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Abstract

Catalytic CO2 sorbents, materials that adsorb and pre-concentrate CO2 on the catalyst 

surface prior to subsequent conversion, are becoming important materials in CO2 capture and 

utilization.  In this work, a prototypical CO2 methanation catalyst - Ru/Al2O3 - and a related 

catalytic sorbent - NaNO3/Ru/Al2O3 – are used for CO2 methanation in flowing hydrogen in a fixed 

bed reactor at temperatures ranging from 220 to 280 °C.  Activation energies for the 

NaNO3/Ru/Al2O3 material are slightly higher than unpromoted Ru/Al2O3 catalysts, and the 

reaction orders vary more significantly. In situ IR spectroscopy and steady-state isotopic kinetic 

analysis (SSITKA) using in situ IR/MS spectroscopy show that bicarbonate and linear carbonyl 

species are the likely reaction intermediates over unpromoted Ru/Al2O3, while bidentate carbonate, 

formate and linear carbonyl species are among likely reaction intermediates over 

NaNO3/Ru/Al2O3. Rate laws consistent with the obtained experimental data are proposed after 

kinetic modeling of multiple plausible reaction pathways. Results suggest that the pathway over 

the NaNO3/Ru/Al2O3 catalyst likely has an additional kinetically relevant irreversible step in the 

CO2 methanation reaction pathway.

Keywords: catalytic sorbent, DFM, CCUS, carbon dioxide
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1. Introduction

Global atmospheric carbon dioxide levels have increased throughout the last century, and 

CO2 has been reported to be one of main contributors to climate change, necessitating emissions 

reductions and CO2 sequestration and utilization.1–3  Among different products that can be easily 

produced from CO2, methane production via hydrogenation of CO2 is attractive, as there is already 

existing infrastructure for transport and storage of natural gas. The reaction between CO2 and H2 

to produce CH4, also known as the Sabatier reaction, is thermodynamically favorable, with G298K 

= -113 kJ/mol. Catalytic methanation of CO2 is typically performed between 200 °C ~ 450 °C at 

atmospheric pressure, mild conditions compared to the production of other higher hydrocarbons 

or oxygenates.4,5  Over the years, numerous studies have been conducted on CO2 methanation 

using different supported metal catalysts, including Fe, Ni, Pd, Ru, and Rh.6–9  In particular, 

supported ruthenium has been reported as the catalyst with the highest selectivity towards methane.

There have been numerous studies regarding CO2 methanation mechanisms over ruthenium 

supported on different oxide supports (i.e. Al2O3, TiO2, CeO2), and it is widely accepted that CO2 

methanation occurs through a carbonyl intermediate (CO*). However, there is still not a consensus 

regarding how the carbonyl species are formed. Two general schemes have been proposed in the 

literature. In one scheme, CO2 dissociates to adsorbed CO* and O* species, and CO* reacts with 

surface hydrogen to form methane. In the other proposed scheme, CO* is formed through the 

reverse water gas shift reaction (RWGS) via formate species (HCOO*) as an intermediate.

Many reports describe the synthesis of supported ruthenium catalysts with improved activity 

and selectivity via inclusion of different additives or promoters, and several studies reported that 

alkali (Na, K, Li)10–14 or alkaline earth metals (Mg, Ca, Ba)15–19 provide improved performance. 

For example, Li et al. reported that alkali nitrate promoted Ru/Al2O3 gave up to three times higher 
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methane production rates compared to unpromoted Ru/Al2O3. The improvement in methanation 

activity was attributed to modification of the local electron density of Ru and removal of 

depositional inactive carbon by alkaline carbonate catalysis. Panagogiotopoulou et al. also reported 

that alkali metal ion (e.g. K, Li, or Na) loaded Ru/TiO2 showed higher conversion of CO2 than 

catalysts without additives, while still showing higher selectivity toward methane, between 

temperatures of 200 °C and 450 °C. However, the reaction pathway toward CH4 formation over 

such alkali promoted ruthenium catalysts, whether similar or different to unpromoted ruthenium 

catalysts, remains unclear.

Furthermore, there is growing interest in utilizing ruthenium catalysts and alkali metal 

promoted sorbents to synthesize dual function materials (DFM) or catalytic sorbents for integrated 

capture and methanation of CO2.20–27 Alkali salts can enhance the sorption of CO2 under reaction 

conditions, changing the surface coverages of the catalysts. To this end, we seek to develop a 

thorough understanding of CO2 methanation mechanism(s) over alkali promoted ruthenium 

catalysts, with this understanding being crucial for designing effective DFMs/catalytic sorbents.

In our previous work, an initial assessment of possible reaction pathways over Ru/Al2O3 and 

NaNO3/Ru/Al2O3 was presented backed by kinetic measurements and observations through in situ 

FTIR during CO2 methanation reaction conditions.24 However, operando experiments were not yet 

performed in the previous work, and in the absence of such experiments, it was difficult to 

distinguish true reaction intermediates from spectator species. In the present work, CO2 

methanation reaction pathways over Ru/Al2O3 and NaNO3/Ru/Al2O3 catalysts, with the former 

catalyst a well-studied model system and the latter a candidate DFM. Kinetic measurements, 

identifying apparent H2 and CO2 reaction orders, along with apparent activation energies, are 

measured over the different catalysts. The catalysts are further characterized through 
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chemisorption experiments and transmission electron microscopy (TEM), while reaction pathways 

are studied through in situ DRIFTS measurements during the CO2 methanation reaction, as well 

as steady state isotopic transient kinetic experiments utilizing 12CO2 and 13CO2 feeds. Plausible 

reaction pathways consistent with experimental data are proposed and further investigated by 

kinetic modeling to obtain the most representative reaction pathways over different catalysts.

2. Experimental Section

2.1. Synthesis of Ru/Al2O3 and NaNO3/Ru/Al2O3 catalysts

To synthesize 1% and 5% Ru/Al2O3 catalysts, a predetermined amount of ruthenium (III) 

nitrosyl nitrate (Ru(NO)3(NO3)3, Alfa Aesar) was dissolved in distilled water to obtain stock 

solutions of different concentrations. Using incipient wetness impregnation, the prepared solution 

was added to γ-Al2O3 (Sasol). After impregnation, the samples were first dried at 100 °C for 4 h 

then calcined at 450 °C for 2 h in 21% O2/He (flow rate =100 mL/min). The temperature ramp was 

5 °C/min. Sodium nitrate addition to synthesize 5% NaNO3/1% Ru/Al2O3 and 5% NaNO3/5% 

Ru/Al2O3 catalysts was performed by incipient wetness impregnation of NaNO3 (sigma Aldrich), 

using distilled water as solvent, to the calcined 1% Ru/Al2O3 and 5% Ru/Al2O3 catalysts. Then the 

samples were calcined at 350 °C in static air for 30 min. 

2.2. Characterization

2.2.1. Transmission electron microscopy

Scanning transmission electron microscopy (STEM) images were collected on an HD 2700 

Hitatchi aberration corrected STEM. Catalyst samples dispersed in acetone were dropped on holey 

carbon coated Cu grids.
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2.2.2. CO Chemisorption

Pulse CO chemisorption were performed using a Micromeritics AutoChem II 2920. 

Approximately 50 mg of samples were loaded into a U-shape quartz tube on a bed of quartz wool. 

