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Dear Prof. Liu, 

 

We would like to submit a revised version of our manuscript entitled “Ru/Al2O3 

catalyzed CO2 hydrogenation: Oxygen-exchange on metal-support interfaces” (Ms. 

No. JCAT-17-1516) for your consideration for publication as a research paper in 

Journal of Catalysis. 

In this work, the structure-selectivity relationship and the interfacial 

oxygen-exchange pathway were presented in γ-Al2O3 supported Ru catalyzed CO2 

hydrogenation at atmospheric pressure. Three structural configurations of Ru sites 

consisting monolayer, periphery and nanocluster were prepared by the control of 

metallic loadings and carefully characterized. By combining of the experimental and 

theoretical analyses, it was demonstrated that the monolayer Ru sites energetically 

preferred the rWGS route while the relatively larger Ru nanoclusters preferred the 

methanation route. Furthermore, the oxygen-exchange between O atom in gaseous 

CO2 and the bridged Ru-O-Al interfaces as well as its catalytic effects in the CO2 

activated dissociation have also been demonstrated by isotope-labeling evidences and 

calculation results. 

The reviewers provided valuable comments and revision advices. As suggested, 

several experiments have been performed to improve this work. Main improvements 

in the revised edition are listed below: 

(1) The further structural characterizations of Ru catalysts were performed. 

STEM analyses revealed the difference between 1% and 3% Ru/Al2O3. 

(2) The catalytic performance under different CO2:H2 ratio was examined and 

the results further verified the diverse Ru sites existed in 1-3% Ru/Al2O3 catalysts. 

The DFT calculation of CO desorption and the experiment of CO hydrogenation 

reaction were performed to deny the CO-intermediated pathway in CH4 formation. 

(3) The manuscript has been well-reorganized to emphasize the interfacial effects 

in Ru/Al2O3 and the oxygen-exchange process during the CO2 activation. Several 

proper references were cited for supporting proposed conclusions and all the figures 

have been redrawn for the better display. 
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Comment reply 

Reviewer #1: 

This paper reports an analysis of CO2 reduction by H2 over Ru/Al2O3 catalysts 

where Ru weight loading was varied to control active site distributions. In all cases it 

was observed that CH4 formation was the preferred pathway, although at lower 

loadings there was an increase in CO selectivity. Through a series of characterization 

studies it was argued that CO selectivity trended with particle geometry, where "flat" 

Ru particles were present in a higher fraction on low loading samples. DFT 

calculations and isotopic labeling experiments were used to further analyze this 

phenomenon. While there is a lot of nice analysis in the paper, there are major issues 

that must be addressed before publication could be recommended. These are 

described below. 

Comment 1: It is stated that CO cannot be an intermediate for CH4 formation due to 

a higher barrier for CO formation than CH4 formation. While it makes sense that CO 

in the gas phase is not an intermediate for CH4 formation, CO* (adsorbed CO) can 

certainly still be an intermediate with CH4 formation and consistent with the data, if 

CO desorption is the rate limiting step for RWGS on Ru. The pathways for this 

reaction on Ru, where CO* was an intermediate for CH4 and CO, and consistency 

with previous kinetic measurements was recently reported (see Journal of Catalysis, 

2016, 343, 86-96). This work, and reaction pathways including CO* as an 

intermediate for CH4 formation, should be considered. 

Response: Thank you very much for your kind suggestions. We agree with the 

possibility that CO* acts as the intermediate for CH4 formation on Ru/Al2O3 catalyst. 

To resolve the doubt, the energy profiles of CO* desorption in rWGS reaction route 

on both monolayer Ru9/Al2O3 and cluster Ru35/Al2O3 structure models have been 

calculated, as shown in Fig. 1. The energy barrier for CO desorption on both models 

is relatively low, indicating that the direct desorption of CO* to produce gaseous CO 

is energetically favored as compared to the consecutive reaction with H* to CH4. This 



also suggests that the CO* desorption can not be the rate-limiting step for rWGS 

reaction on Ru/Al2O3 catalyst. 

    Furthermore, CO hydrogenation reaction was performed over 1% Ru/Al2O3 

catalyst to verify whether CO serves the intermediate for the CH4 formation. The gas 

feeding ratio of CO:H2 was 1:3 and the same contact time was used in the reaction 

test. In the reaction temperature range of 150-400 
o
C, no CO conversion was observed 

and no CH4 was detected as the product. This experimental result excludes the 

pathway of CO-intermediated methanation on Ru/Al2O3 catalyst. 

 

Fig. 1. Energy profiles for rWGS route on Ru35/Al2O3 and Ru9/Al2O3 models. 

 

Comment 2: The CO IR data is used to suggest that ~50% of adsorption sites exist as 

monolayers in the 1% sample, while almost no monolayers exist for the 3% sample. 

The authors should show whether this is consistent with a linear combination of 

geometric models of monolayers and particles in the prediction of average 

coordination number and dispersion. Further, if 50% of Ru is in monolayer structure 

for the 1% sample, the XAS data should suggest demonstrate a significant scattering 

contribution of Rh-O bonds (all Ru in monolayers make bonds to support O) and 

should likely show characteristics of cationic Ru. 

Response: Thanks for your valuable comments. The IR spectra of CO adsorption 

offers a semi-quantitative analysis for the concentration of different surface Ru atoms 



in the total exposed Ru sites. It should be noted that the analysis excludes the Ru 

atoms inside the relatively larger nanoclusters or nanoparticles in which they are the 

great majority of Ru in the catalysts. Therefore, in consideration of 45% fraction and 

30% dispersion for 4 nm Ru NPs, the fraction of monolayer Ru atoms is estimated as 

~20% in total Ru atoms of 1% Ru/Al2O3 catalyst. In addition, partial Ru atoms in the 

monolayer sites on the surface with Ru-Al or Ru-Ru bonds, which diminishes the 

contribution of Ru-O bonds as detected by EXAFS spectra. It has been demonstrated 

that the chance to detect Ru-O bonds by EXAFS was relatively low even on a catalyst 

with dispersion of up to 95% (J. Am. Chem. Soc., 137 (2015) 8672). It was also 

supported by the similar results reported by Ali M. Abdel-Mageed and co-workers, (J. 

Catal., 335 (2016) 79; ChemSusChem, 8 (2015) 3869). Furthermore, Ru monolayers 

of 9-13 atoms with the dimension of <1nm have a first Ru-Ru shell CN of 3-5, which 

has been reported by Karim and co-workers (J. Am. Chem. Soc., 131 (2009) 12230). 

This can explain a relatively lower CN number of Ru-Ru in 1% Ru/Al2O3 as 

compared to that of 2% and 3% Ru/Al2O3 catalysts. Given the above discussion, it is 

reasonable for the missing signal of Ru-O scattering in EXAFS spectrum of 1% 

Ru/Al2O3 catalyst. 

 

Comment 3: The DFT calculations of activation barriers for single steps should not 

be compared to the Eapp measured from experiments. If a comparison is to be made it 

must be done using microkinetic modeling with DFT derived energies corrected for 

temperature and pressure. Further, the DFT calculations do not consider the CO* 

desorption step in the RGWS pathway, which most likely will be identified as the 

RLS for this pathway. 

Response: Thanks for your valuable suggestion. The related discussion of 

comparison of Ea and activation barrier from DFT calculations has been removed 

from the manuscript. Further, the energy profile of CO* desorption in rWGS reaction 

route on both monolayer Ru9/Al2O3 and cluster Ru35/Al2O3 structure models has been 

calculated (details are shown in the response to comment 1 and Fig. 1). The energy 



barrier for CO desorption on both models is relatively low, indicating that it can not 

be the rate-limiting step for rWGS reaction on Ru/Al2O3 catalyst. 

 

Comment 4: The isotopic labeling experiments do not consider the well known 

ability of metal supported on Al2O3 to drive CO2 scrambling with fast kinetics. See 

work of Duprez or for example (Langmuir, 2003, 19 (21), pp 8793-8800). 

Response: Thanks for your valuable suggestion. As previous works demonstrated, the 

exchange of O species between surface carbonates and oxides substance can rapidly 

occur on the metal oxide surface under the pure CO2 atmosphere. In our case, 

however, the mixture gas-feeding of H2 and CO2 diluted in He was used, which might 

greatly alter the kinetic behaviors of oxygen-exchange over Ru/Al2O3 catalyst. In 

addition, to exclude the possibility of CO2 scrambling with fast kinetics, pure C
18

O2 

has been pre-fed for a sufficient time to reach equilibrium before the introduction of 

H2 to start the reaction. In this work, a second run was performed and the 
18

O-labed 

catalyst was also used to independently verify the exchange pathway. 

 

Reviewer #2: 

General comment: The authors investigated the reaction mechanism of CO2 

hydrogenation over Ru/Al2O3 catalysts. In particular, they focused on the Ru shape 

effect on the reaction. They concluded that CO2 is converted to CO on monolayer Ru, 

while CO2 is methanated on 3D Ru clusters. However, I wonder why they chose 

Ru/Al2O3 catalysts for this study because of their low activity in CO2 hydrogenation 

(J. Catal. 129 (1991) 130, React. Kinet. Catal. Lett. 71 (2000) 55). In addition, the 

authors should show the difference from the reported paper in ACS Catal. (ACS Catal. 

3 (2013) 2449). 

Response: Thank you very much for your valuable comments. Kawk et al. have 

presented nice works on the relationship of particle size and catalytic selectivity in the 

CO2 hydrogenation reaction over Ru/Al2O3. In this work, we chose widely-studied 

Ru/Al2O3 as the model catalyst and similar experimental observation was also 

obtained. We performed isotope-labeling characterizations and theoretical 



calculations to further reveal the metal-support interfacial effects in the CO2 

activation step. Especially, the oxygen-exchange between O in CO2 and bridged 

Ru-O-Al interface with a relatively lower energy barrier was observed during 

Ru/Al2O3 catalyzed CO2 activation. We believe the exchange process might be 

general for the CO2 activation mechanisms over Ru supported on different oxides, and 

we are extending the catalyst system of supported Ru. The findings in this work 

would be helpful for the design of efficient catalyst based on the deep understanding 

of the mechanism. 

 

Specific comment 1: Furthermore, the meaning of the kinetic results is unclear. 

When the authors try to clarify that CO and CH4 are formed in parallel, the authors 

should show the effect of space velocity on the reaction. I cannot understand that only 

Ea results predicted "CO and CH4 were formed either by different route and/or 

different active sites" (page 10). If CO2 hydrogenation is a stepwise reaction of 

RWGS and CO methanation, the real CO reaction rate should be the sum of the CO 

and CH4 reaction rate which the authors estimated in Fig. 1. At the present stage, the 

authors did not discuss the mechanism consisting of the stepwise reaction. When the 

Arrhenius plots are shown, moreover, the authors should give the low conversion of a 

reactant (< 10%). This is a declaration that the authors assumed a differential reactor. 

Response: Thanks for your comments. We have been reorganized the manuscript to 

deduce the conclusion that the different Ru active sites exist in the Ru/Al2O3 with 1-3 

wt% Ru loadings and determine the diverse catalytic activity and selectivity in CO2 

hydrogenation reaction. The temperature-dependence performance and the Arrhenius 

plots revealed that 1% and 3% Ru/Al2O3 catalysts had different preference for either 

rWGS or methanation route. The reaction rates under different CO2:H2 ratio and 

similar TOF of total CO2 conversion were further examined and the different 

variation trends of TOF for CO and CH4 formation suggested that the distinct Ru 

active sites are existed in 1% and 3% Ru/Al2O3 catalysts (Fig. 1). 



 

Fig. 1. The TOF for conversion of CO2, production of CO and CH4 over 1% and 3% 

Ru/Al2O3 catalysts as a function of CO2:H2 ratio. 

