of the Ru cluster sizes could be attributed to the heightened Ru 299 

density on the MgO surface, which was a consequence of the decline in BET surface area and the 300 

increase in Ru loading. It was reported that the Ru particle sites benefited the CO2 methanation 301 

pathway in CO2 hydrogenation reaction.[27] The 2.0Ru/MgO catalyst, with the presence of bulk 302 

Ru particles, also facilitated the CO2 methanation, resulting in the low CO selectivity and CO yield 303 

in CO2 hydrogenation, as previously observed (Fig. 1a-1b; Fig. S1b). 304 
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  305 

Fig. 5. (a) Normalized Ru K-edge XANES and (b) Fourier transformed k2-weighted EXAFS 306 

oscillations in R space for Ru K-edge in 0.5Ru/MgO, 0.625Ru/MgO, 0.75Ru/MgO, and 307 

1.0Ru/MgO catalysts. 308 

XAS analysis was conducted to reveal the oxidation states and local coordination structure of 309 

Ru species on MgO. As illustrated in Fig. 5a, the white line intensity of Ru-K XANES for the 310 

Ru/MgO catalysts were very similar to that for RuO2, indicating that the Ru species in these 311 

catalysts were in the form of oxide phase. According to the XANES linear combination fitting 312 

results (Fig. S9, Table S2), the averaged oxidation states of Ru species on the Ru/MgO catalysts 313 

were rather similar (3.7-3.8), which were close to that on RuO2 reference (4.0). To further 314 

investigate the local coordination structure of Ru species, EXAFS curve fitting analysis was 315 

conducted. As demonstrated in Fig. 5b, for all the Ru/MgO catalysts, no Ru-Ru and Ru-O-Ru 316 

coordination shells were observed, indicating the absence of metallic Ru and RuO2 particles. The 317 

exclusive presence of Ru-O and Ru-O-Mg coordination shells suggested that the Ru species in 318 

these catalysts were in the isolated or highly dispersed state. According to the EXAFS fitting 319 
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results (Fig. S10, Table S3), the coordination number (CN) of Ru-O and Ru-O-Mg on these 320 

Ru/MgO catalysts were similar, ranging from 5.4 to 6.0 and 10.0 to 12.0, respectively. The similar 321 

averaged Ru oxidation state and coordination environment suggest that the Ru species in these 322 

Ru/MgO catalysts showed similar local structures. When combined with the observations from 323 

TEM images which showed the presence of Ru clusters with atomic-layer thickness on the 324 

0.625Ru/MgO, 0.75Ru/MgO, and 1.0Ru/MgO catalysts, it could be verified that the atomic single-325 

layer (ASL) structures of Ru species with varying cluster sizes were created on MgO surface. 326 

3.3. Reducibility and CO2 adsorption properties 327 

 328 

Fig. 6. H2-TPR profiles for 0.5Ru/MgO, 0.625Ru/MgO, 0.75Ru/MgO, and 1.0Ru/MgO catalysts. 329 

H2-TPR experiments were conducted to investigate the reducibility of the Ru/MgO catalysts. As 330 

shown in Fig. 6, two distinct reduction peaks were observed for all catalysts. The first peak 331 

centered at 246-319 °C could be assigned to the reduction of highly dispersed RuOx species, while 332 

the second peak at 500-532 °C was associated with the reduction of RuOx species strongly bound 333 

with MgO.[16, 34, 40] With the increase of Ru loading, a noticeable shift in the first reduction 334 

peak for the highly dispersed RuOx species to lower temperature was observed, indicating the 335 

improved ability to dissociate H2. The amount of H2 consumptions were further quantified and are 336 

presented in Table 1. With the elevated Ru loading, a substantial increase in the total H2 337 

consumption was observed, from 14.8 μmol/gcat for 0.5Ru/MgO to 35.6 μmol/gcat for 1.0Ru/MgO. 338 
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As verified by the STEM images, the presence of more RuASL was observed with the increased Ru 339 

loading within Ru/MgO catalysts, which probably resulted in the improved low-temperature 340 

reducibility and, consequently, enhanced H2 dissociation. Such enhanced ability to dissociate H2 341 

on the Ru/MgO catalysts with higher Ru loading should be accountable for the improved CO2 342 

hydrogenation activity and the decreased CO selectivity, as observed in Fig. 1. 343 

Table 1. H2 consumption and CO2 adsorption on the bare MgO and Ru/MgO catalysts. 344 

