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Abstract 

Renewable energy supply and energy storage in a closed materials cycle are the urgent global chal-

lenges of the 21st century. Carbon dioxide (CO2) hydrogenation over catalysts is a method to produce 

synthetic fuels from renewable energy in a CO2 neutral cycle. Numerous catalysts from pristine to 

novel materials have been investigated to achieve high CO2 conversion and selective hydrocarbon. 

Ahead of developing innovatively active catalyst with a high selectivity, it is crucial to understand 

the active sites and the related reaction mechanisms. Despite the fact that CO2 + H2 is a rather simple 

chemical equation, many reaction paths on a solid catalyst are possible. However, the proposed 

mechanisms from literatures have been controversial due to two main difficulties in 1) evidently 

identifying the reaction species, especially some vital transient species on the pathway of carbon 

hydrogenation and C-C coupling, and 2) proving the relation between surface structure of the cata-

lysts and the reactivities. To address these difficulties, we built a new instrumental setup and devel-

oped an analysis program in order to investigate the catalyst surface and analyze the reaction mech-

anism in operando.  

We built up a diffuse reflectance infrared Fourier transform spectroscopy-mass spectroscopy-gas 

chromatography (DRIFTS-MS-GC) instrument for an operando study of the surface, gas, and liquid 

products using DRIFTS, MS, GC, and ex situ NMR. A bilevel evolutionary Gaussian fitting (BEGF) 

program was developed for dataset treatment including peak deconvolution and kinetic plot. Stand-

ard chemicals like carbonates, bicarbonates, formic acid, acetic acid, methanol, and ethanol, and 

isotopic spectra using 13CO2 and D2 in the reactions were employed for supporting peak assignments. 

Based on these infrastructures, CO2 adsorption and hydrogenation reactions on pristine metals (Fe, 

Co, Ni, and Cu), metal hydride alloy (LaNi4Cu), and metal-oxide (Co-CoO) were studied. We found 

out pure Fe, Co, Ni, Cu and LaNi4Cu metals are not efficient for CO2 hydrogenation, and have no 

detectable adsorption species on the surface. High conversion (> 90%) of CO2 on Co-CoO surface 

emphasized the importance of oxide for CO2 chemisorption and for the observations of the surface 

species. The following investigation on oxide supported metal catalyst Ru/Al2O3 via an in situ control 

of the individual formation and hydrogenation of each adsorption species demonstrates that the oxide 

assists CO2 initial activation. CO2 methanation starts at the interface of the metal and the oxide and 

passes through the steps of CO2 ® HCO3
-* (and/or HCOO-* in CO2+H2 co-adsorption condition) ® 

CO* ® CH4. We further explored the relationship between metal/(metal+oxide) ratio and their re-

activities. We synthesized Co/(Co+CoO) catalysts in the DRIFTS-MS-GC instrument, and 
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investigated the CO2 hydrogenation reaction on site. The results reveal that high concentration of the 

oxide in the catalyst boosts CO2 methanation, because the CO2 binding is moderate and the adsorp-

tion is enhanced when the oxide concentration increased.  

In short, we established equipment for an operando study of CO2 hydrogenation on catalyst surfaces, 

unraveled the surface reaction mechanisms and the active sites, developed a highly active catalyst, 

as well as initiated an efficient data analysis program.  

Keywords 

CO2 hydrogenation, heterogeneous catalysis, methanation, reaction mechanism, surface adsorption, 

adsorbates, catalyst, metal oxide, IR spectra, data analysis, in situ, operando, DRIFTS-MS-GC 
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Résumé 

L'approvisionnement en énergie renouvelable et le stockage de l'énergie dans un cycle de matériaux 

clos sont les défis mondiaux urgents du 21ème siècle. L’hydrogénation du dioxyde de carbone (CO2) 

sur des catalyseurs est une méthode de production de carburants synthétiques à partir d’énergies 

renouvelables dans un cycle neutre en CO2. De nombreux catalyseurs allant des matériaux vierges 

aux matériaux nouveaux ont été étudiés pour obtenir une conversion élevée en CO2 et des hydrocar-

bures sélectifs. Avant de développer un catalyseur innovant et actif avec une sélectivité élevée, il est 

essentiel de comprendre les sites actifs et les mécanismes de réaction associés. Malgré le fait que 

CO2 + H2 est une équation chimique assez simple, de nombreuses voies de réaction sur un catalyseur 

solide sont possibles. Cependant, les mécanismes proposés dans les littératures ont été controversés 

en raison de deux difficultés principales: 1) identifier clairement les espèces réactionnelles, en parti-

culier certaines espèces transitoires vitales sur la voie de l'hydrogénation du carbone et du couplage 

C-C, et 2) prouver le lien entre la structure de surface des catalyseurs et des réactivités. Pour résoudre 

ces difficultés, nous avons planifié la recherche de cette thèse en partant de la construction du pro-

gramme de configuration instrumentale + analyse, puis de la conception du catalyseur + du métha-

nisme de la réaction.  