 

It is indeed possible that CH4 formation occurred via CO intermediation on 

Ru/Al2O3 catalyst. However, the DFT calculation of CO* desorption on both 

monolayer Ru9/Al2O3 and cluster Ru35/Al2O3 structural models demonstrated that the 

step could easily accomplish with relatively lower energy barriers (Fig. 2). This 

indicated that the direct desorption of CO* to produce gaseous CO is energetically 

favored as compared to the consecutive reaction with H* to CH4. This also suggested 

that the CO* desorption can not be the rate-limiting step for rWGS reaction on 

Ru/Al2O3 catalyst. 

 

Fig. 2. Energy profiles for rWGS route on Ru35/Al2O3 and Ru9/Al2O3 models. 



Furthermore, CO hydrogenation reaction was performed over 1% Ru/Al2O3 

catalyst to verify whether CO serves the intermediate for the CH4 formation. The gas 

feeding ratio of CO:H2 was 1:3 and the same contact time was used in the reaction 

test. In the reaction temperature range of 150-400 
o
C, no CO conversion was observed 

and no CH4 was detected as the product. This experimental result excludes the 

pathway of CO-intermediated methanation on Ru/Al2O3 catalyst. 

In the end, we would like to confirm the experimental details that the low 

conversion of CO2 (<15%) was achieved for each Arrhenius plot. We have added the 

related explanation in the section of 3.1 Catalytic performances and kinetics in the 

revised manuscript. 

 

Specific comment 2: Based on the XAS and HR-TEM, I cannot find any difference 

of Ru shape between the prepared catalysts. The authors calculated the CN of Ru 

particles. In my opinion, its significant figure is one digit, so 6.51 of CN is same to 

7.29-7.43 of CN. Although the only evidence of the monolayer formation seems 

appearance of FTIR peaks at 2130 and 2072 cm
-1

, there is a possibility that those 

peaks can be attributed to CO on cationic Ru (Catal. Lett. 51 (1998) 41, Chem. Select. 

1 (2016) 3197). Thus, the authors must deny the presence of the cationic Ru. 

Response: Thanks for your useful advices. The diverse structural sites including 

monolayer, periphery and nanocluster were observed to be co-existed in each 

Ru/Al2O3 catalyst, which is supported by the FTIR spectra of CO adsorption. 

However, the distributions of individual Ru site are distinctly different for 1-3 wt% 

Ru/Al2O3 catalysts. For instance, the STEM analyses revealed the difference. The 

disappearance of Ru nanoparticles was observed in the most investigation area for 1% 

Ru/Al2O3 catalyst. However, it is so intuitive for 3% Ru/Al2O3 catalyst that small Ru 

nanoparticles dispersed on the Al2O3 supports individually (Fig. 3). 

 



 

Fig. 3. STEM images of 1% and 3% Ru/Al2O3 catalysts. 

 

All Ru/Al2O3 catalysts were pretreated with 500 
o
C reduction in 10% H2/He to 

avoid the oxidation of Ru species into RuO2. However, the existence of periphery Ru 

atoms leads to the partial oxidation of Ru. The direct bond of monolayer Ru atoms to 

the Al2O3 support also causes the oxidative status of Ru. In addition, such oxidative 

Run
δ+

 species are not easily reduced and thus alter the activation behaviors of CO2 as 

well as the adsorption of CO which was identified by the IRAS spectra. 

 

Specific comment 3: It is challenging to conclude that CO2 is methanated on the top 

sites of 3D Ru clucters (page 20 and Scheme 1). According to the hypothesis, the 

activity in CO2 methanation would not depend on the support nature, while the fact is 

different (J. Catal. 129 (1991) 130, React. Kinet. Catal. Lett. 71 (2000) 55).  

Response: We understand the concerns. The competitive coexistence of rWGS and 

methanation reactions over Ru/Al2O3 catalyst with multiple Ru sites may not 

conclude that CO2 is methanated only on the top sites of 3D Ru clucters or CO is 

formed completely on the monolayer Ru sites. In consideration of small gaps for the 

Ea values of rWGS and methanation route, it is evidenced that the individual Ru site 

had a preference but not a 100% hydrogenation selectivity. For instance, 3D Ru 

cluster sites favor the methanation, which is consistent with many previous reports. 

However, the effect of supports can not be ignored. The support not only affected the 

structure of Ru as a result of the metal-support interaction but also impacted on the 



particle size due to the difference in pore structures and BET surface area (J. Catal., 

92 (1985) 296). Besides, the surface properties of supports, such as basicity/acidity, 

determined the activation behavior of the reactants, including the adsorption of CO2 (J. 

Chem. Soc. Faraday Trans., 77 (1981) 1003.). The concentrated surface CO2 was 

beneficial for the following activation by Ru to be hydrogenated into CH4, which was 

attributed to the ‘adsorption enhanced’ activation. 
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Abstract 

The metal-support interfaces of metallic nanoparticles supported on oxide 

determine the activated dissociation of CO2 in CO2 hydrogenation. It also guides the 

catalytic pathway towards either CO2 methanation or reverse water-gas shift (rWGS). 

In this work, Ru/Al2O3 catalysts with different Ru structural configurations were 

prepared by controlling the Ru weight loadings, which revealed the 

structure-dependence of production rates for CO and CH4 formation with different 

apparent activation energies. Based on the characterization results, two catalyst 

models were setup: the Ru9/Al2O3 model consisted an interface of monolayer Ru sites 

tightly contacted with γ-Al2O3 supports, and the Ru35/Al2O3 model represented a 

relatively larger Ru nanocluster supported on γ-Al2O3. Theoretical calculations of 

these two models demonstrated that monolayer Ru sites favored the rWGS route with 

a relatively low energy barrier for both CO2 activation and CO formation steps, while 

Ru nanoclusters preferred methanation route energetically. Furthermore, the 

combination of theoretical calculations and experimental isotope-exchange 

measurements suggested that the interfacial O species in Ru-O-Al interfaces acted a 

critical role in CO2 activation via oxygen-exchanging with the O atom in the feeding 

CO2 and consequently incorporating into the final hydrogenation product. 

 

Keywords: CO2, methanation, reverse water-gas shift, oxygen exchange, interface 
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1. Introduction 

The catalytic conversion of CO2 to useful products such as CO or carbon-neutral 

fuels is an essential reaction process since it involves carbon recycle with 

fundamental research interest and potential industrial applications as well as the 

environmental implications [1,2]. In consideration of the thermodynamic stability of 

CO2 and the high energy barrier for splitting C=O bond, the effective CO2 activation 

deems as a critical step in improving the kinetics for overall reaction. Undoubtedly, it 

needs the rational design of the promising heterogeneous catalysts based on the 

mechanistic understandings of CO2 activation and reaction pathway [3-5]. 

The hydrogenation of CO2 at atmospheric pressure is of great significance for 

CO2 utilization, which proceeds via either reverse water-gas shift (rWGS) to yield CO 

or methanation reaction to produce CH4 [6,7]. Although the processes have been 

thoroughly studied from the beginning of the 20
th

 century [8], no consensus has been 

reached for the activation mechanism. A bi-functional mechanism was verified on 

supported Pd catalysts in which H2 dissociation on metallic Pd particles and CO2 

activated adsorption on metal oxide support occurred synergistically to produce CH4 

via the formation of carbonates intermediates [9]. As a comparison, the Pd/SiO2 

catalyst without effectively active oxides almost exclusively yielded CO in the CO2 

hydrogenation reaction [10,11]. This concept was further validated by the inactive 

performance of Pd supported on inert multi-walled carbon nanotubes [12]. In addition, 

another mechanism of the direct activated dissociation of CO2 over the metal particles 
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has been proposed for Ru and Rh catalysts [13-17], which was experimentally 

observed by both in-situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTs) and ambient-pressure X-ray photoelectron spectroscopy (XPS) [14,15], and 

theoretically validated by density function theory (DFT) calculations [16]. 

Interestingly, both the oxygen vacancy on the support and the metallic Ru particles 

can serve as the activation sites for CO2 to form CH4 over Ru/CeO2 but via two 

different reaction pathways [18]. 

The interface of supported catalyst possesses dual sites of the metal-oxide 

heterojunction, playing pivotal roles in governing the electronic and chemical 

structures of the catalysts and the surface reaction process [19-21]. A number of 

structural factors in the supported metal sites, including the particle size, bimetallic 

alloying, crystal planes, redox ability and acidity, can finely tune the interfacial 

effects in the catalytic reactions [22-26]. For instance, smaller nanoclusters gain the 

characters varying with multiple neighboring sites with versatile geometric and 

electronic structures, as compared to larger nanoparticles [27]. The acceleration of 

CO2 dissociation process at the metal-support interface was observed on the supported 

catalysts with the optimized metal particle size [28,29]. On the other hand, the 

support-induced interfacial effects can also allow the tailoring of the electronic 

structure, the chemical state and the stability of the metal species for the enhancement 

in the catalytic performance [30]. In hydrogenation chemistry, both the strong 

metal-support interaction (SMSI) and hydrogen spillover would be subjected to the 
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interfacial effects [31-34]. The CeO2 supported metallic Ir nanoparticles select for 

CH4 production, while the partially oxidized IrOx sites that are modulated by a SMSI 

effect prefer selective production of CO in the hydrogenation of CO2 [35]. Beaumont 

et al. have reported that a long-distance hydrogen spillover from Pt to Co sites led the 

reduction of Co NPs, generating more active sites and therefore dramatically 

increasing in CH4 production [36]. By combining experimental characterizations and 

theoretical calculations, the proper metal-oxide interfaces have been demonstrated to 

selectively strengthen the binding of C,O-bound and O-bound species, leading to the 

diverse product selectivity in the CO2 hydrogenation reaction [37]. 

Herein, the structure-selectivity relationship and the interfacial oxygen-exchange 

pathway were presented in γ-Al2O3 supported Ru catalyzed CO2 hydrogenation at 

atmospheric pressure. Three structural configurations of Ru sites consisting 

monolayer, periphery and nanocluster were prepared by the control of metallic 

loadings and carefully characterized. By combining experimental and theoretical 

analyses, the monolayer Ru sites energetically prefer the rWGS route while the 

relatively larger Ru nanoclusters prefer the methanation route. Furthermore, the 

oxygen-exchange between O atom in gaseous CO2 and the bridged Ru-O-Al 

interfaces as well as its catalytic effects in the CO2 activated dissociation have also 

been demonstrated by isotope-labeling evidences and calculation results. 

2. Experimental 

2.1 Catalyst preparation 
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Ru/Al2O3 catalysts with metal loadings of 1, 2 and 3 wt% were prepared on 

commercial γ-Al2O3 supports by the incipient wetness impregnation method. 

Typically, a certain amount of ruthenium (III) acetylacetonate (Sigma-Aldrich) was 

dissolved in ethanol with the volume decided by the pore volume of the support 

acquired by nitrogen adsorption-desorption isotherms at -198 °C on a Quantachrome 

AUTO-SORB-6B static volumetric instrument (~0.8 cm
3
/g). The obtained solution 

was then added dropwise onto the support under intensive mixing. The resulted 

powder was dried for 12 h at 80 °C and the catalysts were then obtained via 

calcination at 500 
o
C for 2 h under 10% H2/He with a flow rate of 100 mL/min. 

