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ABSTRACT 
In this work, we investigated the promotional effects of In on Ru for the synthesis of methanol 

via  CO2 hydrogenation in  the  liquid phase.  Incorporation of  In  to  Ru results  in  a  methanol  

selectivity of ~85% at 240 oC and 3.4 MPa (CO2/H2=1/3). After incorporation of either promoter, 

no methane was observed under the conditions studied (200-240 oC). The combination of In and Ru 

modulates Ru sites geometrically and electronically.  X-ray diffraction and x-ray photoelectron 

spectroscopy provided evidence of the structural evolution from mixed metal oxides to alloy and 

intermetallic phases and charge transfer from In to Ru, respectively. Additionally, in-situ diffuse 

reflectance infrared Fourier transform spectroscopy studies using probe molecules (CO2+H2, CO, 

formic acid, methanol), as well as CO-temperature programmed reaction and H2-D2 exchange 
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experiments,  were  conducted  to  provide  insight  to  the  promotional  effect  of  In.   With  the 

incorporation of In, surface formate and methoxy species were stabilized to promote the formation 

of methanol.  Methanation, which is a dominant pathway on monometallic Ru, was inhibited with 

promoter addition.  

Key Words: Bimetallic, Promoters, Indium, Ruthenium, Methanol, CO2 hydrogenation. 

INTRODUCTION 

The efficient conversion of carbon dioxide (CO2) with renewable hydrogen has the potential to 

recycle CO2 as a versatile C1 building block for the synthesis of a valuable suite of products, while 

potentially lowering the greenhouse gas concentration in the atmosphere.1-5 The conversion of 

CO2 to  methane  (CH4)  has  a  low  Gibbs  free  energy  below  500  oC  and  is  the  most 

thermodynamically  favored  product  from  CO2 hydrogenation  when  comparing  CH4,  carbon 

monoxide (CO), and CH3OH.6 Of these three products,  CH3OH is a more valuable platform 

chemical  and can also serve as  a  hydrogen storage medium.7 Commercial  CH3OH synthesis 

catalysts  typically require  a  high H2/CO2 ratio  (H2:CO2≥3) and high pressure (> 10 MPa) to 

improve the methanol selectivity, which increases processing costs.8, 9 Therefore, the identification 

of new catalyst compositions that avoid methane formation while maximizing CH3OH yields 

during CO2 hydrogenation with lower H2/CO2 ratio remains a significant challenge.  
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Ruthenium (Ru) nanoparticle and/or nanocluster catalysts have been extensively studied as 

highly active catalysts for CO2 methanation.1, 10, 11 Ru catalysts have CH4 selectivity of nearly 100% 

at full conversion with a methanation onset temperature as low as 60 oC.8, 12 At higher temperatures 

(~450 oC), 99% CH4 selectivity has also been reported on Ru-based catalysts.13 Efforts to modulate 

the selectivity of Ru catalysts for methanol synthesis have been made through the development of 

soluble,  molecular  catalysts.14 However,  soluble  catalysts  often  suffer  from  limited  thermal 

stability and difficulty when separating from the product to reuse/recycle.15, 16 Alternatively, Ru 

performance can be modulated through the addition of promoters through electronic and geometric 

effects. Such approaches have been successful with In-Pd and In-Rh alloys, where In was predicted 

to prohibit the CO methanation pathway.9, 17, 18 However, the methanol selectivity for reduced In-Pd 

alloys was 13%, due to the significant contribution from the reverse water gas shift reaction.18 It 

was suggested that the interface between the indium oxide and alloy plays a key role in increasing 

the methanol selectivity.7 Li et al. recently reported the promotional effects of supporting Ru on 

indium oxide to increase the methanol selectivity compared to Ru/Al2O3.9 However, methanation 

was observed with a CH4 selectivity of < 20%. The intermetallic phases of InxRuy (In3Ru1 and 

In1Ru3) were discovered in 1964, and additional studies on the thermoelectric properties and 

theoretical electronic structure have been reported.19-21 The In3Ru1 phase, in particular, contains Ru 

sites isolated by 8 In atoms with shorter In-Ru distance than Ru-Ru, 21, 22 and its band structure is 

modified with the incorporation of In. Performance of these intermetallic materials and the alloy 

form of In-Ru is largely unknown, and the unique geometric and electronic structures might open 

up new opportunities for the selective of methanol. 

In this paper, we focus on the evaluation of Ru promoter (In)for the synthesis of methanol from 

H2/CO2. We prepared silica (SiO2)-supported In-Ru bimetallic catalysts with various ratios and 
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different reduction temperatures to compare the catalytic performance. Our work highlights the 

incorporation of In prevents methanation between 200-240 oC and 3.4 MPa, while the methanol 

selectivity remains high (75-85% at 240 oC). In order to understand the synergistic effects of In 

incorporation, chemisorption probe molecules (e.g., CO, methanol, formic acid) were utilized to 

understand  the  interaction  between  surface  Ru  sites  and  adsorbates  before  and  after  the 

incorporation  of  In.  H2 activation  and  CO  hydrogenation,  which  serve  as  critical  steps  for 

methanation, were also investigated. These results provide further insight into how the bimetallic 

composition influences the stability of potential surface intermediates and inform the proposed 

reaction pathways towards methanol synthesis.

EXPERIMENTAL DETAILS

Materials
Fumed SiO2  (Aerosil(R) 200, SiO2  >99 %, surface area 175 - 225 m2/g), Silica gel (Sigma-

Aldrich, Davisil  Grade 635),  RuCl3·xH2O (Oakwood Chemicals,  99%), Ni(NO3)3·6H2O (Alfa 

Aesar, 98%), In(NO3)3·xH2O (Alfa Aesar, 99.999%), commercial Cu/Zn/Al2O3/MgO (Alfa Aesar, 

63.5 wt% CuO, 20 wt% ZnO, 10 wt% Al2O3 and 1.5 wt% MgO), 1,4-dioxane (ACROS Organics, 

99 %, water 50 ppm max), formic acid (Alfa Aesar, 97 %), CO2 (Airgas, 99.99 %) H2 (Airgas, 

99.999 %), D2 (Airgas, 99.999 %), N2 (Airgas, 99.998 %), 30% CO in He (Airgas, 99.99 %), 

1%O2 in He (Airgas, 99.99 %). All chemicals were used without further purification. 