The samples were then heated 350 °C and held for 1 h under 10% H2/He flow. Heating ramp of 5 

°C/min was used. The gas was then switched to He flow for 30 min to remove any adsorbed 

species. The temperature was then lowered to 30 °C, which was followed by CO pulse testing. 

Doses of 10% CO/He were flowed through the sample bed and analyzed by thermal conductivity 

detector. After saturation with CO was reached, He passed through the sample bed for 60 min. A 

stoichiometry of Ru/CO = 1.667 was used to calculate metal dispersion.28,29

2.3. Reaction Measurements

The catalytic reactions were performed in a stainless-steel tube reactor with inner diameter 

of ¼” at a total pressure of 1 atm. The stainless-steel tube was placed inside an electric furnace, 

and a K-type thermocouple was used for temperature control. All catalysts were first pressed at 

1000 psi to form pellets, and then crushed and sieved between 125 and 425 microns in size, and 

for each experiment 20~30 mg of sieved catalysts were used. A gas hourly space velocity of 

38400~57600 mL g-1 h-1 was used. In a typical experiment, the samples were reduced at 350 °C 

for 1 h in 10% H2/N2 at 20 mL/min. After the reduction step, temperature was cooled to 260 °C. 

Then the feed containing 10~40% of CO2 and 20~50% H2, and balance N2 was used to for 

reactions, including reaction order measurements. Total flow was always kept constant at 20 

mL/min. The apparent activation energy was also determined by measuring the methane 

production rate at varying reaction conditions between 220 °C and 280 °C. Calculations to ensure 

the mass transfer limitations are negligible and that the kinetic measurements are far from 

equilibrium were performed, as shown in Supplementary Information (Sections IV and V).
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2.4. In situ DRIFTS experiments

In situ diffuse reflectance infrared Fourier transform spectroscopic (DRIFTS) experiments 

were performed using a Harrick Praying Mantis high-temperature reaction chamber with ZnSe 

window to observe surface species on the catalysts during the CO2 methanation reaction. The 

spectrometer used for the experiments was a Thermo Nicolet iS10 IR spectrometer with a mercury 

cadmium telluride (MCT) detector. Samples were initially pretreated under 10% H2/N2 at 40 

mL/min at a temperature of 350 °C for 1 h. The temperature was then lowered to 50 °C, and a 

background scan was taken under He flow. Then a flow of 5% CO2/20% H2/N2 at 40 mL/min 

flowrate was passed through the cell, and a scan was taken at temperatures of 50 °C, 100 °C, 200 

°C, and 300 °C. 

2.5. Steady State Isotopic Transient Kinetic Analysis

For the surface species observed during the CO2 methanation reaction, to distinguish 

reaction intermediates from spectator species on the different catalysts, steady state isotopic 

transient kinetic analysis (SSITKA) combined with DRIFTs (on a Bruker Tensor 27 FTIR 

spectrometer with an MCT detector) experiments were performed. In a typical experiment, 

samples were pretreated under 10% H2/N2 at 40 mL/min at temperature of 300 °C for 1 h. The 

temperature was then lowered to 260 °C, and a background scan was taken at He flow. Then a 

flow of 5% 12CO2/20% H2/N2 at 40 mL/min flowrate was flowed into the DRIFTS Praying Mantis 

high temperature cell from Harrick. Once the steady state was reached, the flow was switched to 

5% 13CO2/20% H2/N2 at 40 mL/min. The change in intensity of 12CO2/13CO2 related surface 

species observed through DRIFT spectra and the concentration of 16CH4/17CH4 in the cell outlet 

measured by a mass spectrometer (OmniStar from Pfeiffer Vacuum) were analyzed to identify 

kinetically relevant reaction intermediates. To check whether the experimentally observed shift 
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that occurred upon switching from 12CO2 to 13CO2 flow fit the theoretical shift for each surface 

species, Eq. (1) and Eq. (2) were used, where wavelength is represented by ν, and reduced mass is 

represented by μ, while the mass of each atom is represented by mA or mB.

 Eq. (1)
ν𝐶13

ν𝐶12 =  
μ𝐶12

μ𝐶13

 Eq. (2)μ =
m𝐴m𝐵

m𝐴 + m𝐵

2.6. Kinetic Modeling

Based on results from in situ IR and SSITKA/DRIFTs experiments, multiple different reaction 

pathways that fit spectroscopic observations were proposed, and rate laws that correspond to 

proposed reaction sequences were derived. Regression of experimental data to obtained rate laws 

was performed using Microsoft Excel solver with the GRG nonlinear engine for nonlinear 

functions. The rate constants and equilibrium constants were fitted using the least mean squares 

method, and the uncertainties of kinetic parameters were quantified using the Jackknife resampling 

method.30

3. Result and Discussion

3.1. Characterization

Particle size distribution analysis from TEM images and CO chemisorption experiments 

was performed to obtain metal dispersion of synthesized catalysts, as shown in Table 1. It should 

be noted that the metal dispersions obtained from CO chemisorption were typically higher than 

those obtained from those obtained from analysis of TEM images. This is likely because there was 

an overestimation of surface ruthenium sites, as a stoichiometry of Ru/CO = 1.667 was used. 

Stoichiometries for Ru/CO between 1.5 and 2 have been commonly used to estimate ruthenium 

dispersion, as it has previously been reported that bridging carbonyls are more dominant than linear 
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or dicarbonyl species.28,29,31 However, CO chemisorption has been reported to be dependent on the 

particle size of Ru, with dicarbonyl or tricarbonyl becoming more important for smaller particle 

sizes. The synthesized catalysts in our work had quite broad particle size distributions, as shown 

in Figure S1, potentially making it difficult to obtain accurate dispersion values from CO 

chemisorption. Therefore, in calculations of turnover frequency, dispersions obtained from 

analysis of TEM images were used.  It should be noted that if a stoichiometry of Ru/CO=1 is used, 

the metal dispersion from CO chemisorption corresponds well to the dispersion data obtained from 

TEM analysis, as shown in Table 1. Catalysts of 1% metal loading and 5% metal loading had 

similar average particle sizes, with metal dispersions of 9.1% and 9.3% observed from the TEM 

analysis. NaNO3 loaded catalysts showed decreased metal dispersions of 6.4% and 6.6%, for 1% 

and 5% metal loadings, respectively. Similar to the unpromoted catalysts, there were not 

significant differences in the metal dispersion between the two loadings.

Table 1. Metal dispersion of catalysts measured by CO chemisorption and TEM particle size 
distribution analysis. For averaging particle sizes measured by TEM, at least 240 particles were 
used for all catalysts. For metal dispersion by CO chemisorption, Ru/CO = 1.667 was assumed.

Average particle 
size – TEM 

analysis (nm)

Metal dispersion -
TEM analysis (%)

Metal dispersion 
– CO 

chemisorption 
(%)

1% Ru/Al2O3 12.1 ± 6.9 9.1 15.5
5% Ru/Al2O3 11.6 ± 5.7 9.3 14.4

NaNO3/1% Ru/Al2O3 17.3 ± 10.9 6.4 8.9
NaNO3/5% Ru/Al2O3 16.6 ± 9.4 6.6 7.7
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3.2.  Kinetic Measurements
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Figure 1. CO2 reaction order for (a) Ru/Al2O3 catalysts and (b) NaNO3/Ru/Al2O3 catalysts (filled 
points = 40% H2 and hollow points = 20% H2), and H2 reaction order for (c) Ru/Al2O3 catalysts 
and (d) NaNO3/Ru/Al2O3 catalysts (filled points = 40% CO2 and hollow points = 20% CO2) 
measured at 260 °C. (e) Arrhenius plot for CO2 methanation in the temperature range between 220 
°C and 280 °C for both Ru/Al2O3 and NaNO3/Ru/Al2O3 catalysts.