2.2 Catalyst characterizations 

H2-O2 titration was carried out on a Micromeritics Autochem II 2920 instrument 

equipped with a TCD detector to measure the amount of surface metal sites. Typically, 

100 mg of catalysts were loaded into a U-tube reactor for analysis. All samples were 

pretreated in H2 flow for 60 min at 500 
o
C and then purged with Ar for 30 min before 

cooling to 30 
o
C in the same atmosphere. A gas flow of 10% O2/Ar was passed over 

the samples for 30 min to allow the complete coverage of formed O species on the 

metal surfaces. After switching the feeding gas to pure Ar, sample was heated up to 

250 
o
C and held there until the signal was stable. Subsequently, consecutive pulses of 

10% H2/Ar were dosed at 5 min intervals to consume all the surface oxygen. The 

exposed Ru surface sites was calculated with the assumed stoichiometry of H2/Ru = 

5/2 [38]. 
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Scanning transmission electron microscopy (STEM) analysis was carried out on 

a FEI Tecnai G2 F20 S-TWIN system operated at 200 kV. The adsorption of CO 

accompanied by infrared reflection absorption spectroscopy (IRAS) at 25 
o
C was 

performed on a FTIR spectrometer (Nicolet iS50) equipped with a smart collector and 

a MCT/A detector cooled by liquid nitrogen. Prior to each experiment, the sample 

was pretreated at 500 
o
C for 60 min in 10% H2/He and then cooled down in He flow 

to 25 
o
C. The background spectrum was collected after 60 min in He purge, followed 

by introducing 10% CO/He flow to start the chemisorption. After 30 min in CO/He, 

the sample was purged in He for another 30 min and the resulted spectrum was then 

acquired. All spectra were recorded by accumulating 100 scans with a resolution of 4 

cm
-1

. 

2.3 Kinetic measurements 

For kinetic measurements, a desired amount of catalysts was loaded into a 

fix-bed quartz tube micro-reactor, which was in-situ reduced in a 10% H2/He gas flow 

of 100 mL/min at 500 
o
C for 60 min, and then kept at a reaction temperature to 

measure the activity. The measurements were carried out at atmospheric pressure by 

passing a gaseous mixture of CO2 (5%) and H2 (20%) in He balance at a total flow 

rate of 100 mL/min. The inlet and outlet flows were analyzed by an on-line gas 

chromatograph (Agilent 6890) equipped with both a FID and a TCD detector. The 

sampling data were collected when reaction reached a steady state (~60 min after 
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reaching the desired reaction temperature). The kinetic measurement was performed 

by keeping the CO2 conversion below 15%. 

2.4 First-principles calculations 

Density functional theory (DFT) calculations were carried out to investigate the 

catalytic reaction mechanism of CO2 hydrogenation on Al2O3-supported Ru clusters. 

The Al2O3-supported Ru35 cluster and single layer Ru9 cluster were constructed by 

binding the Ru35 and single layer Ru9 cluster onto a γ-Al2O3(100) surface. The unit 

cell of the amorphous Al2O3 surface for periodic DFT calculation has a dimension of 

10 × 13 × 18 Å, with a vacuum space of 15 Å. All the calculations were carried out 

using the GGA functional with a projector-augmented wave basis set implemented in 

the Vienna Ab initio Simulation Package [39-41]. The energy cutoff of 350 eV was 

used. For the Al2O3 supported catalyst, atoms in the top two layers of the Al2O3 slab 

and adsorbed species were allowed to relax while the bottom layers of the Al2O3 slab 

were kept static. 

2.5 Isotope-exchange experiments 

For the isotope-exchange experiments, the as-calcined catalyst was loaded into a 

fixed bed quartz reactor, followed by reducing at 500 ° C for 60 min under 10% H2 

/He (flow rate=50 mL/min). Pure He or different mixtures, 1% C
18

O2 (95%-
18

O, 

Linde North America Inc.) or C
16

O2, and/or 4% H2 diluted in He, were switched and 

introduced into the reactor. The gases at the outlet of the reactor were analyzed by a 

mass spectrometer (GAM 300, InProcess Instruments) by following the evolution of 
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the m/z=48 (C
18

O2), 15 (CH4), 20 (H2
18

O), 18 & 17 (H2
16

O), 30 (C
18

O), 28 (C
16

O) 

with the response time of the mass spectrometer following a change in gas 

concentration being less than 2 s. 

3. Results and discussion 

3.1 Catalytic performances and kinetics 

There was a hypothesis that the conversion of CO2-to-CO could be completed 

via the consequent reaction processes, the formation of surface carbonates from CO2 

adsorption and the release of gaseous CO from the direct interaction between formed 

carbonates and the surface oxygen species in the metal oxide support [42]. Therefore, 

the catalytic effects of bare γ-Al2O3 support in the CO2 reduction reaction became one 

of the first concerns. The reference test was carried out under identical reaction 

conditions and neither CO nor CH4 was detected as the product over γ-Al2O3 support. 

The involvement of Ru sites with/without interaction with Al2O3 support was 

essential in the reaction. 

Fig. 1 showed dependences of the catalytic performance on reaction temperature 

in the CO2 hydrogenation over Ru/Al2O3 catalysts with three Ru loadings. Two 

reaction pathways, CO2 methanation to form CH4 and reverse water-gas shift (rWGS) 

reaction to form CO, competitively occurred in the reaction on these catalysts. The 

CO2 conversion curves were presented in Fig. 1A. 3% Ru/Al2O3 catalyst showed the 

superior CO2 conversion with the onset temperature at approximately 200 
o
C and the 

maximum conversion of 80% at 400 
o
C. Further increasing reaction temperature led 
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to the decline in CO2 conversion due to the thermodynamic equilibrium limitation. 

Similar curves of CO2 conversion were obtained on 2% and 1% Ru/Al2O3 catalysts, 

however, higher onset temperatures and lower maximum activities displayed. 

With increasing the reaction temperature, the identical variation trend of CH4 

yield with the weight loading of Ru was observed, compared with that of the CO2 

conversion. However, it was a contrary dependency of CO yield (selectivity) with the 

weight loading of Ru. As shown in Fig. 1B, the formation of CO started at 

approximately 300 
o
C and increased with ramping temperatures, and the CO yield 

was the highest over 1% Ru/Al2O3 of being 17.4% at 450 
o
C, which was twice of that 

over 3% Ru/Al2O3 catalyst, indicating that CH4 formation was favored and CO 

formation was suppressed with increasing Ru loadings. 

To measure the specific reaction rates and the apparent activation energies (Ea) 

of three Ru/Al2O3 catalysts in a certain temperature window, less than 15% CO2 

conversions were achieved by regulating the usage amount of the catalysts. The 

Arrhenius plots for CH4 and CO formation were separately displayed in Fig. 2A and 

Fig. 2B. For 3% and 2% Ru/Al2O3 catalysts, the Ea value for CH4 formation was 

65.0±3.5 kJ/mol (0.67±0.04 eV) while that for CO formation was 75.0±4.3 kJ/mol 

(0.78±0.04 eV). The distinctly different Ea values have been observed on 1% 

Ru/Al2O3 catalyst, which the calculated Ea for CH4 formation increased to 73.6±3.2 

kJ/mol (0.76±0.03 eV), and the Ea for CO formation decreased to 67.1±2.7 kJ/mol 

(0.69±0.03 eV). Comparable results have been reported that Ea of 67.4 and 72.0 
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kJ/mol were obtained on Ru/Al2O3 and Ru/SiO2 catalysts, respectively [43-45]. There 

was also an experimental observation that the Ea for CH4 and CO formation varied 

with different metal loadings for Pd/Al2O3 and Rh/Al2O3 catalysts, due to the particle 

size effects and the different roles of individual active sites [46]. In this study, the 

different Ea values strongly supported the opposite preference of the production of CO 

or CH4 on Ru/Al2O3 catalysts with different Ru loadings. It could be expected that 

different reaction routes proceeded on different active sites during the CO2 reduction 

reaction. 

The Ru site-specific TOF for CH4 and CO production was also independently 

examined over three Ru/Al2O3 catalysts under varying CO2:H2 ratios and similar level 

of TOFCO2 (approximately 0.25 s
-1

 for total CO2 conversion) (Fig. 3). When the ratio 

of CO2:H2 was less than the stoichiometric ratio for methanation reaction (1:4), the 

TOF toward CO formation over 1% Ru/Al2O3 remained constant (~0.08 s
-1

). As the 

CO2:H2 ratio was increased to more CO2-rich condition, the TOF of CO formation 

slightly increased due to the fact that the thermodynamic equilibrium preferred the 

production of CO rather than CH4 under the relatively higher CO2:H2 ratios. However, 

for 3% Ru/Al2O3 catalyst, the TOF of CO formation increased in direct proportion to 

the CO2:H2 ratio in the full range. The different relationship between the CO 

production TOF and the CO2:H2 ratio was revealed on 1% and 3% Ru/Al2O3 catalysts. 

This result suggested that different types of active Ru sites existed in the two catalysts 

and the rWGS reaction over Ru catalysts was structure-sensitive process. The 
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structure-activity relationships in CO2 reduction reaction catalyzed by Ru/Al2O3 with 

different Ru loadings were further discussed as below. 

3.2 Characterizations of Ru surface structures 

The dispersions of Ru atoms on catalyst surface were determined from 

volumetric H2-O2 titration measurements via reduction of O2-precovered Ru surface 

by 10% H2/Ar gas at 250 
o
C [38]. The total uptake of H2 reflected the concentrations 

of surface Ru sites, which were 2.63 × 10
19

, 4.14 × 10
19

 and 5.71 × 10
19 

g
-1

 for 1%, 2% 

and 3% Ru/Al2O3 catalysts, respectively. Accordingly, the calculated dispersion of Ru 

metals decreased with the increase of the Ru weight loading from 1% to 3% (44.5% 

to 32.2%), as shown in Table 1. As shown in Fig. 4, XRD patterns of three Ru/Al2O3 

catalysts showed only the diffraction peaks of the γ-phase of commercial Al2O3 

support. The diffraction peaks corresponding to the metallic Ru
0
 and RuOx species 

were not discerned, possibly due to the high dispersion of small Ru nanoclusters on 

γ-Al2O3 at low weight loadings. 

Fig. 5 showed the k
3
-weighted χ(k) functions (where k was wave number) and 

corresponding Fourier transforms of EXAFS spectra, providing highly responsive 

structure information of the local coordination environment of Ru atoms. The bi-shell 

fitting of Ru-Ru and Ru-O paths can be first ruled out, whereas the single Ru-Ru 

scattering shell can fit with the measured spectra reasonably, with the resulted 

structural parameters being presented in Table 1. An increase of CN from 6.51 to 7.29 

was observed when Ru loading was changed from 1% to 2%, while the further 
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increase of Ru loading to 3% only resulted in a marginal increase of the CN to 7.43. 

The appreciable variation in CN values suggested that there was a prominent 

structural change for the supported Ru particles from 1% to 2% (3%) Ru/Al2O3 

catalysts. A correlation between the Ru-Ru first shell CN and the average diameter of 

Ru particles with hcp hemispheric model was reported [44,45]. The increasing CN 

from 6.51 to 7.43 was corresponding to an increase of the Ru particle size, which 

equaled to 0.94, 1.27 and 1.32 nm for 1%, 2% and 3% Ru/Al2O3 catalysts, 

respectively. Correspondingly, the dispersions of surface Ru atoms were estimated 

based on the diameters and the hemispheric structure model, which were 71.6%, 52.7% 

and 50.8% for 1%, 2% and 3% Ru/Al2O3 catalysts, respectively. In contrasted to the 

results of H2-O2 titration that the Ru dispersions of three catalysts are 44.5%, 35.1% 

and 32.2%, respectively, the values in the range from 50.8% to 71.6% were 

apparently overestimated, suggesting that the Ru particles in three Ru/Al2O3 catalysts 

did not fully accord with the regular hemispheric structure model. The different 

structure types may be included for the Ru sites on the γ-Al2O3 surface. 

The infrared reflection absorption spectroscopy (IRAS) of the chemisorption of 

CO as the probe molecule on three Ru/Al2O3 catalysts was used for providing 

sensitive structural information of surface Ru sites [47-49]. The IRAS tests were 

performed at 25 
o
C and the spectra were presented in Fig. 6A. Two distinct peaks at 

high frequencies (HF) of 2130 and 2072 cm
-1

, along with one at low frequencies (LF) 

between 2000 and 2050 cm
-1

 were observed over all catalysts. For a better 
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comparison, the spectra were displayed in Kubelka-Munk (KM) unit and normalized 

with the peak area at 2130 cm
-1

. 