Catalyst synthesis
The SiO2 supported  Ru and In-Ru bimetallic  catalysts  were  synthesized  through  incipient 

wetness impregnation. Specially, 2.03 g of fumed SiO2 were calcined at 200 oC for 5 h and cooled 

overnight before use. For the In0.85Ru1 sample, the precursor solution was made by dissolving 
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0.2444 g of RuCl3·xH2O and 0.3082 g of In(NO3)3·xH2O in 4.7 g DI water. The solution was added 

dropwise onto the fumed SiO2 and well-mixed. Then, the wet sample was sonicated for 15 min and 

placed in air at room temperature for 24 h. The dried sample was ground and subsequently calcined 

at 400 oC for 1 h to remove residual chlorine. This precursor was transferred to the tube furnace for 

reduction in pure H2 (160 ml/min H2) with a ramp rate of 5°C/min. The precursor was heated to 100 

oC first and held for 1h. The temperature was subsequently increased to and held at the final  

temperature for 2 h (only 1h for In0.85Ru1-300/450). Materials with a final reduction temperature of 

800  oC were denoted In0.85Ru1-800. The In1Ni0.9 sample was synthesized in the same way as 

previously reported,7 and it was reduced at 300 oC for 1 h (named as In1Ni0.9-300). The commercial 

Cu/Zn/Al2O3/MgO catalyst was reduced at 290 oC for 2 h before use. After the reduction, all the 

catalysts were cooled to room temperature, passivated with a flowing stream of 1 % O2/He for 1h, 

and then transferred to the N2 drybox for storage. 

Material Characterization 
The structure of the as-synthesized catalysts was determined by powder X-ray diffraction (XRD) 

with a Bruker D8 Advance Davinci instrument (Cu Kα X-ray source). Samples were pressed into 

the sample holder and rotated at a speed of 15 o/min with an increment size for each measurement 

of 0.02 o/step. 

HRTEM  (high-resolution  TEM)  and  STEM-HAADF  (high-angle  annular  dark-field)  were 

utilized to provide information about particle size distribution and crystal structure. The samples 

were prepared by drop casting onto carbon-coated copper grids. Images were collected with JEOL 

3200FS, operating at 300 kV. The JEOL 3200FS was equipped with an Oxford XEDS (X-ray 

energy dispersive spectroscopy) detector for elemental concentration measurements and mapping.
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Inductively coupled plasma – optical emission spectroscopy (ICP-OES; PerkinElmer Optima 

8000) with using external calibration curves for each element of interest was utilized to determine 

the  composition  of  the  as-synthesized  bimetallic  and  monometallic  catalysts.  All  bimetallic 

samples can be easily dissolved in aqua regia after heating at 200 oC for 3 h while supported Ru can 

be hardly digested until temperature reaches 220  oC and holds for 24 h. The metal ratios and 

loadings are listed in Table S1. In-Ru bimetallic catalysts show a slight In deficiency compared to 

the nominal ratio. For simplicity, the catalysts are named based on their nominal ratios, and the 

mass normalized reaction rates are calculated based on measured metal loading.

X-Ray Photoelectron Spectroscopy (XPS) was performed on both Ru and bimetallic catalysts 

that were reduced at 800 oC.  Prior to measurement, the samples were pressed to form a thin wafer. 

Powdered Si(111) was added as reference material, and the Si 2p3/2 peak was shifted to 99.3 eV. 

The Si 2p3/2 peak was used instead of C1s peak because the binding energy of C1s peak (from the 

carbon tape) at 284.8 eV overlapped with Ru 3d features. As is shown in Fig. S3, the peaks in Ru 3d 

region (280~288 eV) was deconvoluted to Ru 3d3/2 (blue) at around 280 eV together with Ru 3d5/2 

(purple) and C1s features from carbon tap (pink and green). Meanwhile, the In 3d region (441~456 

eV) was deconvoluted to In 3d5/2 at around 444 eV and In3d3/2 at 451 eV. 

H2-O2 titration was performed with a Quantachrome Autosorb IQ-C-XR Gas Sorption Analyzer. 

In a typical process, 150 mg sample was loaded in a U shape sample tube and reduced identically to 

the catalyst synthesis procedure. After reduction, the sample was cooled to 25 oC and a flow of 1 % 

O2/He was used to oxidize surface Ru site for 1 h. Then, He was used to purge the system for 1h, 

and the sample was subsequently heated to 300 oC and evacuated for 24h. After evacuation, the 

sample was cooled to 100 oC to perform the H2 titration experiment to minimize physiosorbed H2 

and also facilitate the reduction of RuO2.23 The resulting isotherm curve was summarized in Fig. 
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S1. After the titration, the total amount of adsorbed H2 was determined by extrapolation of isotherm 

curve to zero pressure and number of Ru sites was calculated based on Kubicka’s work that 2.5 H2 

molecules titrated 1 oxidized Ru site.23 It is worth mentioning that the total amount of H2 may 

contain reversible adsorbed H2 which might overestimate the Ru site density. CO titrations were 

also performed on the reduced In-Ru samples. However, no detectable CO uptake was observed 

due to the low Ru site density and weak CO adsorption on In-enriched surfaces.18

The site density for Cu/ZnO/Al2O3/MgO was determined through a H2 TPD experiment as 

reported in literature.24 The amount of H2 was quantified via mass spectrometry through an external 

calibration curve on m/z=2. In a typical experiment, 150 mg of a 290 oC pre-reduced sample was 

loaded in the U shape sample tube and reactivated in 30 ml/min H2 flow at 220 oC for 2 h. After H2 

reduction, the sample was cooled in a -40 oC bath (75% isopropanol + 25% water + dry ice) for 1 h 

to adsorb H2. A liquid nitrogen bath was then used, and the sample was quickly cooled to 77 K and 

held for 1h.  The gas was switched to He and purged for 1 h. The cooling bath was then removed to 

allow the temperature to rise spontaneously. Once the temperature rose to room temperature, a 

heating mantle was applied and ramped to 100 oC to facilitate H2 desorption. The total H2 was 

determined to be 55 umol/g, which is close to the literature value for Cu/ZnO/Al2O3.24 Assuming 

H/Cu ratio is 0.4,24 the total Cu site density was measured as 285 μmol/g. 