Nous avons d’abord construit un instrument DRIFTS-MS-GC pour une étude opératoire de la cata-

lyse hétérogène. Les produits de surface, gazeux et liquides ont été analysés par DRIFTS, MS, GC 

et ex situ NMR, respectivement. Un programme de bilevel evolutionary Gaussian fitting (BEGF) a 

été mis au point pour le traitement des ensembles de données, notamment la déconvolution des pics 

et le tracé cinétique. Des produits chimiques standard tels que les carbonates, les bicarbonates, l’acide 

formique, l’acide acétique, le méthanol et l’ethnol, ainsi que les spectres isotopiques utilisant le 
13CO2 et le D2 dans les réactions ont été utilisés pour soutenir les assignations de pointe. Sur la base 

de ces infrastructures, des réactions d'adsorption et d'hydrogénation de CO2 sur des métaux purs (Fe, 

Co, Ni et Cu), un alliage hydrure métallique (LaNi4Cu) et un oxyde métallique (Co-CoO) ont été 

étudiées. Nous avons découvert que les métaux purs Fe, Co, Ni, Cu et LaNi4Cu ne sont pas efficaces 

pour l'hydrogénation du CO2 et n'ont aucune espèce d'adsorption détectable à la surface. En outre, 

l'hydrure de métal LaNi4Cu réduit le CO2 à une température beaucoup plus élevée que celle des 

métaux Co et Ni purs et de la désorption de H2, ce qui indique que l'adsorption de H2 ne pourrait pas 

être le facteur clé de la réduction de la barrière énergétique de l'hydrogénation du CO2. La conversion 

élevée (> 90%) de CO2 sur la surface de Co-CoO a mis en évidence l’importance de l’oxyde pour la 

chimisorption du CO2 et l’obversement des étapes réactionnelles. Les recherches suivantes sur le 
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catalyseur métallique Ru/Al2O3 supporté sur un oxyde via un contrôle in situ de la formation indivi-

duelle et une hydrogénation de chaque espèce d'adsorption démontrent que l'oxyde contribue à l'ac-

tivation initiale du CO2. La méthanisation du CO2 commence à l'interface du métal et de l'oxyde et 

passe par les étapes CO2 ® HCO3
-* (et / ou HCOO-* dans les conditions de co-adsorption CO2 + H2) 

® CO* ® CH4. Nous avons exploré la relation entre le rapport métal / (métal + oxyde) (Co / (Co + 

CoO)) et leurs réactivités dans la réaction d'hydrogénation du CO2 révèle qu'une concentration élevée 

d'oxyde dans le catalyseur stimule la méthanation du CO2, car la liaison au CO2 est modérée et l'ad-

sorption est améliorée sur le site d'oxyde.  

En bref, nous avons mis en place des équipements pour une étude opérationnelle de l'hydrogénation 

du CO2 sur les surfaces des catalyseurs, démêlé les mécanismes de réaction de surface et les sites 

actifs, développé un catalyseur très actif et lancé un programme efficace d'analyse des données. 

Mots-clés 

Hydrogénation du CO2, catalyse hétérogène, méthanisation, mécanisme de réaction, adsorption de 

surface, adsorbats, catalyseur, oxyde métallique, spectres IR, analyse de données, in situ, operando, 

DRIFTS-MS-GC 
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 Introduction 

1.1 World Energy Requirement  

The annual world energy supply from primary sources such as oil, coal, natural gas, renewables, etc. 

increased from 11.6 terawatt (TW) in 1990 to 18.5 TW in 2017 (Figure 1.1(a)-(b)). This equals to 

58% increase in total.1 Simultaneously, the CO2 emission increased from 20.5 gigatons (Gt) in 1990 

to 32.8 Gt in 2017 with 43% increasing in total. The atmospheric CO2 concentration increased from 

approximately 280 ppm in the early 1800s to 407 ppm now (Figure 1.1(c)-(d)).2,3 The increase of 

CO2 emission contributes to the global climate change.4 However, the energy consumption and cli-

mate change is driven by economic and population growth. As shown in Figure 1.2, the world GDP 

growth links directly to the energy consumption and CO2 emission.5 It is predicted that the fossil 

fuels such as coal, petroleum, and natural gas will continue to supply more than three-fourths of 

world energy demand in 2040, and the atmospheric CO2 concentration will reach nearly 600 ppm in 