The LF peak was assigned to the linear CO* (“*” represents the adsorbed species) 

on top sites of relatively larger three-dimension (3D) Ru nanoclusters that interacted 

with all surrounding sites by Ru-Ru bonds [50,51]. The blue shift of this peak was 

caused by the dipole-dipole coupling effect of the adsorbed CO* species with 

increasing concentrations [52,53]. The two HF peaks at 2130 and 2072 cm
-1

 were 

associated with CO adsorbed on Ru sites that were perturbed by bonds from the 

support [53,54]. The peak at 2130 cm
-1

 was ascribed to the symmetric stretches of 

bi-carbonyl species that adsorbed on the uncoordinated Ru sites at the periphery 

interface, while the peak at 2072 cm
-1

 was contributed from both the asymmetric 

stretches of bi-carbonyl species and the vibration of linear adsorbed CO on Ru sites of 

monolayers [51,53-56]. Therefore, 3D nanoclusters, periphery interface sites and 

monolayer sites of Ru species were co-existed in Ru/Al2O3 catalyst structures. It has 

also confirmed that ideal hemispheric structure model cannot match with Ru sites in 

this catalyst system. 

A clearly opposite variation tendency of peak intensity for 2070 cm
-1

 peak and 

LF peak was observed with increasing Ru loadings. To further quantify the surface 

structural compositions, the IRAS spectra were deconvoluted into Gaussian sub-bands 

using the coefficient values acquired by Yokomizo et al. [54], as shown in Fig. 6B. 

Based on the above assignments and analysis method, the distributions of linear 
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adsorbed CO and bicarbonyls were obtained and the fractions of corresponding Ru 

sites were listed in Table 1. For three Ru catalysts, the periphery sites of Ru 

maintained similar proportions. However, the fraction of Ru sites in monolayers has 

drastically decreased from 45.4% to 6.8% when Ru loading raised from 1% to 2%, 

while that fraction in 3% Ru/Al2O3 was only 1.1%. Conversely, the fraction of top 

sites in 3D Ru nanoclusters has almost doubled when Ru loading increased from 1% 

to 2%, while further increasing Ru loading to 3% only resulted in a relatively small 

increase in the fraction. For 1% Ru/Al2O3, both monolayers and 3D nanoclusters with 

multiple layers were present in an appreciable percentage. For 2% and 3% Ru/Al2O3, 

3D multilayers dominated the Ru sites. It has been reported that the calcination 

treatment most likely led to planar Ru sites lying on the γ-Al2O3 surface [57]. The 

HAADF-STEM analyses (Fig. 7) revealed such tendency on 1% Ru/Al2O3 catalyst. 

No formation of Ru nanoparticles was observed in the most investigation area. 

However, for 3% Ru/Al2O3 catalyst, it was so intuitive that small Ru nanoparticles 

dispersed on the Al2O3 support individually. 

3.3 Structure-activity relationship 

The evolution of the surface intermediate species was monitored by in-situ 

DRIFT spectra during the CO2 hydrogenation reaction over 1 wt% Ru/Al2O3 catalyst 

(Fig. 8). The reaction was carried out at 350 
o
C and the equilibrium time was lasted 

for 90 min under reaction flow of CO2 and H2. A clear band at 2000 cm
-1

 was 

observed, which was ascribed to CO* species serving as the intermediate for rWGS 
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reaction [58]. A band at 1595 cm
-1

 and a smaller band at 1390 cm
-1

 were assigned to 

formate species acting as the intermediate for methanation reaction [18]. Furthermore, 

distinguishable peaks at 3017 and 2906 cm
-1

 were corresponding to the vibration 

bands of CH4* and CH3* species [17]. Upon heating up to 450 
o
C in He flow, the 

band of CO* adsorbates disappeared quickly while the rest peaks were still 

recognizable, indicating the preferential desorption of CO* species from the catalyst 

surface. After switching the feeding gas to 10% H2/He, the residual surface species 

disappeared in less than 30 min. The order in peak disappearance substantiated that 

the surface intermediates in methanation pathway such as CH4*, CH3* and formate 

species possessed a stronger interaction with the active sites of the catalyst, as 

compared with CO* intermediates in rWGS pathway. This result strongly supported 

that 1 wt% Ru/Al2O3 catalyst preferred the transformation of CO2 to CO via rWGS 

process rather than CH4 formation. It is also in agreement with relatively lower value 

of Ea in kinetic measurements (73.6 and 67.1 eV for CH4 and CO formation, 

respectively). 

By combining with the kinetic analysis, the characterizations of surface 

structures and the monitoring of the active intermediate species during the CO2 

reduction reaction, the catalytic selectivity switching between CH4 and CO 

productions over Ru/Al2O3 catalysts should be determined by the Ru sites and 

Ru-Al2O3 interfacial sites. To gain an understanding of the reasonable mechanisms in 

CO2 reduction reaction, the DFT calculations were performed over two representative 
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structural models of Ru/Al2O3. Based on the characterization results, the fully 

dehydroxylated (100) terminations of γ-Al2O3 were chosen as support surface. To 

simulate the 3D nanocluster model of Ru, the Ru35 nanocluster was built and 

stabilized on the γ-Al2O3(100) surface by bridging through Ru-Al and Ru-O bonds, 

with a bond length of 2.55-2.60 and 1.98-2.07 Å, respectively (Fig. 9A). A monolayer 

of Ru9 with nine Ru atoms dispersed on the same γ-Al2O3(100) surface served as the 

second model (Fig. 9B). The Ru9/Al2O3 structure model after relaxation was a 

no-plane monolayer in which the bond length of Ru-Al and Ru-O are 2.50-2.53 Å and 

1.89-2.04 Å, respectively. The slight difference of bond lengths between two models 

indicated that γ-Al2O3 surface owned a stronger interaction with Ru9 monolayer sites 

than with Ru35 nanoclusters. The calculated reaction pathways for CO2 methanation 

and rWGS were shown in Fig. 10 and Fig. 11, respectively. Noticeably, H2 

dissociation on supported Ru sites was not a rate-limiting step because the fast rates to 

reach equilibrium during CO2 hydrogenation reaction [59]. In addition, the adsorption 

of CO2 was remarkably stronger over Ru9/Al2O3 than that over Ru35/Al2O3 for the 

initial step in both hydrogenation pathways. The dissociation of CO2 can also be 

accelerated over monolayer Ru9 sites rather than Ru35 nanocluster sites. More 

negative charges can be transferred to CO2*
 
species adsorbed on monolayer Ru9 sites 

with the aid of direct electron contribution from the underneath oxide support [28, 

60]. 
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Specifically, the route of CH4 formation started with the formation of HCOO* 

species [7,18] and stepwise hydrogenation into HCOOH* and H2COOH* [61-63]. As 

a result of the cleavage of the C-OH bond, the dissociation of H2COOH* led to the 

formation of H2CO* and OH*, followed by further hydrogenation of H2CO* into 

H3CO* and OH* into H2O*. The subsequent reaction step was the cleavage of the 

C-O bond in H3CO* to produce H3C* and O*, then the ultimate formation of CH4 and 

H2O via one more hydrogenation step. The rate-limiting step of the CH4 route was the 

dissociation step of H2COOH* species. The predicted energy barrier in the step was 

0.69 eV (66.5 kJ/mol) and 0.80 eV (77.1 kJ/mol) for Ru35 and Ru9 model, respectively. 

For the CO production via rWGS reaction pathway, CO2 adsorbed on the top sites of 

the Ru35 nanocluster directly dissociates into CO* and O*, which was the 

rate-determining step holding a reaction energy of -0.88 eV (-84.9 kJ/mol) and an 

energy barrier of 0.84 eV (81.0 kJ/mol). In contrast, the energy barrier on monolayer 

Ru9/Al2O3 model was 0.71 eV (68.5 kJ/mol), which was appreciably lower than that 

on Ru35/Al2O3. 

For the competitive pathways of methanation and rWGS in CO2 hydrogeantion 

reaction on Ru/Al2O3 catalysts with different Ru loadings, the variation trends in both 

the catalytic selectivity and the Ea value can be strongly supported by the calculated 

energy profiles. It suggested that the 3D nanocluster Ru35/Al2O3 model favored the 

formation of CH4 and the monolayer Ru9/Al2O3 model preferred the formation of CO. 

These two structural models were co-existed in 1% Ru/Al2O3 catalyst, while the 
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increasing Ru loading led to the almost exclusive generation of large 3D particles, 

which resembled the Ru35/Al2O3 model in 3% Ru/Al2O3 catalysts. This was helpful to 

explain why the reaction rate in CH4 formation increased and that in CO formation 

reaction was suppressed with the increase of Ru loadings. 

3.4 Oxygen-exchange between CO2 and bridged Ru-O-Al interface 

There was an interesting finding towards the catalytic reaction pathway based on 

the DFT calculations. In the case of CO2 activation catalyzed over Ru9/Al2O3 model, 

O* species were dissociated from CO2 on an interfacial Ru sites (Ru-O-Al) and then 

easily bridged with the Lewis acid center of Al atoms to form a new Ru-O-Al bond 

(structure IN1, see Fig. 11), which was an exothermic step with an energy reduction 

of 0.34 eV (32.8 kJ/mol). The following step was the hydrogenation of an interfacial 

O atom to form OH* with an energy barrier of 0.31 eV. Then, the further 

hydrogenation of OH* led to the formation of H2O with an energy barrier of 0.29 eV. 

As a consequence, a dynamic incorporation of the interfacial O atom in the bridge 

Ru-O-Al bond into the final products would easily occur in CO2 hydrogenation 

reaction. 

The isotope-labeling measurements were carried out on 1% Ru/Al2O3 catalyst to 

clarify the oxygen-exchange process between CO2 and Ru-O-Al bridge bond. C
18

O2 

gas (
18

O-95% purity) was used to replace C
16

O2 under identical reaction conditions 

and an online mass spectrometer was connected to monitor the mass signals of 

gaseous products. The isotope-exchange CO2 reduction reaction started from H2 
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introducing (H2:C
18

O2= 4:1) when stable signals were reached for the feeding 

C
18

O2/He gas. All major gaseous products of both methanation and rWGS in CO2 

hydrogenation were detected on MS spectra, as shown in Fig. 12A. CH4 and isotopic 

C
18

O and H2
18

O, dominated the product distribution, while a small amount of C
16

O 

and H2
16

O have also generated during catalytic reaction, partially due to the 

co-feeding of C
16

O2 gas (5%). It should to be emphasized that prominent peaks were 

emerged on the signal of H2
16

O (m/z=18) at the initial stage (~5 min) and 

subsequently equilibrium state was regained. The signal intensity ratio of H2
16

O 

(m/z=18) to H2
18

O (m/z=20) was considerably larger than 5%:95% (the ratio of 

C
16

O2:C
18

O2 in feeding gas) within the first five min, suggesting that 
18

O-free H2
16

O 

was not entirely produced from the hydrogenation reaction of C
16

O2 impurity with 5% 

concentration. To further verify the origin of H2
16

O product, the second reaction run 

with C
18

O2 was performed after consecutive treatment of He and H2/He purgation to 

remove residual surface species. It was observed that such distinct peak for H2
16

O 

(m/z=18) was no longer present in the second run, as shown in Fig. 12B. In addition, 

similar patterns were obtained on signal channel at m/z 17, which was the main 

fragment of H2
16

O that was free from the interferences. These results clearly 

demonstrated that there were interfacial 
16

O species on 1% Ru/Al2O3 catalyst 

involving in the exchanging with 
18

O atoms in C
18

O2 for producing of H2
16

O during 

the initial hydrogenation reaction. 
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It is reasonably considered that 
18

O atoms could be left on the interfacial 

Ru-
18

O-Al bonds in the spent Ru/Al2O3 catalyst after isotopic oxygen-exchange 

reaction. 18O-free C
16

O2 hydrogenation reaction was performed over the possibly 

18
O-labeled 1% Ru/Al2O3 catalyst to reveal the role of interfacial bridge oxygen 

species. When hydrogenation started with sampling of H2 into C
16

O2/He gas flow, the 

signal of H2
18

O (m/z=20) kept flat for the pristine catalyst, whereas the signal rose a 

peak immediately for the used catalyst, indicating a substantial yield of H2
18

O in the 

C
16

O2 reduction reaction (Fig. 13A). The expected production of C
16

O (m/z=28) and 

CH4 (m/z=15) was also observed, as shown in Fig. 13B. Furthermore, the MS signals 

of C
18

O (m/z=30) and C
18

O2 (m/z=48) were absent during the reaction, which fully 

excluded the possibility that the 
18

O atom of H2
18

O was originated from gaseous or 

surface residual C
18

O2. Based on the above isotope-labeling transient analyses, we 

expected that H2
18

O is derived from the incorporation of 
18

O atoms in interfacial 

Ru-
18

O-Al bonds that was produced via the oxygen-exchange process during the first 

run of C
18

O2 hydrogenation reaction. 