H2-D2 exchange experiments were conducted to investigate the activation of H2 on Ru-800 and 

In3Ru1-800 using mass spectrometry to determine the concentration change of HD (m/z=3), H2 

(m/z=2) and D2 (m/z=4). Approximately 100mg of pre-reduced sample was loaded in a U-shape 

sample tube and purged with 30 ml/min H2 flow for 1 h to remove air. Then 30 ml/min H2 + 30 

ml/min D2 was fed together into the sample while a liquid nitrogen bath was used to cool the sample 

to 77 K. 
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In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) investigations 

were  performed using  a  Bruker  Vertex  70  spectrometer  equipped  with  a  mercury  cadmium 

telluride detector. Before CO adsorption, materials were treated with He at 300°C for 1 h and then 

cooled to room temperature. Ru-800 was reduced in H2 at 300 oC for 1 h and subsequently purged 

with He at the same temperature for 1 h. After cooling the sample to 25 oC, 30 ml/min 30 % CO/He 

was introduced into the sample cell for 30 min and then purged with He to remove the residual CO. 

Measurements were taken every 3 min with resolution of 4 cm-1. Formic acid and methanol vapor 

adsorption experiments were also performed. For these experiments, 30 ml/min He was used to 

carry formic acid or methanol vapor from a glass bubbler to the sample cell at room temperature. 

After saturation for 30 min, the sample was purged with He for 30 min and then switched to H2 

while heating to the target temperature. 

Temperature programmed reduction (TPR) experiments were conducted on a Micromeritics 

Chemisorb 2750 equipped with mass spectrometry analysis capabilities. Approximately 150 mg of 

sample was loaded in a U shape tube and placed in 40 ml/min 5% H2/Ar for at least 1 h prior to the 

test. During TPR, the sample was ramped to 800 oC with a heating rate of 5 K/min. CO temperature 

programmed reaction (TPRx) was performed on the same instrument. Approximately 100 mg of 

sample was reduced at 800 oC for 2 h and then purged with He for 0.5 h at the same temperature. 

The sample was then cooled to 30 oC for CO adsorption. A total of 1.59 ml of 30 % CO was injected 

into the sample to reach saturation. Then, the gas stream was switched to H2 and ramped to 700 oC 

at a rate of 20 oC/min. The m/z=15 and 16 ion currents were utilized to monitor methane formation.
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Catalysis Activity Measurement

 All reactions were conducted in a 50 mL Parr batch reactor equipped with a programmable 

temperature controller and pressure indicator. We evaluated the catalysts in 1,4-dioxane due to its 

higher CO2 solubility than hydrogen solubility.25, 26 It is also worth noting that the solvent may also 

assist  in  hydride transfer  27,  28 and formation of  carbonate  29,  30 which can alter  the  catalytic 

performance. We also tested isopropanol as an alternative solvent, which resulted in a similar 

CH3OH selectivity (98% CH3OH, 2% CO) as 1,4-dioxane (95% CH3OH, 5% CO and trace amount 

of methyl formate) after 13h reaction at 200 oC with 100 mg In3Ru1-800, 15 ml solvent and 6.7 MPa 

reactant (N2/CO2/H2 = 1/10/30). For each experiment, 20 ml of anhydrous 1,4-dioxane was used as 

the solvent with 100 mg of the catalyst. The reactor was purged with N2 three times, purged with 

H2 once, and purged with CO2 three times before charging the reactants. Approximately 0.48 MPa 

of CO2 was initially charged in the reactor, followed by 0.34 MPa of N2 and 1.44 MPa of H2 at room 

temperature. The reactor was heated to 240 oC within 20 min and stirred at 690 rpm. The total 

pressure at 240°C was ~5.2 MPa with 1.8 MPa 1,4-dioxane vapor + N2 based on GC analysis.  For 

the commercial Cu/ZnO/Al2O3/MgO catalyst, the formation of products were observed during the 

heating process. Therefore, only CO2 and N2 were charged into the reactor at room temperature. 

Afterwards, H2 was added at 240 oC to initiate the reaction. After the experiments, the reactor was 

cooled in an ice bath for 30 min. The gas was expanded slowly into a 500 ml empty cylinder so that 

the majority of CO2 present in the liquid phase was extracted to the gas phase. The collected gas 

was sent to a GC TCD/FID for quantification of N2, CH4, CO and CO2. The liquid phase was 

recovered at the bottom of the reactor, and the CH3OH concentration was quantified using an 

Agilent  7890b  GCMS using  an  external  calibration  curve.  The  CH3OH formation  rate  was 

calculated by the total moles of CH3OH produced per gram of catalyst and reaction time at 240 oC. 
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The CO2 conversion was calculated by the total amount of products (CH3OH, CO, CH4) divided by 

the total amount of CO2. The carbon balance was also calculated and summarized in Table S2.

RESULTS

Structural Characterization and Reducibility of Catalysts 
XRD was  used  to  understand  the  crystal  structure  of  the  800  oC reduced  bimetallic  and 

monometallic catalysts. Figure 1 (a) shows an In3Ru1 intermetallic phase (PDF card 04-007-4636) 

was formed on all In-Ru bimetallic samples, including In0.85Ru1-800 (In:Ru = 0.85:1), In2Ru1-800 

(In:Ru  =  2:1)  and  In3Ru1-800  (In:Ru  =  3:1).  No  In2O3 was  observed  from XRD on  these 

samples.  Residual Ru phase was detected (44 o) and decreased relative to the In3Ru1 phase as the 

In/Ru ratio increased, which showed In addition promoted the conversion of Ru into the In3Ru1 

intermetallic phase. 