2100.1–4,6 

 

Figure 1.1. (a) Total world energy consumption by primary energy source. (b) Each primary energy source contributing in 

the world energy consumption. (c) Majority of world CO2 emission by the primary energy source. (d) Total world CO2 

emission contributed by energy source. Reproduced from references.1,2 
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Figure 1.2. World GDP (purchasing power parity, 2011 dollars) is growing relative to energy consumption and CO2 emis-

sions. Reproduced from references.4 

The continuously increasing consumption of the unsustainable fossil fuels motivates the society to 

search sustainable and clean energy supplies. Hydropower, wind, solar, geothermal, and biomass are 

exploited and promising to replace the majority of role of fossil fuels. According to the 30-year 

statistics of these renewable energies development, they are predicted to contribute roughly the same 

quantity as natural gas and coal in global net electricity generation until 2040.7,8 Nevertheless, the 

renewables face a problem of time- and location-dependent energy fluxes, restricting their energy 

supply. Energy storage is thus required in order to balance the short term (day/night) fluctuations 

and seasonal variations. Therefore, an energy carrier has to be produced from heat or electricity. The 

energy density is crucial for transport and mobile applications. Hydrogen, which can be produced 

from electricity and heat by means of electrolysis of water, offers the highest gravimetric energy 

density of all combustibles with 39 kWh/kg. Current hydrogen storage density reaches max. 20 mass% 

in borohydrides. Without taking into account the stability and cyclability problems of this material, 

an energy density of 7.8 kWh/kg could be achieved. However, this is 60% of the energy density of 

hydrocarbon fuels, e.g. diesel (12.8 kWh/kg). In order to overcome the limitation of the energy den-

sity of hydrides, hydrogen can be utilized to reduce CO2 to hydrocarbons, i.e. a synthetic fuel as 

shown in Figure 1.3.  
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Figure 1.3. Schematic representation of the closed carbon and synthetic fuel cycle. Hydrogen is obtained from water split-

ting by renewable energy. CO2 captured from air is reduced by hydrogen to hydrocarbons. Reproduced from reference.9 

1.2 Synthetic Hydrocarbons from CO2 Conversion 

Converting CO2 to synthetic hydrocarbons using H2 and catalyst can close carbon cycle and meet the 

energy demand. Therefore, investigation of reaction mechanism of CO2 hydrogenation over gas/solid 

interface is the subject of this thesis. 

1.2.1 CO2 properties 

CO2 is a stable molecule (DGf
0 = -394.4 kJ mol-1, Eq.1.1). However, it can be activated via catalytic 

reaction. The reaction of CO2 with H2 to hydrocarbons is exothermic (Eq.1.2, Figure 1.4). The ther-

mal catalysis for this process is either based on indirect routes: Sabatier reaction (Eq.1.3), or the 

reverse water gas shift (RWGS) reaction (Eq.1.4) combined with the Fischer-Tropsch (FT) reaction 

(Eq.1.5) at high temperature and under high pressure, or methanol production (Eq.1.6) at the first 

stage and olefin productions from CH3OH at a separated stage over transition metal based cata-

lysts.10–13 

C + O2 → CO2, ∆𝐻#/ = −393.51	𝑘𝐽	𝑚𝑜𝑙<*, ∆𝑆#/ = 2.86	𝐽	𝐾<*	𝑚𝑜𝑙<*, ∆𝐺#/ = −394.36	𝑘𝐽	𝑚𝑜𝑙<*.  Eq. 1.1 

nCO2 + (3n+1)H2 → CnHn+2 + 2nH2O.       Eq. 1.2 
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CO2 + 4H2 → CH4 + 2H2O, ∆𝐻#/ = 	−165	𝑘𝐽	𝑚𝑜𝑙<*, ∆𝑆/ = −172.6	𝐽𝐾<*𝑚𝑜𝑙<*, ∆𝐺#/(300	𝐾) =

−113.2	𝑘𝐽	𝑚𝑜𝑙<*.          Eq. 1.3 

(CO2 + H2 → CO + H2O, ∆𝐻#/ = 41.17	𝑘𝐽	𝑚𝑜𝑙<*, ∆𝑆/ = 42.26	𝐽𝐾<*𝑚𝑜𝑙<*, ∆𝐺#/(298	𝐾) =