Combined with the isotope-exchange experimental evidences and the theoretic 

calculation results, CO2 preferred to be activated and converted into CO on the 

monolayer Ru sites that directly interacted with the γ-Al2O3 support by following the 

rWGS pathway. Noticeably, the activated dissociation of CO2 on the monolayer Ru 

sites left an active O* that further bridges with adjacent Al site of the support to form 

a ‘new’ interfacial Ru-O-Al bond, achieving the oxygen-exchange between CO2 and 



 22 

 

 

Ru-Al2O3 interface. The illustration of ambient pressure CO2 hydrogenation reaction 

catalyzed by Ru/Al2O3 catalysts was proposed in Scheme 1. 

The rWGS reaction, as the reverse process of water-gas shift, was generally 

considered as a kind of interfacial structure-sensitive reaction. For instance, the 

Pt-Ov-Ti
3+

 species formed at the interface between Pt and reducible TiO2 support was 

identified as the active sites for the CO formation [64]. According to the analyses of 

in-situ DRIFTs spectroscopy and microcalorimetry measurements, Pt-O(OH)-K 

interfaces were evidenced as the primary active sites to achieve CO2 activation and 

CO production via bridge-bonded formates intermediates [65]. Similarly, atomically 

dispersed Rh sites received the directly transferred electrons from the interface with 

TiO2 support, favoring the rWGS reaction route in CO2 hydrogenation, and a strong 

correlation was obtained between the TOFrWGS value and the fraction of isolated Rh 

sites [47]. The finding of interfacial oxygen-exchange during the CO2 activation in 

this work provides a novel insight into the catalytic effects of the metal-oxide 

interfaces. 

4. Conclusions 

In summary, different structure types of Ru sites on γ-Al2O3 were prepared via 

varying the Ru weight loadings and were identified by the comprehensive analyses of 

H2-O2 titration, STEM, EXAFS and CO adsorption IRAS measurements. The 

monolayer and 3D nanocluster sites of Ru metals are co-existed in 1% Ru/Al2O3 

catalyst while the latter predominates over 2% and 3% Ru/Al2O3 catalysts. By 
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integrating kinetic measurements and theoretical calculations, the rWGS route to form 

CO preferentially occurs on monolayer Ru sites, while the methanation route to form 

CH4 is in favor of relatively larger 3D Ru nanoclusters. In addition, a dynamic 

oxygen-exchange process between CO2 and interfacial Ru-O-Al bond in monolayer 

Ru-catalyzed rWGS reaction was validated by theoretical calculation results and 

experimental isotope-labeling studies. The dissociative adsorption of CO2 at 

monolayer Ru sites leaves O* species to facilely bridge with the surface Al sites from 

the γ-Al2O3 support, building new interfacial Ru-O-Al bonds via the oxygen-exchange 

process. The observation in this work highlights the catalytic effects of the active 

metal-support interfaces in the effective activation of CO2 for the exploration of the 

supported metallic catalysts. 
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Table 1. Structural properties of Ru/Al2O3 catalysts. 

Ru/Al2O3 

Catalyst 

Dispersion
a 

(%) 

CN
b
 d

b
(nm) 

Dispersion
b 

（%） 

Fraction of surface Ru sites
c
 

monolayer periphery nanocluster 

1% 44.5 6.51±0.4 0.94±0.10 71.6±7.6 45.4% 10.0% 44.6% 

2% 35.1 7.29±0.4 1.27±0.10 52.7±4.2 6.8% 9.7% 83.5% 

3% 32.2 7.43±0.4 1.32±0.10 50.8±4.2 1.1% 8.4% 90.8% 

a
Dispersion of surface

 
Ru particles obtained from H2-O2 titrations. 

b
Results from EXAFS analyses. CN: Ru-Ru first shell coordination number; d and 

dispersion of Ru particles were calculated based on semispherical structure model; 

c
Calculated based on IRAS of CO adsorption. 
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Fig. 1. The catalytic hydrogenation performance (A) CO2 conversion and (B) CO 

yield of 1%, 2% and 3% Ru/Al2O3 catalysts as a function of reaction temperature. 
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Fig. 2. Arrhenius plots of (A) CH4 and (B) CO formation rates over Ru/Al2O3 

catalysts. 
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Fig. 3. The TOF for conversion of CO2, production of CO and CH4 over 1% and 3% 

Ru/Al2O3 catalysts as a function of CO2:H2 ratio. 
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Fig. 4. XRD patterns of Ru/Al2O3 catalysts. 
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Fig. 5. k
3
-weighted χ function and corresponding Fourier transforms obtained on 1% 

Ru/Al2O3 (A and D), 2% Ru/Al2O3 (B and E) and 3% Ru/Al2O3 (C and F). Solid lines 

are EXAFS data, and dashed lines are the fits. 
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Fig. 6. IRAS spectra for CO adsorption (A) and the deconvoluted data (B) of 

Ru/Al2O3 catalysts. 
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Fig. 7. STEM images of 1% and 3% Ru/Al2O3 catalysts. 

  



 41 

 

 

 

Fig. 8. In-situ DRIFTs spectra collected when the 1% Ru/Al2O3 (initially in H2 and 

CO2 flow at 350 
o
C for 90 min) was heated up to 450 

o
C in He at a ramp of 20 

o
C/min, 

which was then exposed to 10% H2/He and held there for 5, 30 and 60 min. 
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Fig. 9. The optimized model structures of (A) 3D nanocluster Ru35/Al2O3 and (B) 

monolayer Ru9/Al2O3. 
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Fig. 10. Potential energy profiles for CO2 hydrogenation to CH4 on Ru35/Al2O3 and 

Ru9/Al2O3 models. 
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Fig. 

11. Potential energy profiles for CO2 hydrogenation to CO on Ru35/Al2O3 and 

Ru9/Al2O3, along with the structure IN1 (as the right). 
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Fig. 12. The MS signals of (A) H2
16

O (m/z=17, 18) during isotope exposure for two 

consecutive runs; (B) MS signals in the first run when H2 was introduced into 

C
18

O2/He over pristine 1wt% Ru/Al2O3 catalysts. 
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Fig. 13. The MS signals of (A) H2
18

O (m/z=20) when H2 was introduced into 

C
16

O2/He over used and pristine 1% Ru/Al2O3 catalysts; (B) The MS signals as a 

function of time when H2 was added into the feed gas of C
16

O2/He over 1% Ru/Al2O3 

at 350 
o
C, which is previously exposed to C

18
O2 and H2 for 90 min at 350 

o
C. 
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Scheme 1. Schematic illustration of CO2 hydrogenation to form CO and CH4 over 

Ru/Al2O3 catalyst. 
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Abstract 

The metal-support interfaces of metallic nanoparticles supported on oxide 

determine the activated dissociation of CO2 in CO2 hydrogenation. It also guides the 

catalytic pathway towards either CO2 methanation or reverse water-gas shift (rWGS). 

In this work, Ru/Al2O3 catalysts with different Ru structural configurations were 

prepared by controlling the Ru weight loadings, which revealed the 

structure-dependence of production rates for CO and CH4 formation with different 

apparent activation energies. Based on the characterization results, two catalyst 

models were setup: the Ru9/Al2O3 model consisted an interface of monolayer Ru sites 

tightly contacted with γ-Al2O3 supports, and the Ru35/Al2O3 model represented a 

relatively larger Ru nanocluster supported on γ-Al2O3. Theoretical calculations of 

these two models demonstrated that monolayer Ru sites favored the rWGS route with 

a relatively low energy barrier for both CO2 activation and CO formation steps, while 

Ru nanoclusters preferred methanation route energetically. Furthermore, the 

combination of theoretical calculations and experimental isotope-exchange 

measurements suggested that the interfacial O species in Ru-O-Al interfaces acted a 

critical role in CO2 activation via oxygen-exchanging with the O atom in the feeding 

CO2 and consequently incorporating into the final hydrogenation product. 

 

Keywords: CO2, methanation, reverse water-gas shift, oxygen exchange, interface 
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1. Introduction 

The catalytic conversion of CO2 to useful products such as CO or carbon-neutral 

fuels is an essential reaction process since it involves carbon recycle with 

fundamental research interest and potential industrial applications as well as the 

environmental implications [1,2]. In consideration of the thermodynamic stability of 

CO2 and the high energy barrier for splitting C=O bond, the effective CO2 activation 

deems as a critical step in improving the kinetics for overall reaction. Undoubtedly, it 

needs the rational design of the promising heterogeneous catalysts based on the 

mechanistic understandings of CO2 activation and reaction pathway [3-5]. 

The hydrogenation of CO2 at atmospheric pressure is of great significance for 

CO2 utilization, which proceeds via either reverse water-gas shift (rWGS) to yield CO 

or methanation reaction to produce CH4 [6,7]. Although the processes have been 

thoroughly studied from the beginning of the 20
th

 century [8], no consensus has been 

reached for the activation mechanism. A bi-functional mechanism was verified on 

supported Pd catalysts in which H2 dissociation on metallic Pd particles and CO2 

activated adsorption on metal oxide support occurred synergistically to produce CH4 

via the formation of carbonates intermediates [9]. As a comparison, the Pd/SiO2 

catalyst without effectively active oxides almost exclusively yielded CO in the CO2 

hydrogenation reaction [10,11]. This concept was further validated by the inactive 

performance of Pd supported on inert multi-walled carbon nanotubes [12]. In addition, 

another mechanism of the direct activated dissociation of CO2 over the metal particles 
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has been proposed for Ru and Rh catalysts [13-17], which was experimentally 

observed by both in-situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTs) and ambient-pressure X-ray photoelectron spectroscopy (XPS) [14,15], and 

theoretically validated by density function theory (DFT) calculations [16]. 

Interestingly, both the oxygen vacancy on the support and the metallic Ru particles 

can serve as the activation sites for CO2 to form CH4 over Ru/CeO2 but via two 

different reaction pathways [18]. 