(a) (b)

(c) (d)

(e)
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Figure 1 (a) and (b) show the dependence of the CH4 formation rate on the CO2 partial 

pressure over different catalysts. For 1% Ru/Al2O3, CO2 reaction orders of 0.15 (40% H2) and 0.11 

(20% H2) were observed, while 5% Ru/Al2O3 showed CO2 reaction orders of 0.23 (40% H2) and 

0.18 (20% H2). For NaNO3/1% Ru/Al2O3, CO2 reaction orders of -0.20 (40% H2) and -0.38 (20% 

H2) were observed, while NaNO3/5% Ru/Al2O3 showed CO2 reaction orders of -0.31 (40% H2) 

and -0.39 (20% H2). Negative CO2 reaction orders for the NaNO3 loaded samples imply that 

addition of NaNO3 to Ru/Al2O3 gave increased surface coverage of either CO2 or CO2-derived 

species on the catalyst surface. It was previously reported that molten alkali metal ions can dissolve 

CO2 under similar conditions.32–35 For all four samples, CO2 reaction orders were larger at higher 

H2 partial pressures. This can be attributed to competitive adsorption between H2 and CO2, with 

the increase in the H2 partial pressure leading to a higher surface coverage of H* species, which 

causes a decrease in the surface coverage of CO2-related reaction intermediates, leading to 

increased CO2 reaction orders.

Figure 1 (c) and (d) shows the dependence of the CH4 formation rate on the H2 partial 

pressure over different catalysts. For, 1% Ru/Al2O3, H2 reaction orders of 0.32 was observed, while 

5% Ru/Al2O3 showed H2 reaction orders of 0.43. For the sodium nitrate promoted samples, 

NaNO3/1% Ru/Al2O3 showed H2 reaction orders of 1.11 (40% CO2) and 1.02 (20% CO2), while 

NaNO3/5% Ru/Al2O3 showed H2 reaction orders of 1.10 (40% CO2) and 1.06 (20% CO2). 

Regardless of the loading of ruthenium, addition of NaNO3 caused a significant increase in the H2 

reaction order, leading to decreased H surface coverage. It should be noted that the observed H2 

reaction orders for NaNO3 loaded catalysts are much higher than those values previously reported 

for supported ruthenium catalysts. Prairie et al. reported a H2 reaction order of 0.57 over Ru/TiO2 

at 110 °C, while Szanyi et al. reported H2 reaction orders between 0.3 and 0.5 over different 
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Ru/Al2O3 catalysts at reaction temperatures between 240 °C and 300 °C.31,37 Farrauto et al. 

reported a slightly higher order of 0.88 over a Ru/Al2O3 catalyst at a temperature of 230 °C.22 

Previous studies that reported similar H2 reaction order measurements over other noble metals, 

such as Pd or Rh, also noted orders between 0.5 and 0.8.37,38 While dissociation of the C-O bond 

of carbonyl species with assistance of surface H* species is considered as a consensus rate 

determining step in the CO2 methanation reaction in supported ruthenium catalysts, the high H2 

reaction order observed for NaNO3 loaded Ru/Al2O3 catalysts indicates that NaNO3 loaded 

Ru/Al2O3 catalysts may have different or additional kinetically relevant step(s) to Ru/Al2O3 

catalysts. Similar to what was observed for the CO2 reaction orders, H2 reaction orders were also 

higher with higher partial pressures of CO2.

Figure 1 (e) shows the apparent activation energy of the CO2 methanation reaction over 

different catalysts under 10%CO2/40%H2/N2 flow. Apparent activation energies of 82 and 76 

kJ/mol were observed for 1% Ru/Al2O3 and 5% Ru/Al2O3. The obtained activation energies aligns 

with previously reported values for supported ruthenium catalysts. For instance, Prairie et al. 

reported an apparent activation energy of 79 kJ/mol over Ru/Al2O3 catalysts, and Szanyi et al. 

reported activation energies between 65 kJ/mol and 80 kJ/mol over different metal loadings of 

Ru/Al2O3 catalysts.31,36,39 Upon addition of NaNO3, both promoted catalysts here showed an 

increase in the apparent activation energy, with values of 86 and 90 kJ/mol for NaNO3/1% 

Ru/Al2O3 and NaNO3/5% Ru/Al2O3, respectively. The observed increase in the activation energy 

upon addition of NaNO3 agrees well with previously reported alkali salt promoted ruthenium 

catalysts, as well as to our previous work for NaNO3/1%Ru/Al2O3.13,24 In our previous work, it 

was hypothesized that the two catalysts may have a similar rate determining step, due to relatively 

small differences in the apparent activation energies between 1% Ru/Al2O3 and NaNO3/1% 
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Ru/Al2O3. However, the differences in the apparent activation energies for 5% Ru/Al2O3 and 

NaNO3/5% Ru/Al2O3 were more significant than at 1% Ru loading, as observed in Figure 1 (e). 

Based on these observations, we considered whether there may be a change in the rate determining 

step, or inclusion of additional kinetically relevant steps for the NaNO3/Ru/Al2O3 catalysts, which 

is further discussed alongside the kinetic modelling of different reaction pathways below (section 

3.5).

3.3.  In-situ DRIFTS measurements
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Figure 2. DRIFT spectra taken over 5% Ru/Al2O3 under 5%CO2/20%H2/N2 flow at 40mL/min in 
different temperatures of 50 °C (black), 100 °C (red), 200 °C (blue), 300 °C (pink) at wavelength 
range of (a) 1200 to 1800 cm-1, (b) 1825 to 2150 cm-1, and (c) 2650 to 3150 cm-1.

To observe the species formed during the CO2 methanation reaction, in situ DRIFTS 

experiments were performed. Figure 2 shows spectra taken at 50, 100, 200, and 300 °C in a flow 

of 10% CO2/40% H2/N2 at 40 mL/min over the 5%Ru/Al2O3 catalyst. At 50 °C, prominent peaks 

at 1657, 1435, and 1228 cm-1 were observed, and these species are assigned to bicarbonate 

species.31,37,40,41 This indicates that CO2, in the presence of H2, initially adsorbs on surface of 

5%Ru/Al2O3 catalysts in the form of surface bicarbonate species at low temperatures. A band at 

2002 cm-1 was also observed, indicating formation of linear carbonyl species.42–44 At 100 °C, 

formation of new peaks at 1591, 1392, and 1374 cm-1, along with small bands at 2996 and 2901 

(a) (b) (c)
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cm-1 were observed, indicating formate species were formed as the temperature increased to 100 

°C.45–47 The intensities of these peaks continued to increase as the temperature increased to 300 

°C, implying that surface formate species become more prevalent on the catalyst surface as the 

temperature increases. On the other hand, the intensity of peaks indicating bicarbonate species 

decreased as the temperature increased, becoming completely unobservable by a temperature of 

300 °C. This suggests that the bicarbonate species were either consumed as a reaction intermediate 

or were desorbed from the catalyst surface as the temperature increased. Similar to formate species, 

the intensity of the linear carbonyl peak increased with an increase in temperature. The peak at 

2002 cm-1 also slightly shifted to 1997 cm-1 at 200 °C and 1991 cm-1 at 300 °C. This shift has been 

previously attributed to a decrease of dipole-dipole coupling owing to a decrease in surface 

coverage.48 At 200 °C, a new peak at 3015 cm-1 was observed, indicating formation of methane. 