Figure 1. (a) XRD pattern of 800 oC reduced Ru and In-Ru bimetallic catalysts. (b) TPR profile of 

bimetallic and monometallic catalysts
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To determine the reducibility of bimetallic samples, temperature programmed reduction (TPR) 

was performed on Ru/SiO2 and In-Ru bimetallic catalysts. Figure 1 (b) shows the reduction of Ru 

occurred between 100 and 300 oC, evidenced by two hydrogen consumption peaks centered around 

150  oC and 200  oC consistent with literature results  9,  10. With a catalyst composition having a 

nominal In/Ru ratio less than 1, similar peaks are observed between 100 and 300 oC, suggesting 

In0.85Ru1 is reduced below 300 oC. XRD analysis was performed on pre-reduced In0.85Ru1 as well as 

In0.85Ru1 reduced at 300 oC, 450 oC and 800 oC to provide additional evidence. Prior to reduction, 

In0.85Ru1 is clearly a mixture of In2O3 and RuO2 phase. After reduction at 300 oC, only one broad 

diffraction peak at 42.5 o can be observed which is close to the (101) facet of pure Ru at 44 o(Figure 

S3).  No In2O3 phase  was  observed and is  consistent  with  the  TPR result.  As  the  reduction 

temperature is increased to 450 oC, the In3Ru1 intermetallic phase appears as well as the residual 

alloy phase at 43.74 o. After reduction at 800 oC for 2h, In0.85Ru1-800 shows the same In3Ru1 phase 

as In0.85Ru1-450 while its crystallite size increases from 11 nm to 15 nm. Additionally, the alloy 

peak shifts to 44.04 o (800 oC) which is in the same position as pure Ru. 

As In becomes more enriched than Ru (In/Ru=2 and 3), TPR shows low temperature peaks (<300 

oC) shift  to  higher  temperature  than In0.85Ru1,  and two reduction peaks  between 400-700  oC 

becomes significant which indicates the excess of bulk In2O3 is not fully reduced until T=~700 oC. 

Clearly, addition of Ru improves the reducibility of catalyst, consistent to the TPR results of In-Pd 

bimetallic catalysts.7 

Thus, the TPR experiments coupled with XRD analysis show that reduction at 800 oC is capable 

of fully reducing In enriched samples while 300 oC is high enough to reduce the pure Ru and In 

deficient samples. 
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Figure 2. XRD pattern of pre-reduced In0.85Ru1 (so called “In0.85Ru1 precursor”), In0.85Ru1 sample 

reduced at various temperatures (In0.85Ru1-300/450/800) and Ru-800. Pure silicon was used as a 

reference. 

Effect of In Promoter on the Catalytic Performance of Ru

 
We begin by providing catalytic results from synthesized bimetallic catalyst, In3Ru1.  The 

In3Ru1 phase  is  commonly  reported  as  a  stable  In-Ru  intermetallic  phase  with  a  tetragonal 

structure.22 Thus, we synthesized the catalyst with a nominal In/Ru ratio of 3, and XRD was used to 

confirm  the formation of this intermetallic phase after reduction at 800 oC (Figure 1(b)). Catalyst 

evaluation was carried out at 240 oC and 3.4 MPa with 100 mg of bimetallic catalyst or 5 mg 

monometallic catalyst (metal loadings on SiO2: In3Ru1: 8.5 wt %, Ru: 11.1 wt %) so that the 

temperature was within the range of the commercial process (200-300 oC) and the pressure was at 
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the low limit of commercial condition (3.5-10 MPa). Table 1 summarizes the performance of the 

catalysts  after  a  3.5  h  reaction.  Interestingly,  In  incorporated  catalysts  show  no  methane 

production. Further, In3Ru1-800 has a significantly higher methanol selectivity of 86% compared to 

Ga3Ru1-800,  which  formed  no  methanol.  To  make  a  similar  comparison  to  the  In3Ru1-800 

catalyst, 4.5% In2O3/SiO2 was reduced at 800 oC, and the resulting In catalyst showed no activity. 

As a control experiment, a blank reaction with the catalysts in the 1,4-dioxane solvent was also  

conducted  to  determine  if  any  solvent  degradation  occurred  simultaneously  under  the  same 

pressure of H2. After 3.5 hours of reaction time, In-Ru catalysts do not produce CH3OH, and only 

trace amounts of CO and CO2 were observed.  Comparably, Ru-800 displayed significant 1,4-

dioxane degradation, forming >99% CH4 (1.4 mmol) and a trace amount of CO, which is consistent 

with the work by T Hara et al.31 Further, the addition of CO2 enhanced the production of CH4 by 

27% with Ru-800, demonstrating that CO2 hydrogenation to CH4 remains the dominant reaction 

pathway over the Ru-800 catalyst. More importantly, it shows that (1) addition of In significantly 

modifies the catalytic behavior such that severe solvent decomposition is prevented and (2) since 

solvent decomposition to CH4 is not observed with the bimetallic compositions, any residual Ru 

from incomplete In-Ru bimetallic compound formation is unlikely to be the dominant active site, 

as seen with In-Pd alloys.13 

Table 1. Catalytic performance of bimetallic and monometallic catalysts at 240 oC, 3.4 MPa (3/1 

H2/CO2).

Catalyst CH3OH 
selectivity (%)

CO 
selectivity 
(%)

CH4 

selectivity 
(%)

Mass  normalized 
activity (mmol/gmetal/h)a

In3Ru1-800 86 14 0 278
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Ru-800 2 <0.1 98 22200

In2O3/SiO2 

reduced at 800 oC
- - - 0

a Reaction time of 3.5 hours after removing the solvent degradation products from background 
reactions.

Figure 3. (a) crystal structure of In3Ru1 and Ru phase32 (magenta is Ru and blue is In) (b) Influence 

of In/Ru ratio on catalytic activity at 3.5h, 240 oC and 3.4 MPa (3/1 H2/CO2).

With  the  remarkable  selectivity  of  the  In  promoted catalyst,  we  varied  the  In/Ru ratio  to 

investigate the effect of composition on the catalytic performance. Figure 3 shows the bimetallic 

structures (Figure 3a) and the mass normalized CO2 consumption rates and CH3OH selectivity of 

In-Ru catalysts after a 3.5 h reaction (Figure 1b). Similar to the results with In3Ru1-800, only CO 

was observed in the gas phase for the higher Ru compositions.  All three InxRu1-800 samples also 

exhibited similar CH3OH selectivity (84-86%). However, the mass normalized CO2 consumption 

rate increases substantially as the In/Ru ratio decreases, which indicates the In content suppresses 

the catalyst activity. 
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Effect  of  Reduction  Temperature  on  the  Performance  of  In0.85Ru1 

Catalysts

The  CH3OH selectivity  was  nearly  invariant  with  the  different  In/Ru  ratios,  but  the  CO2 

consumption  rate  was  highest  with  the  In0.85Ru1-800  catalyst.  We  subsequently  examined 

structure-performance relationships by varying the reduction temperature of the In0.85Ru1 catalyst 

(In loading 4.2%).   In0.85Ru1 samples were synthesized at different temperatures (300 oC, 450 oC, 

800  oC)  to  yield  three  catalysts  for  comparison:  (1)  In0.85Ru1-300,  (2)  In0.85Ru1-450,  and (3) 

In0.85Ru1-800. The catalytic results at 240 oC and 3.4 MPa (3H2/1CO2) are presented in Figure 4. 