The interface of supported catalyst possesses dual sites of the metal-oxide 

heterojunction, playing pivotal roles in governing the electronic and chemical 

structures of the catalysts and the surface reaction process [19-21]. A number of 

structural factors in the supported metal sites, including the particle size, bimetallic 

alloying, crystal planes, redox ability and acidity, can finely tune the interfacial 

effects in the catalytic reactions [22-26]. For instance, smaller nanoclusters gain the 

characters varying with multiple neighboring sites with versatile geometric and 

electronic structures, as compared to larger nanoparticles [27]. The acceleration of 

CO2 dissociation process at the metal-support interface was observed on the supported 

catalysts with the optimized metal particle size [28,29]. On the other hand, the 

support-induced interfacial effects can also allow the tailoring of the electronic 

structure, the chemical state and the stability of the metal species for the enhancement 

in the catalytic performance [30]. In hydrogenation chemistry, both the strong 

metal-support interaction (SMSI) and hydrogen spillover would be subjected to the 
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interfacial effects [31-34]. The CeO2 supported metallic Ir nanoparticles select for 

CH4 production, while the partially oxidized IrOx sites that are modulated by a SMSI 

effect prefer selective production of CO in the hydrogenation of CO2 [35]. Beaumont 

et al. have reported that a long-distance hydrogen spillover from Pt to Co sites led the 

reduction of Co NPs, generating more active sites and therefore dramatically 

increasing in CH4 production [36]. By combining experimental characterizations and 

theoretical calculations, the proper metal-oxide interfaces have been demonstrated to 

selectively strengthen the binding of C, O-bound and O-bound species, leading to the 

diverse product selectivity in the CO2 hydrogenation reaction [37]. 

Herein, the structure-selectivity relationship and the interfacial oxygen-exchange 

pathway were presented in γ-Al2O3 supported Ru catalyzed CO2 hydrogenation at 

atmospheric pressure. Three structural configurations of Ru sites consisting 

monolayer, periphery and nanocluster were prepared by the control of metallic 

loadings and carefully characterized. By combining experimental and theoretical 

analyses, the monolayer Ru sites energetically prefer the rWGS route while the 

relatively larger Ru nanoclusters prefer the methanation route. Furthermore, the 

oxygen-exchange between O atom in gaseous CO2 and the bridged Ru-O-Al 

interfaces as well as its catalytic effects in the CO2 activated dissociation have also 

been demonstrated by isotope-labeling evidences and calculation results. 

2. Experimental 

2.1 Catalyst preparation 
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Ru/Al2O3 catalysts with metal loadings of 1, 2 and 3 wt% were prepared on 

commercial γ-Al2O3 supports by the incipient wetness impregnation method. 

Typically, a certain amount of ruthenium (III) acetylacetonate (Sigma-Aldrich) was 

dissolved in ethanol with the volume decided by the pore volume of the support 

acquired by nitrogen adsorption-desorption isotherms at -198 °C on a Quantachrome 

AUTO-SORB-6B static volumetric instrument (~0.8 cm3/g). The obtained solution 

was then added dropwise onto the support under intensive mixing. The resulted 

powder was dried for 12 h at 80 °C and the catalysts were then obtained via 

calcination at 500 
o
C for 2 h under 10% H2/He with a flow rate of 100 mL/min. 

2.2 Catalyst characterizations 

H2-O2 titration was carried out on a Micromeritics Autochem II 2920 instrument 

equipped with a TCD detector to measure the amount of surface metal sites. Typically, 

100 mg of catalysts were loaded into a U-tube reactor for analysis. All samples were 

pretreated in H2 flow for 60 min at 500 
o
C and then purged with Ar for 30 min before 

cooling to 30 
o
C in the same atmosphere. A gas flow of 10% O2/Ar was passed over 

the samples for 30 min to allow the complete coverage of formed O species on the 

metal surfaces. After switching the feeding gas to pure Ar, sample was heated up to 

250 
o
C and held there until the signal was stable. Subsequently, consecutive pulses of 

10% H2/Ar were dosed at 5 min intervals to consume all the surface oxygen. The 

exposed Ru surface sites was calculated with the assumed stoichiometry of H2/Ru = 

5/2 [38]. 
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Scanning transmission electron microscopy (STEM) analysis was carried out on 

a FEI Tecnai G2 F20 S-TWIN system operated at 200 kV. The adsorption of CO 

accompanied by infrared reflection absorption spectroscopy (IRAS) at 25 
o
C was 

performed on a FTIR spectrometer (Nicolet iS50) equipped with a smart collector and 

a MCT/A detector cooled by liquid nitrogen. Prior to each experiment, the sample 

was pretreated at 500 
o
C for 60 min in 10% H2/He and then cooled down in He flow 

to 25 
o
C. The background spectrum was collected after 60 min in He purge, followed 

by introducing 10% CO/He flow to start the chemisorption. After 30 min in CO/He, 

the sample was purged in He for another 30 min and the resulted spectrum was then 

acquired. All spectra were recorded by accumulating 100 scans with a resolution of 4 

cm
-1

. 

2.3 Kinetic measurements 

For kinetic measurements, a desired amount of catalysts was loaded into a 

fix-bed quartz tube micro-reactor, which was in-situ reduced in a 10% H2/He gas flow 

of 100 mL/min at 500 
o
C for 60 min, and then kept at a reaction temperature to 

measure the activity. The measurements were carried out at atmospheric pressure by 

passing a gaseous mixture of CO2 (5%) and H2 (20%) in He balance at a total flow 

rate of 100 mL/min. The inlet and outlet flows were analyzed by an on-line gas 

chromatograph (Agilent 6890) equipped with both a FID and a TCD detector. The 

sampling data were collected when reaction reached a steady state (~60 min after 
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reaching the desired reaction temperature). The kinetic measurement was performed 

by keeping the CO2 conversion below 15%. 

2.4 First-principles calculations 

Density functional theory (DFT) calculations were carried out to investigate the 

catalytic reaction mechanism of CO2 hydrogenation on Al2O3-supported Ru clusters. 

The Al2O3-supported Ru35 cluster and single layer Ru9 cluster were constructed by 

binding the Ru35 and single layer Ru9 cluster onto a γ-Al2O3(100) surface. The unit 

cell of the amorphous Al2O3 surface for periodic DFT calculation has a dimension of 

10 × 13 × 18 Å, with a vacuum space of 15 Å. All the calculations were carried out 

using the GGA functional with a projector-augmented wave basis set implemented in 

the Vienna Ab initio Simulation Package [39-41]. The energy cutoff of 350 eV was 

used. For the Al2O3 supported catalyst, atoms in the top two layers of the Al2O3 slab 

and adsorbed species were allowed to relax while the bottom layers of the Al2O3 slab 

were kept static. 

2.5 Isotope-exchange experiments 

For the isotope-exchange experiments, the as-calcined catalyst was loaded into a 

fixed bed quartz reactor, followed by reducing at 500 ° C for 60 min under 10% H2 

/He (flow rate=50 mL/min). Pure He or different mixtures, 1% C
18

O2 (95%-
18

O, 

Linde North America Inc.) or C
16

O2, and/or 4% H2 diluted in He, were switched and 

introduced into the reactor. The gases at the outlet of the reactor were analyzed by a 

mass spectrometer (GAM 300, InProcess Instruments) by following the evolution of 
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the m/z=48 (C
18

O2), 15 (CH4), 20 (H2
18

O), 18 & 17 (H2
16

O), 30 (C
18

O), 28 (C
16

O) 

with the response time of the mass spectrometer following a change in gas 

concentration being less than 2 s. 

3. Results 

3.1 Catalytic performances and kinetics 

There was a hypothesis that the conversion of CO2-to-CO could be completed 

via the consequent reaction processes, the formation of surface carbonates from CO2 

adsorption and the release of gaseous CO from the direct interaction between formed 

carbonates and the surface oxygen species in the metal oxide support [42]. Therefore, 

the catalytic effects of bare γ-Al2O3 support in the CO2 reduction reaction became one 

of the first concerns. The reference test was carried out under identical reaction 

conditions and neither CO nor CH4 was detected as the product over γ-Al2O3 support. 

The involvement of Ru sites with/without interaction with Al2O3 support was 

essential in the reaction. 

Fig. 1 showed dependences of the catalytic performance on reaction temperature 

in the CO2 hydrogenation over Ru/Al2O3 catalysts with three Ru loadings. Two 

reaction pathways, CO2 methanation to form CH4 and reverse water-gas shift (rWGS) 

reaction to form CO, competitively occurred in the reaction on these catalysts. The 

CO2 conversion curves were presented in Fig. 1A. 3% Ru/Al2O3 catalyst showed the 

superior CO2 conversion with the onset temperature at approximately 200 
o
C and the 

maximum conversion of 80% at 400 
o
C. Further increasing reaction temperature led 
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to the decline in CO2 conversion due to the thermodynamic equilibrium limitation. 

Similar curves of CO2 conversion were obtained on 2% and 1% Ru/Al2O3 catalysts, 

however, higher onset temperatures and lower maximum activities displayed. 

With increasing the reaction temperature, the identical variation trend of CH4 

yield with the weight loading of Ru was observed, compared with that of the CO2 

conversion. However, it was a contrary dependency of CO yield (selectivity) with the 

weight loading of Ru. As shown in Fig. 1B, the formation of CO started at 

approximately 300 
o
C and increased with ramping temperatures, and the CO yield 

was the highest over 1% Ru/Al2O3 of being 17.4% at 450 
o
C, which was twice of that 

over 3% Ru/Al2O3 catalyst, indicating that CH4 formation was favored and CO 

formation was suppressed with increasing Ru loadings. 

To measure the specific reaction rates and the apparent activation energies (Ea) 

of three Ru/Al2O3 catalysts in a certain temperature window, less than 15% CO2 

conversions were achieved by regulating the usage amount of the catalysts. The 

Arrhenius plots for CH4 and CO formation were separately displayed in Fig. 2A and 

Fig. 2B. For 3% and 2% Ru/Al2O3 catalysts, the Ea value for CH4 formation was 

65.0±3.5 kJ/mol (0.67±0.04 eV) while that for CO formation was 75.0±4.3 kJ/mol 

(0.78±0.04 eV). The distinctly different Ea values have been observed on 1% 

Ru/Al2O3 catalyst, which the calculated Ea for CH4 formation increased to 73.6±3.2 

kJ/mol (0.76±0.03 eV), and the Ea for CO formation decreased to 67.1±2.7 kJ/mol 

(0.69±0.03 eV). Comparable results have been reported that Ea of 67.4 and 72.0 
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kJ/mol were obtained on Ru/Al2O3 and Ru/SiO2 catalysts, respectively [43-45]. There 

was also an experimental observation that the Ea for CH4 and CO formation varied 

with different metal loadings for Pd/Al2O3 and Rh/Al2O3 catalysts, due to the particle 

size effects and the different roles of individual active sites [46]. In this study, the 

different Ea values strongly supported the opposite preference of the production of CO 

or CH4 on Ru/Al2O3 catalysts with different Ru loadings. It could be expected that 

different reaction routes proceeded on different active sites during the CO2 reduction 

reaction. 

The Ru site-specific TOF for CH4 and CO production was also independently 

examined over three Ru/Al2O3 catalysts under varying CO2:H2 ratios and similar level 

of TOFCO2 (approximately 0.25 s
-1

 for total CO2 conversion) (Fig. 3). When the ratio 

of CO2:H2 was less than the stoichiometric ratio for methanation reaction (1:4), the 

TOF toward CO formation over 1% Ru/Al2O3 remained constant (~0.08 s
-1

). As the 

CO2:H2 ratio was increased to more CO2-rich condition, the TOF of CO formation 

slightly increased due to the fact that the thermodynamic equilibrium preferred the 

production of CO rather than CH4 under the relatively higher CO2:H2 ratios. However, 

for 3% Ru/Al2O3 catalyst, the TOF of CO formation increased in direct proportion to 

the CO2:H2 ratio in the full range. The different relationship between the CO 

production TOF and the CO2:H2 ratio was revealed on 1% and 3% Ru/Al2O3 catalysts. 