Overall, DRIFT spectra taken at different temperatures over 5% Ru/Al2O3 showed that 

bicarbonate, formate, and carbonyl species were observed during the CO2 methanation reaction, 

and methane is likely formed by a reaction path that includes one or more of these observed species 

as reaction intermediates. 
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Figure 3. DRIFT spectra taken over NaNO3/5% Ru/Al2O3 under 5%CO2/20%H2/N2 flow at 
40mL/min in different temperatures of 50 °C (black), 100 °C (red), 200 °C (blue), 300 °C (pink) 
at wavelength range of (a) 1200 to 1800 cm-1, (b) 1825 to 2150 cm-1 and (c) 2650 to 3150 cm-1.

Figure 3 shows IR spectra taken over NaNO3/5% Ru/Al2O3 at various temperatures in a 

flow of 5% CO2/20% H2/N2 at 40 mL/min. At 50 °C, wide bands centered at 1629 and 1379 cm-1, 

along with shoulders at 1683, 1550, 1431, and 1330 cm-1, were observed. Species observed at 1550 

and 1379 cm-1 were assigned to monodentate carbonate, and those observed at 1630 cm-1 were 

assigned to bidentate carbonate.49–51 A small peak observed at 1228 cm-1 along with the shoulder 

observed at 1431 cm-1 were assigned to bicarbonate species.  A shoulder at 1683 cm-1 was assigned 

to CO2
- species, as it was previously reported that the presence of alkali metal atoms decreases the 

work function of the surface, leading to charge transfer to an empty CO2 π-orbital.14,52,53 As the 

temperature increased to 100 °C, a new peak was formed at 1595 cm-1 and 1349 cm-1, indicating 

formation of formate species, while the intensities of the peaks at 1379, 1550 and 1683 cm-1 

decreased, implying the surface became more deficient in monodentate carbonate and CO2 species. 

On the other hand, intensities of peaks at 1630 cm-1 became more intense as the temperature 

increased, which suggests that bidentate carbonate species became more prevalent with the 

temperature increase. A new peak at 2005 cm-1 was also formed, assigned to linear carbonyl 

species. Similar to what was observed over 5% Ru/Al2O3, a shift towards lower wavelengths was 

observed as the temperature increased. At 200 °C, additional two peaks were observed at 2887 and 

2854 cm-1, which are assigned to formate species. A small peak at 3015 cm-1 was observed as well, 

meaning methane formation started to occur at a temperature of 200 °C. Overall, the main 

difference in the spectra between the NaNO3/5% Ru/Al2O3 and 5% Ru/Al2O3 catalysts was the 

presence of monodentate and bidentate carbonate species for NaNO3 loaded samples at lower 

temperatures. While bicarbonate species were present in both catalysts, carbonate species showed 
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much higher peak intensities over the NaNO3/5% Ru/Al2O3 catalyst, indicating carbonate species 

were more dominant over that catalyst surface than the bicarbonate species. Carbonyl species and 

formate species were observed on both catalysts as the temperature increased.

Similar DRIFT spectra were taken over 1%Ru/Al2O3 (Figure S2) and NaNO3/1%Ru/Al2O3 

(Figure S3) under 5% CO2/20%H2/N2 at 40 mL/min at various reaction temperatures. Species 

observed on 1% Ru/Al2O3 were generally similar to those observed in 5% Ru/Al2O3, showing 

bicarbonate, formate, and carbonyl species. On the other hand, there were a few differences 

observed in the spectra of NaNO3/1% Ru/Al2O3 and NaNO3/5% Ru/Al2O3. For NaNO3/1% 

Ru/Al2O3, there was a sharp peak observed at 1305 cm-1. This peak is assigned to carboxylate 

species on the Al2O3 support.43,54 While NaNO3/5% Ru/Al2O3, did not show a prominent peak at 

1305 cm-1, it did show a wide shoulder ranging from 1320 to 1260 cm-1, indicating that similar 

carboxylate species are present for NaNO3/5%Ru/Al2O3 as well. It is likely that the carboxylate 

peak was less observable for NaNO3/5% Ru/Al2O3 due to the more prominent bidentate carbonate 

peak. Another difference was that a wide band at 1855 cm-1 was observed over 

NaNO3/5%Ru/Al2O3, while this band was not observed over NaNO3/1%Ru/Al2O3.  This band is 

assigned to bridged carbonyl species. In general, the intensity of carbonyl peaks was higher for the 

5% Ru loading catalysts. Multiple previous works showed that bridged carbonyls typically are 

very low intensity bands.37,38,43,44,46 Therefore, it is hypothesized that the bridged carbonyl species 

are most likely present in both NaNO3/1%Ru/Al2O3 and NaNO3/5%Ru/Al2O3 catalysts, but 

became more observable over the NaNO3/5%Ru/Al2O3 catalyst, as the total exposed ruthenium 

surface area increased with higher metal loading, making various Ru-(CO)x species more 

detectable.
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3.4.  SSITKA/DRIFTs

While multiple surface species were observed through in situ DRIFTS experiments during 

the methanation reaction, reaction intermediates and spectator species cannot be distinguished by 

DRIFT spectra alone.  To this end, isotopic transient experiments were performed over the 

previously tested four catalysts. Initially, a mixture of 5% 12CO2/20% H2/N2 was flowed at 40 

mL/min. Once steady-state conditions were reached in the IR spectra, the reactant was switched 

to 13CO2/20%H2/N2 at same flow rate. The outlet of the IR cell was analyzed using a mass 

spectrometer to observe the transient response. 
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Figure 4. In situ DRIFT spectra taken over 5% Ru/Al2O3 catalysts at wavelength range of (a) 1200 
cm-1 to 1800 cm-1, (b) 1850 cm-1 to 2100 cm-1, and (c) 2800 cm-1 to 3100 cm-1 at temperature of 
260 °C under flow of 5% 12CO2/20% H2/N2 (black, thickened) and after switch to 5% 13CO2/20% 
H2/N2 flow. (28 s (orange), 56 s (blue), 85 s (pink), 113 s (green), and 8 min (red, thickened) after 
the switch).