Samples 
H2 consumption 

(μmol/gcat)a 

CO2 adsorption (μmol CO2/m2)b 

1st peak Total 

MgO - - 2.25 

0.5Ru/MgO 14.8 0.08 3.21 

0.625Ru/MgO 15.6 0.09 3.35 

0.75Ru/MgO 28.9 0.16 4.45 

1.0Ru/MgO 35.6 0.29 3.90 

a Calculated based on the H2-TPR results using a standard CuO sample as reference. 345 

b Calculated based on the CO2-TPD results, normalized by BET surface areas. The 1st peak in CO2-346 

TPD is for the CO2 desorption from the Ru-MgO interface. 347 

To demonstrate the CO2 adsorption capacity, CO2-TPD experiments were conducted and the 348 

results are presented in Fig. 7. Consistent with prior reports,[32, 41, 42] three distinct CO2 349 

desorption peaks were observed on bare MgO support. These peaks corresponded to the 350 

decomposition of bicarbonate species at 167 °C formed through reaction between CO2 and 351 

hydroxyl groups, bidentate carbonate species at 248 °C, and monodentate carbonate species at 352 

438 °C. Upon loading Ru onto MgO, an additional CO2 desorption peak at 118-121 °C emerged, 353 

which probably could be assigned to the decomposition of bicarbonate species formed at the Ru-354 

MgO interface. In addition, the decomposition temperatures for bicarbonate species at the Ru-355 

MgO interface and on the MgO surface reduced as the Ru loading increased, indicating that the 356 

presence of Ru species enhanced the decomposition of bicarbonate species. It is noteworthy that 357 

the CO2 desorption persisted up to a temperature of 600 °C, suggesting the superior stability of 358 
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these adsorbed CO2 species. This stability allows these adsorbed CO2 species to actively 359 

participate in CO2 hydrogenation at the operational reaction temperatures. By integrating the peak 360 

areas obtained from CO2-TPD, the amount of CO2 desorption was calculated and normalized by 361 

the BET surface areas. As summarized in Table 1, the amount of CO2 desorbed from the Ru-MgO 362 

interface increased with the elevation of Ru loading, ranging from 0.08 to 0.29 μmol CO2/m
2. In 363 

comparison to the total CO2 desorption of 2.25 μmol CO2/m
2 on the pristine MgO surface, much 364 

higher CO2 desorption ranging from 3.21 to 4.45 μmol CO2/m
2 on the Ru/MgO catalysts was 365 

observed, which suggested that the Ru-MgO interface played an important role in enhancing CO2 366 

adsorption. The improved CO2 adsorption capacity might also effectively facilitate the CO2 367 

hydrogenation process. 368 

 369 

Fig. 7. CO2-TPD profiles on bare MgO, 0.5Ru/MgO, 0.625Ru/MgO, 0.75Ru/MgO, and 370 

1.0Ru/MgO catalysts. 371 
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In situ DRIFTS of CO2 adsorption were performed on the 0.5Ru/MgO and 1.0Ru/MgO catalysts 372 

to determine the effect of Ru structures on CO2 adsorption behavior. As depicted in Fig. S11, upon 373 

the exposure to CO2, distinct adsorption peaks appeared and reached stable state on both catalysts 374 

within ca. 10 min. The peaks observed at 1222, 1281 cm-1, and 1624/1643 cm-1 could be attributed 375 

to bicarbonate species.[34, 43] Additionally, the peaks at 1547 and 1378/1362 cm-1 were indicative 376 

of monodentate carbonate species, and the peaks at 1501, 1667, and 1693/1688 cm-1 corresponded 377 

to bidentate carbonate species.[44] Consistent with the findings from CO2-TPD, more pronounced 378 

CO2 adsorption peaks were observed on 1.0Ru/MgO comparing to those on 0.5Ru/MgO, again 379 

affirming the promotion effect of Ru species on MgO for CO2 adsorption. In addition, more 380 

abundant bidentate carbonate species were observed on 1.0Ru/MgO, indicating that the bidentate 381 

carbonate species preferred to form at the interface between RuASL and MgO support. 382 

3.4. Catalytic stability 383 

 384 

Fig. 8. On-stream (a) CO2 conversion and (b) CO yield at 550 °C on 0.5Ru/MgO and 385 

1.0Ru/MgO catalysts under a WHSV of 20,000 L⋅gRu
−1⋅h−1. 386 

The catalytic stability of 0.5Ru/MgO and 1.0Ru/MgO catalysts for CO2 hydrogenation was 387 

assessed at 550 °C for 12 h, operated under the WHSV of 20,000 L⋅gRu
−1⋅h−1. As illustrated in Fig. 388 



19 

 

8, both catalysts exhibited a slightly decline in CO2 conversion and CO yield during the testing. 389 