This result suggested that different types of active Ru sites existed in the two catalysts 

and the rWGS reaction over Ru catalysts was structure-sensitive process. The 
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structure-activity relationships in CO2 reduction reaction catalyzed by Ru/Al2O3 with 

different Ru loadings were further discussed as below. 

3.2 Characterizations of Ru surface structures 

The dispersions of Ru atoms on catalyst surface were determined from 

volumetric H2-O2 titration measurements via reduction of O2-precovered Ru surface 

by 10% H2/Ar gas at 250 
o
C [38]. The total uptake of H2 reflected the concentrations 

of surface Ru sites, which were 2.63 × 10
19

, 4.14 × 10
19

 and 5.71 × 10
19 

g
-1

 for 1%, 2% 

and 3% Ru/Al2O3 catalysts, respectively. Accordingly, the calculated dispersion of Ru 

metals decreased with the increase of the Ru weight loading from 1% to 3% (44.5% 

to 32.2%), as shown in Table 1. As shown in Fig. 4, XRD patterns of three Ru/Al2O3 

catalysts showed only the diffraction peaks of the γ-phase of commercial Al2O3 

support. The diffraction peaks corresponding to the metallic Ru
0
 and RuOx species 

were not discerned, possibly due to the high dispersion of small Ru nanoclusters on 

γ-Al2O3 at low weight loadings. 

Fig. 5 showed the k
3
-weighted χ(k) functions (where k was wave number) and 

corresponding Fourier transforms of EXAFS spectra, providing highly responsive 

structure information of the local coordination environment of Ru atoms. The bi-shell 

fitting of Ru-Ru and Ru-O paths can be first ruled out, whereas the single Ru-Ru 

scattering shell can fit with the measured spectra reasonably, with the resulted 

structural parameters being presented in Table 1. An increase of CN from 6.51 to 7.29 

was observed when Ru loading was changed from 1% to 2%, while the further 
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increase of Ru loading to 3% only resulted in a marginal increase of the CN to 7.43. 

The appreciable variation in CN values suggested that there was a prominent 

structural change for the supported Ru particles from 1% to 2% (3%) Ru/Al2O3 

catalysts. A correlation between the Ru-Ru first shell CN and the average diameter of 

Ru particles with hcp hemispheric model was reported [44,45]. The increasing CN 

from 6.51 to 7.43 was corresponding to an increase of the Ru particle size, which 

equaled to 0.94, 1.27 and 1.32 nm for 1%, 2% and 3% Ru/Al2O3 catalysts, 

respectively. Correspondingly, the dispersions of surface Ru atoms were estimated 

based on the diameters and the hemispheric structure model, which were 71.6%, 52.7% 

and 50.8% for 1%, 2% and 3% Ru/Al2O3 catalysts, respectively. In contrasted to the 

results of H2-O2 titration that the Ru dispersions of three catalysts are 44.5%, 35.1% 

and 32.2%, respectively, the values in the range from 50.8% to 71.6% were 

apparently overestimated, suggesting that the Ru particles in three Ru/Al2O3 catalysts 

did not fully accord with the regular hemispheric structure model. The different 

structure types may be included for the Ru sites on the γ-Al2O3 surface. 

The infrared reflection absorption spectroscopy (IRAS) of the chemisorption of 

CO as the probe molecule on three Ru/Al2O3 catalysts was used for providing 

sensitive structural information of surface Ru sites [47-49]. The IRAS tests were 

performed at 25 
o
C and the spectra were presented in Fig. 6A. Two distinct peaks at 

high frequencies (HF) of 2130 and 2072 cm
-1

, along with one at low frequencies (LF) 

between 2000 and 2050 cm
-1

 were observed over all catalysts. For a better 
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comparison, the spectra were displayed in Kubelka-Munk (KM) unit and normalized 

with the peak area at 2130 cm
-1

. 

The LF peak was assigned to the linear CO* (“*” represents the adsorbed species) 

on top sites of relatively larger three-dimension (3D) Ru nanoclusters that interacted 

with all surrounding sites by Ru-Ru bonds [50,51]. The blue shift of this peak was 

caused by the dipole-dipole coupling effect of the adsorbed CO* species with 

increasing concentrations [52,53]. The two HF peaks at 2130 and 2072 cm
-1

 were 

associated with CO adsorbed on Ru sites that were perturbed by bonds from the 

support [53,54]. The peak at 2130 cm
-1

 was ascribed to the symmetric stretches of 

bi-carbonyl species that adsorbed on the uncoordinated Ru sites at the periphery 

interface, while the peak at 2072 cm
-1

 was contributed from both the asymmetric 

stretches of bi-carbonyl species and the vibration of linear adsorbed CO on Ru sites of 

monolayers [51,53-56]. Therefore, 3D nanoclusters, periphery interface sites and 

monolayer sites of Ru species were co-existed in Ru/Al2O3 catalyst structures. It has 

also confirmed that ideal hemispheric structure model cannot match with Ru sites in 

this catalyst system. 

A clearly opposite variation tendency of peak intensity for 2070 cm
-1

 peak and 

LF peak was observed with increasing Ru loadings. To further quantify the surface 

structural compositions, the IRAS spectra were deconvoluted into Gaussian sub-bands 

using the coefficient values acquired by Yokomizo et al. [54], as shown in Fig. 6B. 

Based on the above assignments and analysis method, the distributions of linear 
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adsorbed CO and bicarbonyls were obtained and the fractions of corresponding Ru 

sites were listed in Table 1. For three Ru catalysts, the periphery sites of Ru 

maintained similar proportions. However, the fraction of Ru sites in monolayers has 

drastically decreased from 45.4% to 6.8% when Ru loading raised from 1% to 2%, 

while that fraction in 3% Ru/Al2O3 was only 1.1%. Conversely, the fraction of top 

sites in 3D Ru nanoclusters has almost doubled when Ru loading increased from 1% 

to 2%, while further increasing Ru loading to 3% only resulted in a relatively small 

increase in the fraction. For 1% Ru/Al2O3, both monolayers and 3D nanoclusters with 

multiple layers were present in an appreciable percentage. For 2% and 3% Ru/Al2O3, 

3D multilayers dominated the Ru sites. It has been reported that the calcination 

treatment most likely led to planar Ru sites lying on the γ-Al2O3 surface [57]. The 

HAADF-STEM analyses (Fig. 7) revealed such tendency on 1% Ru/Al2O3 catalyst. 

No formation of Ru nanoparticles was observed in the most investigation area. 

However, for 3% Ru/Al2O3 catalyst, it was so intuitive that small Ru nanoparticles 

dispersed on the Al2O3 support individually. 

3.3 Structure-activity relationship 

The evolution of the surface intermediate species was monitored by in-situ 

DRIFT spectra during the CO2 hydrogenation reaction over 1 wt% Ru/Al2O3 catalyst 

(Fig. 8). The reaction was carried out at 350 
o
C and the equilibrium time was lasted 

for 90 min under reaction flow of CO2 and H2. A clear band at 2000 cm-1 was 

observed, which was ascribed to CO* species serving as the intermediate for rWGS 
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reaction [58]. A band at 1595 cm-1 and a smaller band at 1390 cm-1 were assigned to 

formate species acting as the intermediate for methanation reaction [18]. Furthermore, 

distinguishable peaks at 3017 and 2906 cm
-1

 were corresponding to the vibration 

bands of CH4* and CH3* species [17]. Upon heating up to 450 
o
C in He flow, the 

band of CO* adsorbates disappeared quickly while the rest peaks were still 

recognizable, indicating the preferential desorption of CO* species from the catalyst 

surface. After switching the feeding gas to 10% H2/He, the residual surface species 

disappeared in less than 30 min. The order in peak disappearance substantiated that 

the surface intermediates in methanation pathway such as CH4*, CH3* and formate 

species possessed a stronger interaction with the active sites of the catalyst, as 

compared with CO* intermediates in rWGS pathway. This result strongly supported 

that 1 wt% Ru/Al2O3 catalyst preferred the transformation of CO2 to CO via rWGS 

process rather than CH4 formation. It is also in agreement with relatively lower value 

of Ea in kinetic measurements (73.6 and 67.1 eV for CH4 and CO formation, 

respectively). 

By combining with the kinetic analysis, the characterizations of surface 

structures and the monitoring of the active intermediate species during the CO2 

reduction reaction, the catalytic selectivity switching between CH4 and CO 

productions over Ru/Al2O3 catalysts should be determined by the Ru sites and 

Ru-Al2O3 interfacial sites. To gain an understanding of the reasonable mechanisms in 

CO2 reduction reaction, the DFT calculations were performed over two representative 
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structural models of Ru/Al2O3. Based on the characterization results, the fully 

dehydroxylated (100) terminations of γ-Al2O3 were chosen as support surface. To 

simulate the 3D nanocluster model of Ru, the Ru35 nanocluster was built and 

stabilized on the γ-Al2O3(100) surface by bridging through Ru-Al and Ru-O bonds, 

with a bond length of 2.55-2.60 and 1.98-2.07 Å, respectively (Fig. 9A). A monolayer 

of Ru9 with nine Ru atoms dispersed on the same γ-Al2O3(100) surface served as the 

second model (Fig. 9B). The Ru9/Al2O3 structure model after relaxation was a 

no-plane monolayer in which the bond length of Ru-Al and Ru-O are 2.50-2.53 Å and 

1.89-2.04 Å, respectively. The slight difference of bond lengths between two models 

indicated that γ-Al2O3 surface owned a stronger interaction with Ru9 monolayer sites 

than with Ru35 nanoclusters. The calculated reaction pathways for CO2 methanation 

and rWGS were shown in Fig. 10 and Fig. 11, respectively. Noticeably, H2 

dissociation on supported Ru sites was not a rate-limiting step because the fast rates to 

reach equilibrium during CO2 hydrogenation reaction [59]. In addition, the adsorption 

of CO2 was remarkably stronger over Ru9/Al2O3 than that over Ru35/Al2O3 for the 

initial step in both hydrogenation pathways. The dissociation of CO2 can also be 

accelerated over monolayer Ru9 sites rather than Ru35 nanocluster sites. More 

negative charges can be transferred to CO2*
 
species adsorbed on monolayer Ru9 sites 

with the aid of direct electron contribution from the underneath oxide support [28, 

60]. 
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Specifically, the route of CH4 formation started with the formation of HCOO* 

species [7,18] and stepwise hydrogenation into HCOOH* and H2COOH* [61-63]. As 

a result of the cleavage of the C-OH bond, the dissociation of H2COOH* led to the 

formation of H2CO* and OH*, followed by further hydrogenation of H2CO* into 

H3CO* and OH* into H2O*. The subsequent reaction step was the cleavage of the 

C-O bond in H3CO* to produce H3C* and O*, then the ultimate formation of CH4 and 

H2O via one more hydrogenation step. The rate-limiting step of the CH4 route was the 

dissociation step of H2COOH* species. The predicted energy barrier in the step was 

0.69 eV (66.5 kJ/mol) and 0.80 eV (77.1 kJ/mol) for Ru35 and Ru9 model, respectively. 

For the CO production via rWGS reaction pathway, CO2 adsorbed on the top sites of 

the Ru35 nanocluster directly dissociates into CO* and O*, which was the 

rate-determining step holding a reaction energy of -0.88 eV (-84.9 kJ/mol) and an 

energy barrier of 0.84 eV (81.0 kJ/mol). In contrast, the energy barrier on monolayer 

Ru9/Al2O3 model was 0.71 eV (68.5 kJ/mol), which was appreciably lower than that 

on Ru35/Al2O3. 

For the competitive pathways of methanation and rWGS in CO2 hydrogeantion 

reaction on Ru/Al2O3 catalysts with different Ru loadings, the variation trends in both 

the catalytic selectivity and the Ea value can be strongly supported by the calculated 

energy profiles. It suggested that the 3D nanocluster Ru35/Al2O3 model favored the 

formation of CH4 and the monolayer Ru9/Al2O3 model preferred the formation of CO. 