Figure 4 shows the IR spectra after changing the flow from 12CO2/H2/He to 13CO2/H2/He 

at a temperature of 260 °C over 5% Ru/Al2O3. Initial peaks observed under 12CO2/H2/He flow 

were similar to those observed in Figure 2. Linear carbonyl species at 1988 cm-1, formate species 

at 2905, 1593, 1392, and 1374 cm-1 were observed. Very small peaks at 1653 and 1436 cm-1 

indicated that bicarbonate species are present as well. After switching the 12CO2 feed to 13CO2, the 

(a) (b) (c)
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linear 12CO* peak at 1988 cm-1 started to decrease immediately, while a new 13CO* peak was 

formed at 1942 cm-1.  The 12CO* peak became completely unobservable within 2 min. The formate 

species behaved very differently from the carbonyl species in that the H12COO* peak at 1593 cm-1 

showed a very slow decrease upon switching to 13CO2. The intensity of the H12COO* only 

decreased by 40% within 8 minutes after the switch. Furthermore, the formation of the H13COO* 

peak at 1549 cm-1 was much slower than that of the 13CO*, continuing to increase until 8 minutes 

after the switch. Changes in the normalized peak intensity observed in DRIFT spectra of the 

carbonyl and formate species are plotted as shown in Figure 5 (a). As observed in the figure, the 

12CO* and H12COO* species decomposed at a very different rate, with 12CO* showing a decrease 

faster than the H12COO* by an order of magnitude. Furthermore, the rate of decay observed for 

12CO* peak was similar to the rate of decay observed for 12CH4, as observed in Figure 5 (b). The 

formation rate of 13CO* was also much faster than H13COO*, with the 13CO* species reaching a 

stable intensity within 150 s after the switch. Similarly, the 13CH4 mass spectroscopy intensity also 

reached an equilibrium by 150 s. The observation that the decay of the 12CO* species occurred at 

similar rate to that of 12CH4, as well as that formation of 13CO* species occurred at a similar rate 

as 13CH4, suggests that the linear carbonyl species is a true reaction intermediate for the 

methanation reaction. In contrast, both the decay of H12COO* and formation of H13COO* occurred 

at very different rates to the rate of methane formation, indicating that formate species are most 

likely not significant reaction intermediates for the CO2 methanation reaction over this catalyst. It 

is less clear whether the bicarbonate species are reaction intermediates using the spectra obtained 

over 5% Ru/Al2O3 because the intensity of the peaks at 1653 and 1436 cm-1 was very low, thereby 

making it difficult to perform the analysis done for CO and formate species.
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Figure 5. (a) Change in normalized DRIFT spectra intensity of observed surface species and (b) 
change in normalized mass spectroscopy intensity of 12CO2, 13CO2, 12CH4, and 13CH4, after 
switching from 5% 12CO2/20% H2/He flow to 5% 13CO2/20% H2/He flow over 5%Ru/Al2O3 
catalysts at a temperature of 260 °C. Total flow rate was constant at 40 mL/min.

Similar transient isotopic experiments were performed over 1% Ru/Al2O3 as well, with 

Figure S4 showing the IR spectra and Figure S5 showing the normalized intensity of selected 

species observed in the IR spectra along with mass spectroscopy results. As observed in Figure 

S5, linear carbonyl and formate species showed similar trends as the 5% Ru/Al2O3 catalyst. Linear 

carbonyl species showed a rapid exchange between the 12CO* (1996 cm-1) and 13CO* (1954 cm-1) 

species after the switch. For the formate species, the decomposition of H12COO* peaks was much 

slower than for 5%Ru/Al2O3. As observed in Figure S4 (a), the peak in 2904 cm-1 showed an 

intensity change of less than 1 %, even after 8 min of flow with 13CO2. In contrast, for the 

bicarbonate species (HCO3), as observed with the peak at 1653 cm-1, a rapid decomposition of 

H12CO3 species after the switch was observed. An increase in the peak at 1595 cm-1 along with 

formation of a shoulder at 1605 cm-1 were also observed after the switch. The peak at 1653 cm-1 

represents O-12C-O asymmetric stretching, and using Eq. (1), a peak shift to 1606 cm-1 is calculated 

for the same species with 13C, which matches well with the shoulder formed.46 Also, as mentioned 

(a) (b)
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above, peaks indicating H12COO* species showed very small changes in intensity, so it is unlikely 

the peak increase at 1595 cm-1 is representing an increase in H12COO* coverage. Therefore, the 

increase in intensity of the 1595 cm-1 peak as well as formation of a shoulder at 1605 cm-1 are 

attributed to formation of H13CO3 after the switch. Under the assumption that the change in 

intensity of the 1595 cm-1 peak is essentially negligible, the changes in the normalized intensity 

for H12CO3 and H13CO3 species are plotted as shown in Figure S5 (a). It should be noted that the 

IR intensity for H12COO* was not plotted, as there was negligible change in its intensity. It was 

observed that the decomposition rates of the 12CO* and H12CO3 bands were very similar. Also, 

these rates were similar to the rate of decay for the 12CH4 mass spectroscopy signal, as observed 

in Figure S5 (b). Based on these observations, it is hypothesized that the linear carbonyl species 

and bicarbonate species are likely reaction intermediates for the CO2 methanation reaction, while 

formate species are likely spectator species over the 1% Ru/Al2O3 catalysts. While a definitive 

statement cannot be made about the intermediacy of the bicarbonate species over 5%Ru/Al2O3 

catalysts, based on the fact that similar behavior for carbonyl and formate species was observed, 

along with similar reaction orders for CO2 and H2 and activation energies for the two catalysts, it 

is likely that the bicarbonate species are reaction intermediates over the 5% Ru/Al2O3 catalyst as 

well.
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Figure 6. In situ DRIFT spectra taken over NaNO3/5% Ru/Al2O3 catalysts at wavelength range of 
(a) 1200cm-1 to 1800cm-1, (b) 1850 cm-1 to 2100 cm-1, and (c) 2800 cm-1 to 3100 cm-1 at 
temperature of 260 °C under flow of 5% 12CO2/20% H2/N2 (black, thickened) and after switch to 
5% 13CO2/20% H2/N2 flow. (28 s (orange), 56 s (blue), 85 s (pink), 113 s (green), and 8 min (red, 
thickened) after the switch).

Figure 6 shows IR spectra after changing the flow from 12CO2/H2/He to 13CO2/H2/He at a 

temperature of 260 °C over the NaNO3/5% Ru/Al2O3 catalyst. Under 12CO2/H2/He flow, linear 

carbonyl species at 1992 cm-1, formate species at 1600 cm-1 and 1348 cm-1, bicarbonate species at 

1653 cm-1, bidentate carbonate species at 1630, and carboxylate species at 1305 cm-1 were 

observed. Similar to the unpromoted Ru/Al2O3 catalysts, linear carbonyl species showed a rapid 

exchange between 12CO* and 13CO* species, as observed in Figure 6 (b). The peak at 1992 cm-1 

decomposed quickly and became unobservable approximately 2 min after switching to 13CO2 flow, 

and a new peak for 13CO* was formed at 1946 cm-1, which also reached a stable intensity over a 

similar interval. For bicarbonate species, while the intensity of the shoulder at 1653 cm-1 did 

decrease after the switch, the decrease in intensity was only by 37%, suggesting it is a relatively 

stable species that did not fully decompose, even 8 minutes after switching the feed to 13CO2. 

Furthermore, if the bicarbonate species are reaction intermediates, a peak at 1606 cm-1, with similar 

intensity as 1653 cm-1 in 12CO2 flow should be observed after the switch. However, there was no 

band observed at 1606 cm-1 under 13CO2 flow, which indicates that bicarbonate species are most 

(a) (b) (c)
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likely not a methanation reaction intermediate. The formate species showed a different trend from 

the Ru/Al2O3 catalysts. As observed in Figure 6 (c), the intensities of peaks at 1600 cm-1 and 1349 

cm-1 rapidly decreased upon switching to 13CO2. Peaks at 1600 cm-1 and 1349 cm-1 represent 

symmetric and asymmetric O-C-O stretching of formate species, and therefore should form peaks 

at 1554 cm-1 and 1311 cm-1 upon switching to 13CO2 according to Eq. (1). Such values correspond 

well to the rapidly formed peaks of 1552 cm-1 and 1314 cm-1 upon switch to 13CO2. This 

observation implies that addition of NaNO3 altered to some degree the reaction pathway(s) for 

CO2 methanation, and formate species are likely also reaction intermediates for CO2 methanation 

over NaNO3/5% Ru/Al2O3. One thing to note is that the intensity of the newly formed peak at 1314 

cm-1 was much larger than the initial 1349 cm-1 peak. This is attributed to presence of the 

carboxylate species observed at 1305 cm-1 as well. While a quick isotopic exchange for bidentate 

carbonate occurred, it is likely that the 12C-carboxylate species were still present after the switch, 

making the newly formed bidentate 13CO3 peak stack on the existing carboxylate peak, leading to 

the higher intensity observed at 1314 cm-1.