However, even after 12 h operation, the CO2 conversion of 43% on 1.0Ru/MgO was still 2.7 times 390 

of that of 16% on 0.5Ru/MgO. This observation suggests that the RuASL sites in the 1.0Ru/MgO 391 

catalyst exhibited much higher intrinsic activity comparing to the Ru1 sites in the 0.5Ru/MgO 392 

catalyst. 393 

To gain insights into the factors contributing to the catalyst deactivation, XRD patterns and 394 

HAADF-STEM images of the post-reaction catalysts (after CO2 hydrogenation testing at 550 °C 395 

for 12 h), denoted as 0.5Ru/MgO-p and 1.0Ru/MgO-p, were collected. Fig. S12 presents the XRD 396 

patterns of the 0.5Ru/MgO, 1.0Ru/MgO, 0.5Ru/MgO-p, and 1.0Ru/MgO-p catalysts. No 397 

detectable additional species were observed on 0.5Ru/MgO-p and 1.0Ru/MgO-p, aside from cubic 398 

MgO. However, a slight increase in the crystallite size of MgO was observed for both 0.5Ru/MgO 399 

(from 14.0 to 16.7 nm) and 1.0Ru/MgO (from 16.3 to 18.5 nm) after the reaction. Fig. 9 presents 400 

the HAADF images for the 0.5Ru/MgO-p and 1.0Ru/MgO-p catalysts. Notably, alongside the 401 

presence of Ru1 in 0.5Ru/MgO-p, and both Ru1 and RuASL in 1.0Ru/MgO-p, Ru nanoparticles 402 

appeared on both catalysts as well. The formation of a portion of Ru nanoparticles in both catalysts, 403 

resulting from the sintering of Ru single atoms or/and small Ru clusters, should have contributed 404 

to the deactivation of the Ru/MgO catalysts after CO2 hydrogenation at 550 °C for 12 h. 405 

 406 

Fig. 9. HAADF images for (a−d) 0.5Ru/MgO-p and (e−h) 1.0Ru/MgO-p catalysts. 407 
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The XANES and EXAFS of Ru K-edge were also measured to elucidate the oxidation states 408 

and local structures of Ru species within the 0.5Ru/MgO-p and 1.0Ru/MgO-p catalysts. As 409 

depicted in Fig. S13a, the white line intensity and absorption edge energy of Ru K-edge XANES 410 

for the 0.5Ru/MgO and 1.0Ru/MgO catalysts decreased after on-stream CO2 hydrogenation at 411 

550 °C for 12 h, suggesting a decreased oxidation state of Ru species within 0.5Ru/MgO-p and 412 

1.0Ru/MgO-p. This observation was confirmed by the XANES linear combination fitting results 413 

(Fig. S14 and Table S2), where the averaged Ru oxidation state declined from 3.8 to 2.9 in 414 

0.5Ru/MgO and from 3.8 to 2.5 in 1.0Ru/MgO, respectively, with a more pronounced decrease in 415 

the latter one. As revealed by the EXAFS curve fitting results (Table S3 and Figs. S13b and S15), 416 

besides Ru-O and Ru-O-Mg bonds, the presence of Ru-Ru bonds was also observed in the 417 

0.5Ru/MgO-p and 1.0Ru/MgO-p catalysts, confirming the formation of metallic Ru nanoparticles. 418 

The 1.0Ru/MgO-p catalyst exhibited lower CNs of Ru-O (5.4 vs. 6.4) and Ru-O-Mg (7.0 vs. 11.0) 419 

but a slightly higher CN of Ru-Ru (5.4 vs. 4.8) comparing to the 0.5Ru/MgO-p catalyst. These 420 

results suggest that slghtly larger Ru nanoparticles were formed on the 1.0Ru/MgO-p after the 421 

long-term activity testing at 550 °C because of the relatively higher surface density of Ru species 422 

including both Ru1 and RuASL structures. 423 

3.5. CO2 hydrogenation mechanism on Ru/MgO 424 

 425 

Fig. 10. Transient CO2 hydrogenation performance as a function of time on (a) 0.5Ru/MgO and 426 
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(b) 1.0Ru/MgO catalysts at 350 °C. Note: Prior to the test, the loaded catalyst was pretreated in 427 