These two structural models were co-existed in 1% Ru/Al2O3 catalyst, while the 
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increasing Ru loading led to the almost exclusive generation of large 3D particles, 

which resembled the Ru35/Al2O3 model in 3% Ru/Al2O3 catalysts. This was helpful to 

explain why the reaction rate in CH4 formation increased and that in CO formation 

reaction was suppressed with the increase of Ru loadings. 

3.4 Oxygen-exchange between CO2 and bridged Ru-O-Al interface 

There was an interesting finding towards the catalytic reaction pathway based on 

the DFT calculations. In the case of CO2 activation catalyzed over Ru9/Al2O3 model, 

O* species were dissociated from CO2 on an interfacial Ru sites (Ru-O-Al) and then 

easily bridged with the Lewis acid center of Al atoms to form a new Ru-O-Al bond 

(structure IN1, see Fig. 11), which was an exothermic step with an energy reduction 

of 0.34 eV (32.8 kJ/mol). The following step was the hydrogenation of an interfacial 

O atom to form OH* with an energy barrier of 0.31 eV. Then, the further 

hydrogenation of OH* led to the formation of H2O with an energy barrier of 0.29 eV. 

As a consequence, a dynamic incorporation of the interfacial O atom in the bridge 

Ru-O-Al bond into the final products would easily occur in CO2 hydrogenation 

reaction. 

The isotope-labeling measurements were carried out on 1% Ru/Al2O3 catalyst to 

clarify the oxygen-exchange process between CO2 and Ru-O-Al bridge bond. C
18

O2 

gas (
18

O-95% purity) was used to replace C
16

O2 under identical reaction conditions 

and an online mass spectrometer was connected to monitor the mass signals of 

gaseous products. The isotope-exchange CO2 reduction reaction started from H2 
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introducing (H2:C
18

O2= 4:1) when stable signals were reached for the feeding 

C
18

O2/He gas. All major gaseous products of both methanation and rWGS in CO2 

hydrogenation were detected on MS spectra, as shown in Fig. 12A. CH4 and isotopic 

C
18

O and H2
18

O, dominated the product distribution, while a small amount of C
16

O 

and H2
16

O have also generated during catalytic reaction, partially due to the 

co-feeding of C
16

O2 gas (5%). It should to be emphasized that prominent peaks were 

emerged on the signal of H2
16

O (m/z=18) at the initial stage (~5 min) and 

subsequently equilibrium state was regained. The signal intensity ratio of H2
16

O 

(m/z=18) to H2
18

O (m/z=20) was considerably larger than 5%:95% (the ratio of 

C
16

O2:C
18

O2 in feeding gas) within the first five min, suggesting that 
18

O-free H2
16

O 

was not entirely produced from the hydrogenation reaction of C
16

O2 impurity with 5% 

concentration. To further verify the origin of H2
16

O product, the second reaction run 

with C
18

O2 was performed after consecutive treatment of He and H2/He purgation to 

remove residual surface species. It was observed that such distinct peak for H2
16

O 

(m/z=18) was no longer present in the second run, as shown in Fig. 12B. In addition, 

similar patterns were obtained on signal channel at m/z 17, which was the main 

fragment of H2
16

O that was free from the interferences. These results clearly 

demonstrated that there were interfacial 
16

O species on 1% Ru/Al2O3 catalyst 

involving in the exchanging with 
18

O atoms in C
18

O2 for producing of H2
16

O during 

the initial hydrogenation reaction. 
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It is reasonably considered that 
18

O atoms could be left on the interfacial 

Ru-
18

O-Al bonds in the spent Ru/Al2O3 catalyst after isotopic oxygen-exchange 

reaction. 18O-free C
16

O2 hydrogenation reaction was performed over the possibly 

18
O-labeled 1% Ru/Al2O3 catalyst to reveal the role of interfacial bridge oxygen 

species. When hydrogenation started with sampling of H2 into C
16

O2/He gas flow, the 

signal of H2
18

O (m/z=20) kept flat for the pristine catalyst, whereas the signal rose a 

peak immediately for the used catalyst, indicating a substantial yield of H2
18

O in the 

C
16

O2 reduction reaction (Fig. 13A). The expected production of C
16

O (m/z=28) and 

CH4 (m/z=15) was also observed, as shown in Fig. 13B. Furthermore, the MS signals 

of C
18

O (m/z=30) and C
18

O2 (m/z=48) were absent during the reaction, which fully 

excluded the possibility that the 
18

O atom of H2
18

O was originated from gaseous or 

surface residual C
18

O2. Based on the above isotope-labeling transient analyses, we 

expected that H2
18

O is derived from the incorporation of 
18

O atoms in interfacial 

Ru-
18

O-Al bonds that was produced via the oxygen-exchange process during the first 

run of C
18

O2 hydrogenation reaction. 

Combined with the isotope-exchange experimental evidences and the theoretic 

calculation results, CO2 preferred to be activated and converted into CO on the 

monolayer Ru sites that directly interacted with the γ-Al2O3 support by following the 

rWGS pathway. Noticeably, the activated dissociation of CO2 on the monolayer Ru 

sites left an active O* that further bridges with adjacent Al site of the support to form 

a ‘new’ interfacial Ru-O-Al bond, achieving the oxygen-exchange between CO2 and 
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Ru-Al2O3 interface. The illustration of ambient pressure CO2 hydrogenation reaction 

catalyzed by Ru/Al2O3 catalysts was proposed in Scheme 1. 

The rWGS reaction, as the reverse process of water-gas shift, was generally 

considered as a kind of interfacial structure-sensitive reaction. For instance, the 

Pt-Ov-Ti
3+

 species formed at the interface between Pt and reducible TiO2 support was 

identified as the active sites for the CO formation [64]. According to the analyses of 

in-situ DRIFTs spectroscopy and microcalorimetry measurements, Pt-O(OH)-K 

interfaces were evidenced as the primary active sites to achieve CO2 activation and 

CO production via bridge-bonded formates intermediates [65]. Similarly, atomically 

dispersed Rh sites received the directly transferred electrons from the interface with 

TiO2 support, favoring the rWGS reaction route in CO2 hydrogenation, and a strong 

correlation was obtained between the TOFrWGS value and the fraction of isolated Rh 

sites [47]. The finding of interfacial oxygen-exchange during the CO2 activation in 

this work provides a novel insight into the catalytic effects of the metal-oxide 

interfaces. 

4. Conclusions 

In summary, different structure types of Ru sites on γ-Al2O3 were prepared via 

varying the Ru weight loadings and were identified by the comprehensive analyses of 

H2-O2 titration, STEM, EXAFS and CO adsorption IRAS measurements. The 

monolayer and 3D nanocluster sites of Ru metals are co-existed in 1% Ru/Al2O3 

catalyst while the latter predominates over 2% and 3% Ru/Al2O3 catalysts. By 
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integrating kinetic measurements and theoretical calculations, the rWGS route to form 

CO preferentially occurs on monolayer Ru sites, while the methanation route to form 

CH4 is in favor of relatively larger 3D Ru nanoclusters. In addition, a dynamic 

oxygen-exchange process between CO2 and interfacial Ru-O-Al bond in monolayer 

Ru-catalyzed rWGS reaction was validated by theoretical calculation results and 

experimental isotope-labeling studies. The dissociative adsorption of CO2 at 

monolayer Ru sites leaves O* species to facilely bridge with the surface Al sites from 

the γ-Al2O3 support, building new interfacial Ru-O-Al bonds via the oxygen-exchange 

process. The observation in this work highlights the catalytic effects of the active 

metal-support interfaces in the effective activation of CO2 for the exploration of the 

supported metallic catalysts. 
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Table 1. Structural properties of Ru/Al2O3 catalysts based on the results of H2-O2 

titration and IRAS of CO adsorption measurements. 

Ru/Al2O3 

Catalyst 

Dispersion
a 

(%) 
CN

b
 d

b
(nm) 

Dispersion
b 

（%） 

Fraction of surface Ru sites
c 

monolayer periphery nanocluster 

1% 44.5 6.51±0.4 0.94±0.10 71.6±7.6 45.4% 10.0% 44.6% 

2% 35.1 7.29±0.4 1.27±0.10 52.7±4.2 6.8% 9.7% 83.5% 

3% 32.2 7.43±0.4 1.32±0.10 50.8±4.2 1.1% 8.4% 90.8% 

a
Dispersion of surface

 
Ru particles obtained from H2-O2 titrations. 

b
Results from EXAFS analyses. CN: Ru-Ru first shell coordination number; d and 

dispersion of Ru particles were calculated based on semispherical structure model; 

c
Calculated based on IRAS of CO adsorption. 
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Fig. 1. The catalytic hydrogenation performance (A) CO2 conversion and (B) CO 

yield of 1%, 2% and 3% Ru/Al2O3 catalysts as a function of reaction temperature. 
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Fig. 2. Arrhenius plots of (A) CH4 and (B) CO formation rates over Ru/Al2O3 

catalysts. 
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Fig. 3. The TOF for conversion of CO2, production of CO and CH4 over 1% and 3% 

Ru/Al2O3 catalysts as a function of CO2:H2 ratio. 
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Fig. 4. XRD patterns of Ru/Al2O3 catalysts. 
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Fig. 5. k
3
-weighted χ function and corresponding Fourier transforms obtained on 1% 

Ru/Al2O3 (A and D), 2% Ru/Al2O3 (B and E) and 3% Ru/Al2O3 (C and F). Solid lines 

are EXAFS data, and dashed lines are the fits. 
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Fig. 6. IRAS spectra for CO adsorption (A) and the deconvoluted data (B) of 

Ru/Al2O3 catalysts. 
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Fig. 7. STEM images of 1% and 3% Ru/Al2O3 catalysts. 
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Fig. 8. In-situ DRIFTs spectra collected when the 1% Ru/Al2O3 (initially in H2 and 

CO2 flow at 350 
o
C for 90 min) was heated up to 450 

o
C in He at a ramp of 20 

o
C/min, 

which was then exposed to 10% H2/He and held there for 5, 30 and 60 min. 
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Fig. 9. The optimized model structures of (A) 3D nanocluster Ru35/Al2O3 and (B) 

monolayer Ru9/Al2O3. 
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Fig. 10. Potential energy profiles for CO2 hydrogenation to CH4 on Ru35/Al2O3 and 

Ru9/Al2O3 models. 
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Fig. 11. Potential energy profiles for CO2 hydrogenation to CO on Ru35/Al2O3 and 

Ru9/Al2O3, along with the structure IN1 (as the right). 
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Fig. 12. The MS signals of (A) H2
16

O (m/z=17, 18) during isotope exposure for two 

consecutive runs; (B) MS signals in the first run when H2 was introduced into 

C
18

O2/He over pristine 1wt% Ru/Al2O3 catalysts. 
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Fig. 13. The MS signals of (A) H2
18

O (m/z=20) when H2 was introduced into 

C
16

O2/He over used and pristine 1% Ru/Al2O3 catalysts; (B) The MS signals as a 

function of time when H2 was added into the feed gas of C
16

O2/He over 1% Ru/Al2O3 

at 350 
o
C, which is previously exposed to C

18
O2 and H2 for 90 min at 350 

o
C. 
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Scheme 1. Schematic illustration of CO2 hydrogenation to form CO and CH4 over 

Ru/Al2O3 catalyst. 

 

 



Graphical Abstract (for review)



Highlights: 

1. Al2O3-supported Ru sites determine the selectivity for rWGS and methanation in 

CO2 hydrogenation. 

2. CO formation prefers monolayer Ru sites while CH4 formation energetically occurs 

on relatively larger nanocluster Ru sites. 

3. Dynamic oxygen-exchange between O in CO2 and bridged Ru-O-Al interface is 

verified for facilitating CO2 activation. 
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