The changes in normalized intensity of the carbonyl, formate, and bicarbonate peaks are 

plotted in Figure 7 (a), and it can be observed that the decomposition of 12CO and H12COO species 

showed similar rates to the decay rate of the 12CH4 signal obtained from mass spectroscopy, as 

shown in Figure 7 (b). The decomposition rate of H12CO3 species was clearly much slower than 

the decomposition of the other two species. While the differences in decomposition rates between 

the hypothesized reaction intermediate (carbonyl and formate) and spectator species (bicarbonate) 

were not as stark as in case of 5% Ru/Al2O3, where an order of magnitude difference was observed 

between the decomposition rate of carbonyl and formate species, this could be due, in part, to the 

fact that the peak in 1653 cm-1 had some overlap with both the carbonate peak at 1630 cm-1 and 
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the formate peak at 1600 cm-1, making accurate quantification more challenging. The difference 

in decomposition rates combined with the stable band observed at 1653 cm-1, even long after 

switching to 13CO2, shows that the bicarbonate species are most likely not reaction intermediates.

The bidentate carbonate species observed at the 1631 cm-1 was more difficult to analyze 

than the other species, because carbonate bands are typically broad and this led to overlap between 

the 12CO3 bands and 13CO3 bands, making it difficult to establish a stable baseline before and after 

the isotopic switch. So, as a control experiment, a similar in situ DRIFT experiment was performed 

over NaNO3/Al2O3 sample, as observed in Figure S6. It could be observed that the carbonate 

species formed are unstable and easily desorbed under He purge flow. However, in Figure S6, 

approximately 4~5 minutes were needed for the carbonate peak to reach a stable baseline in the 

helium purge flow, while in Figure 6 (b), the shoulder at 1630 cm-1 reached the stable baseline 

after 2 minutes upon switching the flow to 13CO2. The shorter time needed for carbonate peak 

decomposition in presence of H2 indicates that the carbonate species, under methanation reaction 

conditions, is being consumed at a rate that is faster than desorption rate under helium purge, 

implying that the carbonate species may also be methanation reaction intermediates over 

NaNO3/Ru/Al2O3 catalysts. 

Also, the peak at 1630 cm-1 represents the asymmetric O-C-O stretching of 12CO3, so using 

Eq. (1), a newly formed 13CO3 should have a similar intensity at 1584 cm-1.51,55 As observed in 

Figure 6 (c), a very similar IR intensity was observed between the shoulder at 1630 cm-1 under 

12CO2 flow and the new shoulder formed at 1584 cm-1 under 13CO2, which corresponds well with 

the expected shift. Furthermore, it was observed from the isotopic exchange experiment that 

formate species are likely reaction intermediates over the 5% NaNO3/5% Ru/Al2O3 catalysts. To 

form formate, it is reasonable to think that CO2 would initially bind on the surface of the support 
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in form of carbonate, bicarbonate or carboxylate. However, observations from the isotopic 

exchange experiment indicated that bicarbonate or carboxylate species are unlikely to be reaction 

intermediates over NaNO3/Ru/Al2O3 catalysts. Combining such reasoning and the correspondence 

of newly formed bidentate 13CO3 peaks to the calculated shift, it was hypothesized that the 

carbonate species are true reaction intermediates over the 5% NaNO3/5% Ru/Al2O3 catalysts.

Similar transient isotopic experiments were also performed over NaNO3/1% Ru/Al2O3, as 

shown in Figure S7 and Figure S8, and peak shapes along with peak shifts that occurred after 

switching to 13CO2 were very similar to those observed for NaNO3/5% Ru/Al2O3. Based on these 

observations, it was concluded that both catalysts most likely follow similar reaction pathways, 

which includes bidentate carbonate, formate, and linear carbonyl species as reaction intermediates 

in the path to methane.
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Figure 7. (a) Change in normalized DRIFT spectra intensity of observed surface species and (b) 
change in normalized mass spectroscopy intensity of 12CO2, 13CO2, 12CH4, and 13CH4, after 
switching from 5% 12CO2/20% H2/He flow to 5% 13CO2/20% H2/He flow over 
NaNO3/5%Ru/Al2O3 catalysts at temperature of 260 °C. Total flow rate was constant at 40 
mL/min.

3.5.  Kinetic Modeling

(a) (b)
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Combining reaction orders calculated from kinetic measurements and spectral observations 

made from DRIFTS and SSITKA IR experiments, a sequence of reaction steps is proposed for 

methanation over Ru/Al2O3, as shown in Table 2. Since bicarbonate species, which were 

suggested as reaction intermediates from isotopic exchange experiments, are known to readily 

form on the surface of the alumina support, the interface between the metal and support is 

suggested to provide the reactive sites. For the Ru/Al2O3 catalyst, bicarbonate and linear carbonyl 

species were hypothesized to be reaction intermediates, while formate species were hypothesized 

to be spectator species. Thus, it is likely that CO2 initially forms bicarbonate species, which 

eventually decomposes to form a linear carbonyl species, which then react with surface H* species 

to form methane. To this end, the initials steps of the proposed sequence over this catalyst includes 

the dissociation of H2 into two H* atoms (Table 2, step 1), and the adsorption of CO2 on hydroxyl 

groups on the metal-support interface to form bicarbonate species (Table 2, step 2). Then CO2 

adsorbed on the OH# site on the alumina surface transfers to the Ru metal site near the metal-

support interface to form CO2* (Table 2, step 3), which then reacts with H* to form CO* and OH* 

(Table 2, step 4). While CO2* species were not observed in the FTIR spectra, it was hypothesized 

that such intermediate species are present, most likely in very low surface coverage, as it is unlikely 

for the linear carbonyl species to be formed from a bicarbonate species in a single elementary step. 

While formyl species (HCO*) could be another intermediate that may be in the reaction path from 

bicarbonate species to form CO*, it was conceptually hard to justify dissociating the C-H bond of 

HCO* to form CO* to then react with H* again to form CH*, so the formyl species was excluded 

from consideration as a potential reaction intermediate. As formate species (HCOO*) were also 

excluded as possible reaction intermediates from previous isotopic exchange analysis (Figure 5), 

it was hypothesized that the bicarbonate species decomposes to linear carbonyls through formation 
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of carboxylate (CO2*) species on the Ru site.  Numerous studies reported that the breaking of the 

C-O bond has the highest energy barrier over similar catalysts, and therefore the reaction of CO* 

with H* to break the carbonyl bond was taken as the rate determining step here.56–60  The formed 

C* species are then hydrogenated to form the final product, methane.