Significant changes can be observed on the mass normalized CH3OH production rates (Figure 4a). 

The In0.85Ru1-300 showed the lowest CH3OH productivity among the three samples, with In0.85Ru1-

450 at the highest CH3OH productivity.  Although the CH3OH productivity for In0.85Ru1-800 was 

less than that of In0.85Ru1-450, it was 2x more active than In0.85Ru1-300.  Ru site-normalized CH3OH 

production rates were calculated by using H2-O2 titration experiments.  We observe the same trend 

as the mass normalized rates (Figure 4 (a and b)), which implies the reduction condition strongly 

influences the intrinsic activity of Ru. In terms of their product selectivity after 3.5 h of reaction 

time, the CH3OH selectivity varies between 81 to 85% with CO as a minor product, which is much 

less than the variation in CH3OH production rates.  For each catalyst, no methane was observed in 

the product stream regardless of the reduction temperature and resulting crystal structure. In order 

to evaluate the influence of residual In2O3 to the total activity of the catalyst, In2O3 was supported 

on fumed SiO2 with the same In loading (4.5%), calcined at 400 oC, and evaluated at the same 

condition.  The CH3OH productivity was 10.9 μmol/gcat/h for In2O3/SiO2, which is significantly 

lower than all of the In0.85Ru1 catalysts; however, the CH3OH selectivity was 85%, which is similar 
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to other reports.33, 34 Therefore, the contribution of residual In2O3 to the total activity of the catalyst 

is insignificant. 

Benchmarking In-Ru catalysts

The CO2 conversion profiles as a function of reaction time and CH3OH selectivity at various 

CO2 conversions at 240 oC are provided in Figure 4 (c) and (d), respectively. To benchmark the 

catalysts,  two  of  the  most  active  In-Ru  catalysts  (In0.85Ru1-800  and  In0.85Ru1-450)  were 

benchmarked with two highly active catalysts: 1) Cu/ZnO/Al2O3/MgO35 and 2) In1Ni0.9-300.18

In1Ni0.9 formed predominantly CO as the product with less than 30% CH3OH at 240 oC, which is 

qualitatively consistent with previous studies.18 The Cu/ZnO/Al2O3/MgO catalyst showed 54% 

CH3OH selectivity at  ~1% conversion, which decreased to ~35% CH3OH selectivity at  ~6% 

conversion with CO as the only byproduct. A similar trend was observed by Chang et al. on 

Cu/CeTiO, where the CH3OH selectivity decreased nonlinearly as the CO2 conversion increased 

(235oC and 3MPa).36 

The selectivity to CH3OH with In0.85Ru1-800 at conversions below 5% is also shown in Figure 4 

(d). The CH3OH selectivity at low conversion (<1%) is nearly 85% with only CO as a minor 

product. At 3% conversion, the CH3OH selectivity decreased to 75%. Figure 4 (d) also shows the 

CH3OH selectivity as a function of CO2 conversion for In0.85Ru1-450, which follows the same 

trajectory as In0.85Ru1-800. Comparably, the commercial catalyst and In1Ni0.9 catalyst have much 

lower CH3OH selectivity in the same range of CO2 conversion. Therefore In0.85Ru1 shows an 

advantage over both materials.

In terms of the catalytic activity, Cu/ZnO/Al2O3/MgO has the highest mass normalized CH3OH 

production rate (11.2 mmol/gcat/h). Comparably, the rate for In0.85Ru1-450 and In1Ni0.9-300 catalysts 
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are 0.49 and 0.24 mmol/gcat/h, respectively.  After normalizing the catalytic activity at 3.5 h by the 

number of titrated sites from H2-O2 experiments (6 umol Ru site/g for In0.85Ru1-450 and 285 umol 

Cu site/g for Cu/ZnO/Al2O3/MgO), the site-time yield (STY) of CH3OH for In0.85Ru1-450 is 81.9 

mmol CH3OH/mmol site/h, which is much higher than the STY of the commercial catalyst (39.6 

mmol CH3OH/mmol site/h), as shown in Table 2.

Figure 4. (a) Effect of reduction temperature on the mass normalized CH3OH production rate of 

In0.85Ru1 at 3.5 h, (b) effect of reduction temperature on the Ru site normalized activity of In0.85Ru1, 
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(c) CO2 conversion vs. time for various catalysts, and (d) CH3OH selectivity vs. CO2 conversion for 

various catalysts. 

Table 2. Methanol selectivity and catalyst activity comparisons at 240 oC

Catalyst CH3OH 
selectivitya 

(%)

Site 
density 

(mol/g)

Mass 
normalized 

CH3OH 
production 

rateb 

(mmol/gcat/h)

STY of 
CH3OHb 

(mmol 
CH3OH/mmol 

site/h)

Site normalized 
CO2 

hydrogenation 
activityb (mmol 

CO2/mmol 
site/h)

Cu/ZnO/Al2O3/
MgO

42 285 11.3 39.6 118

In0.85Ru1-450 82 6 0.49 81.9 100

In1Ni0.9-300 27 N/Ac 0.24 N/Ac N/Ac

a Evaluated at 2-2.5% conversion

b Evaluated at 3.5 hours.

c For In1Ni0.9-300, the synergy between In-Ni intermetallic phase and In2O3 was claimed to be the 
key to the catalytic activity.18 Therefore, Ni sites titrated by H2 do not represent the true active site 
of the catalyst and here STY for In1Ni0.9-300 is not listed.

Surface Analysis of the Supported Catalysts 

To probe the effect of promoter addition on the electronic properties of the catalysts, XPS was 

performed on Ru-800, In-800 andInxRu1-800samples. Figures 5 (a) and (b) show the In3d5/2 of 

In0.85Ru1 is 1 eV higher than metallic In, while the Ru3d5/2 of In0.85Ru1 is at similar binding energy as 
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monometallic Ru. As the In/Ru ratio was increased to 3, the In3d5/2 was 0.3 eV higher than metallic 

In and 0.3 eV lower than In2O3, and Ru3d5/2 was ~0.2 eV lower than metallic Ru. The charge 

transfer from In to Ru therefore resulted in partial oxidation of In and partial reduction of Ru for the 

In-Ru bimetallic catalysts. At 800 oC, it has been reported that In2O3 can be reduced and reduction 

temperature  of  In  can decrease  due to  addition of  noble  metal.18,  37  This  was confirmed by 

analyzing the In3d5/2 region of In2O3/SiO2 reduced at 800 oC, which was centered at 444.2 eV (In(0) 

is reported at ~444 eV and In2O3 is reported at ~445 eV38, 39)  Similar to In, recent work by H. 