RWGS reaction flow at 500 °C for 30 min and then cooled down to 350 °C. Following the 428 

transition to 10% H2/Ar flow (40 mL⋅min−1) for 12.5 min, 2.5% CO2 was introduced and 429 

maintained for 10 min, after which the CO2 flow was subsequently cut off. 430 

To investigate the CO2 hydrogenation mechanism on Ru1 and RuASL, transient CO2 hydrogenation 431 

tests on 0.5Ru/MgO and 1.0Ru/MgO catalysts were conducted at the temperature of 350 °C. As 432 

depicted in Fig. 10a, when CO2 was introduced into the H2 flow over the 0.5Ru/MgO catalyst, a 433 

decrease in H2 concentration was observed along with the emergence of CO formation, with no 434 

CH4 formation detected. On the 1.0Ru/MgO catalyst (Fig. 10b), in clear contrast, a more 435 

substantial decrease in H2 concentration, a much lower CO2 concentration, and a higher level of 436 

CO formation were observed. Notably, CH4 formation over the 1.0Ru/MgO catalyst was also 437 

detected, especially when the CO2 supply was discontinued. Consistent with the results of CO2 438 

hydrogenation, these findings suggest that the 1.0Ru/MgO catalyst containing both Ru1 and RuASL 439 

sites exhibit higher CO2 hydrogenation activity but relatively lower CO selectivity when 440 

comparing to the 0.5Ru/MgO catalyst with only Ru1 sites. The immediate bump of CH4 441 

concentration upon CO2 cut-off suggests that the adsorbed CO2 species might play a more 442 

important role in CH4 formation than gas-phase CO2 on 1.0Ru/MgO. 443 

To investigate the behavior of Ru active sites in CO2 hydrogenation, in situ XANES analysis of 444 

the Ru K-edge in 0.5Ru/MgO and 1.0Ru/MgO catalysts under varying testing conditions was 445 

performed. The results, as shown in Fig. 11, revealed a similar trend in the changes of the white 446 

line intensities and the average Ru oxidation states for both 0.5Ru/MgO and 1.0Ru/MgO during 447 

the different testing steps. At 30 °C, when transitioning from Ar flow (Step 1) to reaction flow 448 

(CO2 + H2) (Step 2), no significant alteration in Ru oxidation state was observed for catalysts. 449 

Upon increasing the temperature to 500 °C in the same reaction flow (Step 3), the Ru oxidation 450 

state decreased on both catalysts. A more pronounced decline was noted on 1.0Ru/MgO (from 3.6 451 

to 3.1) compared to that on 0.5Ru/MgO (from 3.8 to 3.5). This discrepancy might be attributed to 452 

the more efficient H2 activation on RuASL sites within 1.0Ru/MgO, leading to a more significant 453 

reduction of Ru species. At 500 °C, whether transitioning the reaction flow to CO2 flow (Step 4) 454 

or switching back to the reaction flow (Step 5), no substantial change in the Ru oxidation state was 455 

observed. These findings suggest that the partially reduced Ru species on MgO support remained 456 
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stable and were unable to be re-oxidized by CO2. In other words, the Ru species in these catalysts 457 

only functioned as active sites for H2 dissociation during the CO2 hydrogenation rather than 458 

serving as redox active sites to activate CO2. In CO2 hydrogenation, the gas-phase CO2 or adsorbed 459 

CO2 species on MgO could be directly reduced by dissociated H on Ru sites or at the interfaces 460 

between Ru and MgO. Upon cooling down the samples to 30 °C in the reaction flow (Step 6), the 461 

Ru oxidation state returned to the initial status for 0.5Ru/MgO (3.7), whereas it did not fully 462 

recover for 1.0Ru/MgO (3.2). These results suggest that the changes in partial Ru species on 463 

1.0Ru/MgO were irreversible, likely due to the formation of metallic Ru clusters with relatively 464 

larger size. 465 

 466 

Fig. 11. In situ XANES of Ru K-edge in (a) 0.5Ru/MgO and (b) 1.0Ru/MgO catalysts, as well as 467 

their corresponding (c) averaged Ru oxidation states under different testing conditions. S1-S6 468 

suggest the different experimental steps with varied reaction atmosphere and temperatures. The 469 

averaged Ru oxidation states were determined by the linear combination fitting of Ru K-edge 470 

XANES using Ru foil and RuO2 as references. 471 
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 472 

Fig. 12. CO2 desorption, CO formation, and CH4 formation during H2-TPSR experiments on (a) 473 

0.5Ru/MgO and (b) 1.0Ru/MgO catalysts. The dotted curves are the CO2 desorption data 474 

obtained from CO2-TPD experiments. 475 

To verify whether adsorbed CO2 species participated in the CO2 hydrogenation reaction, H2-476 

TPSR experiments were conducted by flowing H2 to the catalysts with pre-adsorbed CO2 species. 477 

Fig. 12 shows the CO2 desorption, CO formation, and CH4 formation during the H2-TPSR tests on 478 