Table 2. Proposed elementary step for CO2 methanation over Ru/Al2O3 catalysts

Step Reaction
1 H2(g) + 2*  2H*
2 CO2(g) + OH#  HCO3#
3 HCO3# + *  CO2* + OH#
4 CO2* + H*  CO* + OH*
5 (RDS) CO* + H*  C* + OH*
6 C* + H*  CH* + *
7 CH* + H*  CH2* + *
8 CH2+* + H*  CH3* + *
9 CH3* + H*  CH4* + *
10 (irreversible) OH* +H*  H2O* + *
11 CH4*  CH4(g) + *
12 H2O*  H2O(g) + *

Assuming step 5 is the rate determining step, and all steps prior to step 5 are quasi-

equilibrated, a rate law was derived as shown in Eq. (3). The derivation of Eq. (3) is shown in 

Table S2. 
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Furthermore, experimental data obtained from Figure 1 (a) and Figure 1 (b) were fitted to 

the derived rate law (Eq. (3)) for the Ru/Al2O3 catalyst, as shown in Figure 8. Experimental data 
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for both 1% Ru/Al2O3 and 5% Ru/Al2O3 fit the derived rate law well, showing a slope of nearly 1 

for both samples with an R2 value of 0.940 for 1% Ru/Al2O3 and 0.933 for 5% Ru/Al2O3. The 

average error between the calculated and experimental TOFs was 2.7 % for 1% Ru/Al2O3 and 

3.6% for 5% Ru/Al2O3. The kinetic constants obtained from the kinetic modeling are presented in 

Table 3. Comparing the values obtained for k5 and k10 in both catalysts, k5 had values lower than 

k10 by at least an order of magnitude, implying that k5 has higher energy barrier, further 

corroborating the assignment that step 5 is a RDS in the reaction. Calculated surface coverages of 

the reaction intermediates are shown in Table S3 and Table S4. For both Ru/Al2O3 catalysts, 

surface coverages of the CO2* intermediate were very low, which may be why an intermediate 

species between the bicarbonate and linear carbonyl species could not be observed in the IR 

spectra. The fact that CO* shows a high surface coverage aligns with the assumption that step 5 is 

the RDS.
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Figure 8. Calculated TOFs vs experimental TOFs for (a) 1% Ru/Al2O3 and (b) 5% Ru/Al2O3.

(a) (b)

Page 27 of 43 Catalysis Science & Technology



Table 3. Calculated kinetic constants for 1% Ru/Al2O3 and 5% Ru/Al2O3 catalysts at temperature 
of 260 °C.

Kinetic constants 1% Ru/Al2O3 5% Ru/Al2O3
K1 (kPa-1) 0.0175 ± 0.00351 2.25 x 10-3 ± 6.81 x 10-4

K2 K3 (kPa-1) 6.01 x 10-6 ± 2.97 x 10-7 6.37 x 10-6 ± 7.46 x 10-7

K4 121 ± 5.93 127 ± 14.7
k5 (s-1) 1.43 ± 0.0976 1.78 ± 0.26
k10 (s-1) 187 ± 7.71 216 ± 25.9

For the NaNO3/Ru/Al2O3 catalysts, a different reaction pathway was hypothesized, since 

the reaction intermediates determined from transient isotopic experiments were different from the 

unpromoted Ru/Al2O3 catalysts, and the CO2 and H2 reaction orders do not correspond to the rate 

law shown in Eq. (3). From previous activation energy measurements (Figure 1 (e)), an increase 

in activation energy was observed upon addition of NaNO3 to the Ru/Al2O3 catalysts, so it was 

hypothesized that a change in the RDS, or an addition of another irreversible step could play a role 

when NaNO3 was added to the catalysts. Furthermore, the increased H2 reaction order likely 

implied that the hydrogenation of an already hydrogenated product could be important in the rate 

determining step over NaNO3/Ru/Al2O3 catalysts.A Previous DFT studies reported that while C-O 

bond breaking from carbonyl or formyl species has the highest energy barrier on supported Ru 

catalysts, thereby becoming rate determining step(s), it was also reported that hydrogenation of 

CH3* to form methane is also a step that has a comparable energy barrier.56,58,59 Duan et al. reported 

an energy barrier of 143 kJ/mol (1.48 ev) for reaction between formyl species and H* that leads to 

C-O bond breaking and 125 kJ/mol (1.30 ev) for reaction between CH3* and H* to form CH4*. 

Mushrif et al. also reported an activation barrier of 198 kJ/mol for reaction of CO* and H* to break 

C-O bonds, while 105 kJ/mol for CH4* formation through reaction of CH3* and H*. Combining 

A Increased H2 reaction order implies that more hydrogen atoms are involved in the transition state during the rate 
determining step than for the RDS of unpromoted Ru/Al2O3 catalysts.
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our experimental observations with previously reported DFT studies, it was hypothesized that an 

additional kinetically relevant irreversible step of CH3* and H* to form CH4* may be important. 

A sequence of elementary and lumped steps for a reaction pathway that assumes two irreversible 

steps was developed for NaNO3/Ru/Al2O3 catalysts, as shown in Table 4.

Table 4. Proposed elementary step for CO2 methanation over NaNO3/Ru/Al2O3 catalysts

Step Reaction
1 H2(g) + 2*  2H*
2 CO2(g) + O#  CO3#
3 CO3# + H*  HCOO* + O#
4 HCOO* + *  CO* + OH*
5 (irreversible) CO* + H*  C* + OH*
6 C* + H*  CH* + *
7 CH* + H*  CH2* + *
8 CH2+* + H*  CH3* + *
9 (irreversible) CH3* + H*  CH4* + *
10 (irreversible) OH* +H*  H2O* + *
11 CH4*  CH4(g) + *
12 H2O*  H2O(g) + *

For NaNO3/Ru/Al2O3 catalysts, carbonates and formate species, as well as carbonyl species 

were determined to be observable reaction intermediates. So, the initial hypothesized steps in the 

proposed sequence were dissociation of H2 into two H* atoms (Table 4, step 1) and adsorption of 

CO2 on an oxide group (or NaNO3 melt) on the support near the support-metal interface, to form 

bidentate carbonate species (Table 4, step 2). Then, the bidentate carbonate species would react 

with surface hydrogen to form formate species (Table 4, step 3), followed by dissociation of the 

formate to form linear carbonyl species (Table 4, step 4). Then the carbonyl species react with a 

surface hydrogen to break the C-O bond, which was the first kinetically relevant step (Table 4, 

step 5). The formed C* is then hydrogenated to form CH3* (Table 4, step 6~8), which then reacts 
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with additional surface hydrogen to form adsorbed methane (Table 4, step 9). This is the second 

kinetically relevant step in methane formation. Assuming step 9 is the rate determining step, a rate 

law was derived, as shown in Eq. (4). The derivation of Eq. (4) is shown in Table S5.
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Eq. (4)

Experimental data obtained from Figure 1 (a) and Figure 1 (b) were fit to the derived rate 

law (Eq. (4)) for the NaNO3/Ru/Al2O3 catalyst, as shown in Figure 9. Experimental data for 

NaNO3/1% Ru/Al2O3 and NaNO3/5% Ru/Al2O3 fit the derived rate law well, showing a slope of 

nearly 1 for both samples with R2 values of 0.978 and 0.987. The average error between calculated 

and experimental TOFs was 4.2 % for NaNO3/1% Ru/Al2O3 and 3.6% for NaNO3/5% Ru/Al2O3. 