Hosono et al. with the YRu2 intermetallic phase showed similar charge transfer from Y to Ru, 

which is consistent with our observations.40

 

Figure 5. XPS results on (a) Ru3d and C1s region for 800 oC reduced samples (b) In3d region for 

800 oC reduced samples The Si 2p3/2 feature from pure silicon powder at 99.3 eV was used as the 

reference.
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In-situ DRIFTS of Surface Intermediates 

In order to provide further insight into the effect of promoters on reaction pathways, adsorption 

of key reaction intermediates (CO, formate and methoxy) on the catalysts was investigated through 

in  situ  DRIFTS experiments.  CO adsorption on In-Ru bimetallic  catalysts  and Ru/SiO2 was 

evaluated first at room temperature. As shown in Figure 6 (a), Ru, In0.85Ru1-300, and In0.85Ru1-800 

show two CO bands at ~2000 cm-1 as CO saturates the sample surface, which is attributed to 

linearly adsorbed CO.41 However, bridged CO at ~1800 cm-1 was only observed on Ru/SiO2, and no 

bridge CO sites were observed on either In-Ru sample. 

 A DRIFTS study with 1.5 MPa CO2 on H2 saturated In0.85Ru1-800 was performed to verify the 

formation of formate species through CO2 hydrogenation (Figure 6 (b)). A batch reaction study at 

similar conditions (CO2/H2 = ⅓, 200 oC and 1 MPa CO2) was also performed with In0.85Ru1, which 

resulted in a 91% CH3OH selectivity with CO and methyl formate as byproducts after a 22h 

reaction. In the DRIFTS experiment, three bands at 2951, 2868 and 2724 cm-1 are visible at 150 oC. 

The first band is attributed to the combination of the C-H bending mode and asymmetric stretching 

of O-C-O of formate while the second and third peaks are attributed to the C-H stretching vibration 

mode of formate and the combination of C-H bending mode and symmetric stretching of O-C-O of 

formate, respectively.42 A broad feature from 1550-1600 cm-1 to 1550 cm-1 and a band at 1360 cm-1 

are also observed, which are attributed to asymmetric and symmetric stretching of formate species, 

respectively.42, 43 Between the formate region and gas phase CO2 region (1700-2300 cm-1), features 

related to high pressure gas phase CO2 were observed (D, Ea, Ha, Ia, Ja, and Ka bands; Figure S6), 

which prevented analysis of the adsorbed CO species. 44 

Absorption of formic acid on Ru-800 and In-Ru bimetallic catalysts was performed in the 

DRIFTS cell to understand the difference between promoters on formate adsorption (Figure. 6 (c)). 
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The IR result at 200 oC shows a double peak between 2850 and 2980 cm-1, where the first peak 

between 2850-2900 cm-1 is in the range of a C-H stretching vibration mode of bidentate formate 

and the peak at higher wavenumber can be attributed to the combination of the C-H bending mode 

and asymmetric O-C-O stretching mode.45, 46 The C-H stretching vibration mode of formate species 

over Ru-800 is at 2886 cm-1, while In0.85Ru1-800 and In3Ru1-800 exhibit C-H stretching vibration 

bands at 2867 and 2863 cm-1, respectively which is located ~19 cm-1 lower than the Ru-800. 

In  situ  methanol  DRIFTS  experiments  were  also  performed  because  methoxy  (CH3O)  is 

suggested  as  a  key  reaction  intermediate  for  the  methanol  synthesis  pathway.47 Methanol 

adsorption on Ru-800 at 75 oC results in rapid formation of linearly adsorbed CO (~2000 cm-1) and 

bridge CO (<1800 cm-1),  as shown in Figure 6 (d). The poor stability of methanol on Ru is 

consistent  with  our  reaction  studies  in  which  methanol  is  not  a  major  product  from  CO2 

hydrogenation.  However, no linear or bridge CO were formed when methanol was adsorbed on the 

In3Ru1-800 catalyst in the temperature range of 75 - 200 oC (Fig. 6 (e)), showcasing higher methoxy 

stability due to In incorporation. 
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Figure 6. (a) DRIFTS study on CO adsorption over Ru and In-Ru bimetallic catalysts at room 

temperature (b) CO2 and H2 co-adsorption on In0.85Ru1-800 at various temperatures (c) formic acid 
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adsorption over various catalysts at 200 oC  (d) DRIFTS study on methanol adsorption over Ru-800 

at 75 oC (e) DRIFTS study on methanol adsorption over In3Ru1-800 at 75 oC

DISCUSSION

As depicted in Figures 3 and 4, the addition of the In promoter to Ru significantly alters the 

methanol selectivity compared to monometallic Ru nanoparticles and results in higher methanol 

production rates than In2O3/SiO2.  Furthermore, In addition prevented methanation of CO2. To 

provide more insights to the promotional effects of the In-Ru bimetallic catalysts on the CH3OH 

productivities, a clear understanding of the catalyst structure after incorporation of In to Ru was 

necessary. Thus, the structures of the InxRuy-800 bimetallic catalysts were probed by XRD, as 

shown in Figure 1 (b). After reduction at 800 oC, the In3Ru1 intermetallic phase and residual Ru 

(101) are both identifiable in the XRD patterns.  In2O3 was not observed in any of the InxRu1 

catalysts. The reducibility of InxRu1 was then verified by temperature programmed reduction. The 

primary consumption of H2 occurred at low temperature (<300 oC) for Ru and In0.85Ru1. However, 

materials with higher In/Ru ratios showed multiple H2 consumption peaks between 400-700 oC, 

indicating the reduction of excess In2O3 to In at high temperature.48, 49 These results corroborate the 

XRD results  that  show no bulk  phase In2O3 at  reduction temperature  of  800  oC. To further 

understand the formation process of the In3Ru1 intermetallic phase, the final reduction temperature 

of In0.85Ru1 was varied from 300 oC to 800 oC. After reduction at 300 oC, the XRD pattern shows 

only one broad diffraction peak located at 42.7o (Figure 2), which is shifted from Ru (101) at 44o.  