0.5Ru/MgO and 1.0Ru/MgO catalysts. Comparing to the CO2 desorption from CO2-TPD, 479 

significantly lower CO2 desorption was observed during the H2-TPSR process. This clearly 480 

suggests the consumption of partial adsorbed CO2 species through the hydrogenation reaction. On 481 

the 0.5Ru/MgO catalyst, as shown in Fig. 12a, the consumption of CO2 from bicarbonate and 482 

bidentate carbonate species at lower temperatures (below 350 °C) resulted in the formation of both 483 

CO and CH4, while the consumption of CO2 from monodentate carbonate species at higher 484 

temperatures (above 350 °C) led primarily to the formation of CO. In contrast, on the 1.0Ru/MgO 485 

catalyst (Fig. 12b), the consumption of CO2 from bicarbonate species resulted in the production 486 

of CO, while the significant consumption of bidentate and monodentate carbonate species led to 487 

the formation of CH4. These results confirmed that the adsorbed CO2 species were able to 488 

participate in the CO2 hydrogenation reaction. However, distinct CO2 hydrogenation pathways 489 

were followed on different Ru sites: the hydrogenation of adsorbed CO2 species followed the 490 
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RWGS pathway on Ru1 sites, as indicated by the dominant production of CO; conversely, it 491 

followed the CO2 methanation pathway on RuASL sites with CH4 being the dominant product. 492 

These findings aligned well with the results obtained from the CO2 hydrogenation experiments 493 

and the transient CO2 hydrogenation tests, reinforcing the conclusion that the 1.0Ru/MgO catalyst 494 

containing both Ru1 and RuASL sites exhibited relatively lower CO selectivity than the 0.5Ru/MgO 495 

catalyst. This result could be effectively explained by the enhanced H2 dissociation capability of 496 

RuASL sites and the presence of reactive bidentate and monodentate carbonate species at the Ru-497 

MgO interface, which together facilitated the CO2 methanation reaction to produce CH4 to a certain 498 

extent. 499 

4. Conclusions 500 

Ru/MgO catalysts were prepared with Ru in the form of single atoms or a combination of single 501 

atoms and Ru clusters/nanoparticles, achieved by varying Ru loading in the range of 0.5-2.0 wt.% 502 

and employing the commercial Mg(OH)2 as support. In the context of CO2 hydrogenation, the 503 

0.5Ru/MgO catalyst, containing only Ru single atoms (Ru1), exhibited lower CO2 conversion 504 

while maintaining 100% CO selectivity. As the Ru loading increased, more Ru clusters formed 505 

within the Ru/MgO catalysts, leading to the enhanced CO2 conversion but a decrease in CO 506 

selectivity. Among all studied catalysts, the 1.0Ru/MgO catalyst, featuring both Ru1 and atomic 507 

single-layer Ru cluster (RuASL) with the size of 0.6-1.0 nm, demonstrated the highest CO yield by 508 

achieving a balanced CO2 conversion and CO selectivity. As confirmed by H2-TPR results, the 509 

presence of RuASL facilitated the H2 dissociation. With the increase of Ru loading, more Ru-MgO 510 

interfaces were generated, resulting in the improved CO2 adsorption capacity, as determined by 511 

CO2-TPD and in situ DRIFTS of CO2 adsorption. Additionally, the CO2 hydrogenation pathways 512 

on the 0.5Ru/MgO and 1.0Ru/MgO catalysts were investigated through the transient CO2 513 

hydrogenation tests and H2-TPSR experiments, which demonstrated the involvement of adsorbed 514 

CO2 species in CO2 hydrogenation. On Ru1 sites, CO2 hydrogenation followed the reverse water-515 

gas shift (RWGS) pathway, resulting in the production of CO. In contrast, on RuASL sites, the 516 

enhanced H2 dissociation ability, along with the presence of adsorbed bidentate and monodentate 517 

carbonate species at the Ru-MgO interface, facilitated the formation of CH4 through the CO2 518 

methanation pathway. As a consequence, a composite structure comprising Ru1 and RuASL on MgO 519 

should be favored for the CO2 hydrogenation reaction to efficiently generate the value-added CO. 520 

This work underscores the significant impact of the structure and local environment of Ru species 521 



25 

 

in Ru/MgO catalysts on the CO2 hydrogenation pathways. Through the fine tuning of Ru structures, 522 

one can direct the reaction into distinct pathways, offering a critical handle to regulate catalyst 523 

efficiency and selectivity. This study provides new insights in the development of selective 524 

catalysts in essential chemical reactions. 525 
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