The kinetic constants obtained from the kinetic modeling are presented in Table 5. Within each 

catalyst, among the three rate constants of k5, k9, and k10, k9 showed the lowest values, implying 

that step 9, the hydrogenation of CH3*, may be the most kinetically significant step on the NaNO3 

loaded catalysts. k5 was still smaller than k10, implying that it is the second slowest step in this 

pathway to methane. The surface coverage of reaction intermediates calculated from the rate law 

are shown in Table S6 and Table S7. The results show that for the catalysts of similar metal 

loading, the surface coverage of hydrogen decreased for the NaNO3 loaded catalysts. This is 

conceptually consistent with experimental observations, as the much-increased H2 reaction order 

implies that hydrogen is consumed at a faster rate, which would lead to decreased surface coverage. 

Additionally, in NaNO3 loaded catalysts, CH3* showed a very high surface coverage, while the 

surface coverage of CO* decreased compared to the values found for the Ru/Al2O3 catalysts. 
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Again, this supports the hypothesis that step 9 is the slowest step in the proposed reaction sequence. 

It has been previously reported that alkali metals strengthen the bond between the metal and carbon 

atom, while weakening the bond between the carbon atom and oxygen atom of carbon monoxide 

on the surface of a noble metal, which has been attributed to enhanced electron back-donation from 

the metal into the 2π* antibonding orbital of CO, likely caused by electron transfer from the alkali 

metal to the valence band of the noble metal.61,62 It is hypothesized that this property may have 

changed the RDS from the C-O dissociation step to hydrogenation of the CH3* species. It should 

also be noted that the reaction pathway proposed in Table 4 differs from the previously 

hypothesized reaction pathway over NaNO3/Ru/Al2O3 catalysts from our previous work, as we 

previously hypothesized a hydrogen carbonyl species maybe involved in the rate determining step, 

which may be responsible for the increased hydrogen reaction order.24 However, kinetic modeling 

was performed on the rate law (Eq.S14-15) derived for such reaction pathway (Table S13), and it 

was found that the surface coverage obtained from kinetic modeling does not correspond to the 

kinetic measurements. A higher hydrogen surface coverage was observed for NaNO3/Ru/Al2O3 

catalysts than Ru/Al2O3 catalysts, which does not align with the implication of the increased H2 

reaction order for the NaNO3 promoted catalysts, which makes the hydrogen carbonyl pathway 

less likely to be the representative pathway. Further description the hydrogen carbonyl pathway, 

along with other reaction sequences considered for NaNO3/Ru/Al2O3 catalysts, which were 

concluded to be less likely to be the representative pathways, are shown in the supplementary 

information (Section III). 
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Figure 9. Calculated TOF vs experimental TOF for (a) NaNO3/1% Ru/Al2O3 and (b) NaNO3/5% 
Ru/Al2O3.

Table 5. Calculated kinetic constants for 1% Ru/Al2O3 and 5% Ru/Al2O3 catalysts at temperature 
of 260 °C.

Kinetic constants NaNO3/1% Ru/Al2O3 NaNO3/5% Ru/Al2O3
K1 (kPa-1) 54.1 ± 1.51 19.3 ± 0.202

K2 K3 (kPa-1) 6.67 x 10-6 ± 6.00 x 10-7 1.12 x 10-5 ± 1.45 x 10-6

K4 26.7 ± 2.39 45.0 ± 5.68
k5 (s-1) 120 ± 18.6 402 ± 37.8

K6 1.98 x 10-5 ± 3.83 x 10-7 3.30 x 10-5 ± 2.96 x 10-7

K7 0.158 ± 3.08 x 10-3 0.264 ± 2.38 x 10-3

K8 7.87 ± 0.163 13.3 ± 0.127
k9 (s-1) 1.83 ± 0.0911 4.30 ± 0.311
k10 (s-1) 3977 ± 349 4918 ± 494

4. Conclusions

To summarize, catalysts with different metal loadings (1% and 5%) on Ru/Al2O3 catalysts 

and NaNO3/Ru/Al2O3 were synthesized, and their CO2 methanation mechanisms were 

investigated. The former catalyst represents a prototypical CO2 methanation catalyst, and the latter 

is a catalytic sorbent, with heavy NaNO3 promotion driving high CO2 sorption.  Such materials 

might find use in reactive separations.20–27 Through DRIFT spectroscopy, along with transient 

isotopic experiments, it was found that bicarbonate and linear carbonyl species behave as reaction 

intermediates in the path to methane over Ru/Al2O3 catalysts. For NaNO3/Ru/Al2O3 catalysts, 

(a) (b)
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bidentate carbonate, formate and linear carbonyl species appear to be reaction intermediates. 

Kinetic modeling showed that the C-O bond breaking of carbonyl species is a likely rate 

determining step for Ru/Al2O3, while there are likely more kinetically relevant steps, including the 

hydrogenation of CH3* species to form methane, for the NaNO3/Ru/Al2O3 catalyst. No significant 

differences in reaction pathways were observed between different metal loadings. This is likely 

due to the fact that the different metal loading catalysts maintained similar average particle sizes. 

The subtle differences in reaction pathways over NaNO3 loaded supported ruthenium catalysts vs. 

the unpromoted catalysts gives insight into the kinetic consequences of catalyst designs targeting 

catalytic sorbents, where in situ CO2 capture and subsequent conversion is targeted on a single 

solid material.

In considering these results, we also note several limitations of our study. First, while the 

carboxylate intermediate (CO2*) was not observed from the spectral data, it was still assumed as 

a reaction intermediate in the proposed reaction pathways for unpromoted Ru/Al2O3.  Bicarbonate 

and carbonyl species were the only species that were observed as reaction intermediates over 

unpromoted Ru/Al2O3 from spectral data. However, it is unlikely that carbonyl species are formed 

from bicarbonate species in a single elementary step. Therefore, several potential intermediates 

that may form between the bicarbonate or the carbonate and the carbonyl species were considered, 

including carboxylate (CO2*), formyl (HCO*), and formate (HCOO*) species. Spectral 

observation showed that formate species are most likely spectator species over unpromoted 

Ru/Al2O3 catalysts and therefore were not considered as kinetically relevant intermediates. 

However, neither carboxylate nor formyl species were observed from the IR spectra. Between the 

two species, carboxylate species were chosen as the more plausible reaction intermediate, as it was 

hard to justify dissociating the C-H bond of HCO* to form CO* to then react with H* again to 
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form CH*. Thus, the lack of spectral observation for carboxylate or formyl species is a limitation 

of this study.

Another limitation is that the rate determining step was set primarily based on previously 

reported DFT literature. While selection of these RDSs is logical, and our experimental data 

showed an excellent fitting to the rate expression that was derived from selection of the specific 

RDS, Langmuir-Hinshelwood formalisms have some limitations in kinetically describing some 

reactions. Indeed, using the concept of degrees of rate control (DRC) in a microkinetic models can 

quantitatively show when multiple transition states are kinetically relevant, thereby enabling more 

rigorous selection of the RDSs.63,64 Thus, while the proposed reaction sequences are shown to 

effectively reproduce of the kinetics of the reaction and therefore may represent a true reaction 

pathway based on our experimental data and kinetic data, other parallel paths may also occur. 

Lastly, an H2 to D2 isotopic exchange experiment could be performed as a future work, since it is 

proposed that there is a change in kinetically relevant step in volving H addition for the NaNO3 

promoted Ru catalysts. This and related experiments could also provide more information 

regarding the roles of bicarbonate and carbonate for NaNO3 promoted catalysts.
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