The shift in the diffraction peak towards lower 2θ suggests a larger unit cell size and is rationalized 

through the dissolution of larger In atoms into the Ru lattice to form an alloy (as depicted in Figure 
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7). At a reduction temperature of 450 oC, the In3Ru1 intermetallic phase can be identified from 

XRD, confirming that  the solid  solution of  In and Ru is  partially  converted into the In 3Ru1 

intermetallic phase.  Meanwhile, the previous alloy peak shifts from 42.7o to 43.7o which suggests a 

smaller unit cell size of In-Ru alloy as In diffuses out of the alloy phase in order to maintain the  

stoichiometry of the In3Ru1 intermetallic compound. With a reduction temperature of 800 oC, only 

the In3Ru1 phase and Ru (101) facet at 44o can be identified, indicating the conversion of the alloy 

to the intermetallic phase is completed. The residual Ru phase might be encapsulated in the same  

way as the core-shell structure of InPd intermetallic and RuFe bimetallic catalyst.50, 51 

HRTEM and STEM/EDX were then performed on the  as-synthesized In0.85Ru1 samples  to 

provide additional structural information. At reduction temperatures of 300 oC, the nanoparticles 

were partially crystallized, and the Ru hexagonal close pack (hcp) phase was formed within the 

particle, as indicated by the HRTEM (Figure S3 and Figure S4 (b)). The EDX results suggest 

dispersion of In and Ru in the bulk phase with an In content between 27% and 47% on various  

nanoparticles. At reduction temperatures of 450 oC, a Janus structure was formed with both the 

In3Ru1 phase and the Ru phase present within a larger nanoparticle. However, the Ru phase 

appears to be coated by an amorphous layer (Figure S3 (b)). The EDX mapping on a similar 

nanoparticle shows the significant In and Ru enrichment on the opposite sides of the particle which 

was also observed with point scan EDX (Figure S3 (g)).  The In content within the small particle 

was 15% while it was ~70% in the larger particle. This phenomenon was only observed at 450 oC, 

and the In content is close to the expected In content in the In3Ru1 phase. 

A possible formation mechanism is depicted in Figure 7. At 300 oC, the Ru-enriched region of In-

Ru alloy nanoparticles crystallizes as Ru hcp with In present in the entire particle. At a reduction  

temperature of 450 oC, the formation of the In3Ru1 phase becomes favorable but requires enough In 
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to form In3Ru1 phase. Therefore, the In3Ru1 phase appears at the relatively In-enriched side of the 

alloy particle which drives the further accumulation of In. The Ru-enriched region crystallizes in 

the Ru hcp phase, and the limited solubility of In in Ru phase drives In diffusion out of Ru-enriched 

portion, especially at higher temperatures. Eventually, these two mechanisms can result in the 

formation of the Janus structure where the large In3Ru1 crystal and small Ru-enriched particles are 

presented together. 

As shown in Figure 3 (a), Ru sites are isolated by In in the In3Ru1 intermetallic phase, and the Ru 

sites are distinct from the Ru hcp phase where Ru atoms form large Ru ensembles.  We observe that 

the near-surface layer of the Ru-enriched alloy nanoparticles in In0.85Ru1-800 have a longer d-

spacing compared to the core Ru (Figure S3 (c)), which indicates the presence of In atoms in the  

lattice. Although EDX cannot resolve the elemental composition on the edge of these particles due 

to the instability of In-Ru under the electron beam, CO DRIFTS experiments provide additional 

indirect evidence of Ru isolation. The CO DRIFTS results in Figure 6 (a) show the absence of 

bridge CO sites for In0.85Ru1 samples which also indicates the In covers the surface and isolates 

surface Ru. A similar phenomenon has recently been observed with In-Pd alloy nanoparticles. 17

The performance of these catalysts with different crystal structures is summarized in Figure 4 (a). 

All three catalysts show CH3OH selectivity of over 80%, while a significant improvement in the 

catalytic activity was observed with In0.85Ru1-450. After site normalization of the rates from H2-O2 

titration  experiments,  the  STY of  CH3OH decreased  in  the  following  order:  In0.85Ru1-450  > 

In0.85Ru1-800 > In0.85Ru1-300 (Figure 4 (b)). This indicates the improvement of catalytic activity is 

not  due  to  the  increased  amount  of  accessible  Ru,  but  rather  the  formation  of  the  In 3Ru1 

intermetallic  phase  may lead to  a  higher  intrinsic  catalytic  activity.  The In3Ru1 phase  has  a 

tetragonal crystal structure which is different from the solid solution state of the alloy where In and 
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Ru are more disordered than the intermetallic phase. Therefore, both geometric and electronic 

differences of the intermetallic phase may enhance CO2 reduction. However, the site-normalized 

CH3OH production rate of In0.85Ru1-800 is ~2x lower than that of In0.85Ru1-450, and both materials 

show  evidence  of  the  formation  of  the  In3Ru1 intermetallic  phase.  Therefore,  the  In3Ru1 

intermetallic  phase  may  not  bear  sole  responsibility  for  the  catalytic  improvement.  The 

compositional  changes of  the surface alloy phase at  450  oC may contribute  to  the  observed 

promotional effect. Previous work with In-Pd alloys revealed that the near surface layer of In-Pd 

prepared by deposition of 4 monolayer equivalent (MLE) In on Pd was enriched with a In79Pd21 

composition. Annealing the sample at 500-600 K resulted in a In/Pd ratio of 1, and the d band of Pd 

was shifted to resemble a “Cu-like” electronic structure as In/Pd ratio decreases.52, 53 For the In-Ru 

alloy,  XRD provided  indirect  evidence  that  In  diffused  from the  In-Ru alloy  as  the  In3Ru1 

intermetallic compound was formed at 450 oC. The bulk In/Ru ratio for the remaining part of the 

alloy compound could be lower than 0.85. Assuming the decline of the In/Ru ratio also occurs on 

the surface compound of alloy, the electronic structure of the In-Ru alloy can be affected similarly 

to the transformation from In79Pd21 to In1Pd1, which may result in an improvement in the catalytic 

activity. Additional studies on the near surface composition of InRu bimetallic catalyst are in 

progress to fully understand the promotional effect at 450 oC.

 The electronic structure was probed by XPS study on various Ru-800, In-800 and InxRu1-800 

samples as shown in Figure 5. The In-Ru bimetallic catalysts showed charge transfer with partial  

reduction of Ru sites and partial oxidation of either Ga or In. The charge transfer was believed to 

alter adsorption energy of reaction intermediates and decrease the activation barrier for methanol  

synthesis.54 However,  the binding energy shift  is  small  and may indicate  a  minor  role  from 

electronic  effects.  Since  formate  was  proposed  as  a  key  reaction  intermediate  for  In-based 
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catalysts, the interaction between reaction intermediate and metal sites was further studied through 

DRIFTS experiments using formic acid on various Ru and In-Ru bimetallic catalysts (Figure 6 (c)). 

The IR results show the C-H stretching vibration feature of formate was shifted by 19 cm-1 from the 

In-Ru to Ru catalysts.  According to Kim et al, the wavenumber shift of the C-H vibration mode of 

formate is sensitive to the ionicity of formate and can be influenced by the Lewis acidity of the  

catalyst.46 The blue shift of the C-H vibration on In-Ru indicates the formate is more stabilized on 

the surface, as similarly observed on supported Cu catalysts.46  DFT calculations by Takagiwa et al. 

predicted that the electronic structure for In3Ru1 is tuned by In in terms of band gap and density of 

states.21 The resulting stabilization of formate as a surface intermediate from CO2 hydrogenation 

may further facilitate CH3OH synthesis. 

Figure 7. Scheme for structural evolution during reduction at different temperatures
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Figure 8. (a) Reaction pathways for CO2 hydrogenation over Ru nanoparticle and (b) Proposed 

reaction pathway for CO2 hydrogenation over In-Ru bimetallic catalysts

The mechanism of CO2 hydrogenation on supported Ru has been well studied in the literature.1, 

11,  55 In  one  of  the  proposed  pathways  for  CO2 methanation,  CO  was  suggested  as  a  key 

intermediate.56, 57 Strong adsorption of CO and the ability to facilitate H2 dissociation allow Ru to 

hydrogenate CO into formaldehyde and subsequently convert it to methane (Figure 8 (a)).  Formate 

species, although observed through IR experiments, are not believed to be reaction intermediates 

for methanation due to slow conversion rates that allow for preferential decomposition into CO 

rather than proceeding through hydrogenation events to form CH3OH. 11, 58  

As shown in the CO DRIFTS experiments (Figure 6 (a)), the CO adsorbed on In0.85Ru1 is in the 

form of linear CO, which indicates the lack of bridge Ru sites. Similar observations on In-Pd alloy 

have been reported, and DFT calculations revealed that CO dissociation on isolated Pd sites has a 

28



higher energy barrier than pure Pd.17 Similarly, CO adsorption and dissociation on isolated Ru sites 

can be more difficult as a result of In incorporation. Secondly, H2-D2 exchange experiments were 

performed (see Figure S4 (a) and (b)) and show that H2 activation can be observed at sub-ambient 

temperature over Ru-800 while no exchange can be observed on In3Ru1-800. The observation is in 

agreement with the DFT calculations on In-Pd alloys in which In incorporation increases the 

energy barrier for H2 dissociation.17 In addition, a CO-TPRx experiment was also performed on the 

In3Ru1-800 and Ru-800 catalysts. Significant methane was detected with Ru-800 starting from 75 

oC,  while  no  methane  was  formed with  In3Ru1-800  (Figure  S5).  Thus,  the  current  evidence 

showcases that the addition of In can influence multiple steps in the methanation pathway whereby 

inhibiting methanation from occurring. 

For the CH3OH synthesis pathway, it has been proposed to proceed through either a CO or 

formate  intermediate.59 Through  the  DRIFTS  CO2/H2 co-adsorption  experiment,  the  results 

indicate formate is produced with In0.85Ru1-800 at temperatures as low as 150 oC (Figure 6 (b)).  

The stability of  methoxy on Ru and In-Ru bimetallic  catalyst  was also investigated through 

methanol adsorption experiments (Figure 6 (d) and (e)), which showed strong evidence of CO 

formation  on Ru/SiO2,  while  no  CO was  not  observed on In3Ru1.  Goodman and coworkers 

previously reported  the decomposition of formaldehyde to H2, CO and even CH4 on Ru.60   The 

observed linear and bridge CO on Ru may result from CH3OH dehydrogenation and subsequent 

decomposition of formaldehyde. Thus, the stability of methanol is low on Ru/SiO2 and can be 

converted into CH4 through CO hydrogenation. However, our findings reveal the distinct nature of 

the Ru sites in the In-Ru catalysts that stabilize methoxy species. The solvent environment may 

also help prevent the decomposition of methanol. 61 Considering the solvent-solute interactions and 

the high solubility of methanol in 1,4-dioxane to facilitate the desorption of methanol from the 
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catalyst surface, the reactivity of methanol may decrease in 1,4-dioxane compared to the gas phase. 

Therefore, it is speculated that hydrogenation of CO2 to formate and subsequent hydrogenation 

steps to methoxy species (Figure 8 (b)) is more favorable on In-Ru than Ru, resulting in higher 

CH3OH selectivity. 

Conclusion
 Monometallic Ru catalysts are well known catalysts used to form methane from H2/CO2.  Here, 

we found that In is effective promoters to prevent methanation, with observed CH3OH selectivity 

>85 % with In incorporation. Addition of In strengthens the charge transfer from the surface to 

formate species to increase its stability.  Further, In modulates Ru and hinders the activation of H2 

and the  adsorption/hydrogenation of  CO to  CH4.  Lastly,  In  addition prevents  the  aggressive 

decomposition of CH3OH to CO, which occurs on monometallic Ru nanoparticles. Theoretical 

calculations are needed to fully understand the influence of In on the various reaction pathways for 

these interesting and remarkably selective CH3OH synthesis  catalysts.   Overall,  these results 

showcase inhibition of reaction pathways through promoter incorporation and provide another 

subclass of Ru-based materials to interrogate for selective CO2 reduction processes, which could 

open up new opportunities for the rational design of catalysts for methanol synthesis.
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