28.58	𝑘𝐽	𝑚𝑜𝑙<*).          Eq. 1.4 

nCO + (2n+1)H2 → CnH2n+2 + nH2O.       Eq. 1.5 

CO2 + 3H2 → CH3OH + H2O, ∆𝐻#/ = −130.7	𝑘𝐽	𝑚𝑜𝑙<*, ∆𝑆/ = −408.7	𝐽𝐾<*𝑚𝑜𝑙<*, ∆𝐺#/(300	𝐾) =

−8.1	𝑘𝐽	𝑚𝑜𝑙<*.          Eq. 1.6 

 

Figure 1.4. Standard formation enthalpy (∆𝐻#/), entropy (∆𝑆/ ), and free energy (∆𝐺/ ) of linear alkanes (n-alkanes) at 300 

K as a function of the number of carbon atoms from CO2 reduction by H2. The phases of C5+ are considered as liquid.  

Although the overall Gibbs energy of the CO2 hydrogenation reaction is negative at room tempera-

ture, the reactions do not take place at room temperature due to high energy barrier. Generally, heat-

ing enables faster interactions between the molecules. However, the high temperature is not favora-

ble to the exothermic reaction. Therefore, metal-based catalysts are used to lower down the activation 

energy of the CO2 hydrogenation reaction. 
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1.2.2 CO2 interaction with solid surface  

1.2.2.1 CO2 activation 

CO2 reduction processes initiate from CO2 chemisorption and activation. Chemisorbed species nor-

mally sit on defect sites, such as step, kink, and unsaturated coordinate sites, where induce the elec-

tron transfer between CO2 and catalyst surface.14,15 The specific adsorption orientations remain en-

igmatic. The three possible coordinative structures have been reported as (a) bridge on without con-

firmation of the bond angle, (b) side on with one carbon and one oxygen atoms, and (c) end on with 

the carbon atom or one oxygen atom (Figure 1.5).16,17 The different adsorption structures could not 

only lead to different reaction intermediates, e.g. *HCOO or *CO, but also to different explanations 

for the electron-transfer mechanisms, i.e. outer-sphere, inter-sphere, proton-coupled electron transfer 

(PCET), and decoupled proton-electron transfer.18 Comparing the bond strength of metal-C and 

metal-O bonds, the metal-O bond is much stronger than its metal-C bond (refer to metal-CH3 bonds, 

Table 1).19 This indicates that CO2 adsorbed on the surface with metal-O form would be stronger 

than that with the metal-C form. Besides, the metal-O bonds become stronger from Cu to Fe in the 

first row of transition metals in the periodic table, while the metal-CH3 bond follows the opposite 

trend, implying that Fe is more easily oxidized by oxygen than the heavier transition metals on the 

same period, while CH3 is more strongly fixed on Cu than that on Fe, Co or Ni. 

 

Figure 1.5. Three possible structures of bent CO2 on Ni surface.16 

Freund found in some early work that CO2 adsorbed on Ni(110) surface forms CO2
- anion by ob-

serving work function change.16 CO2
- anion has bond order of 1.5 and elongated and bent bond length 

of 1.25 Å. For comparison, the C=O bond of gaseous CO2 has bond order of 2 and bond length of 

1.17 Å. The formation of CO2
- anion is an energetically favored process (CO2

- g CO2 + e-, Ea = 0.4 

eV) at 80~130 K. CO2
- anion is relatively stable with the lifetime of 60~90 µs. This bent CO2

- shows 

IR peak of O-C-O asymmetric stretching at around 1600 cm-1, and is a precursor of dissociated CO 

+ O.16,20 Dissociation of CO2 occurs in the temperature range of 220~470 K.21,22 

 

(a) C2v (b) Cs (c) C2v
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Table 1.1. Bond strength21 

Bond strength 

(kJ/mol) 
C H O Fe Co Ni Cu 

C 348 439 (CH4) 
804 (O2) 

1072 (CO) 

364 (Fe-CH2) 

135 (Fe-CH3) 

331 (Co-CH2) 

178 (Co-CH3) 
208 (Ni-CH3) 

25 (Cu-CO) 

223 (Cu-CH3) 

H  436 430 148 245 240 255 

O   498 407 397 366 293 

Fe    118    

Co     < 127   

Ni      204  

Cu       182 

CO2 adsorbed on oxide surface forms carbonate species, and its co-adsorption with H produces for-

mate.23 Surface alkali atoms and adsorbed H2O molecules promote CO2 chemisorption.24–26 Paul 

found that on all alkali promoted and hydrogen deficient surfaces, CO2 forms oxalate anion C2O4
2-.27 

The C2O4
2- is stable from cryogenic temperature to room temperature. A low coordinated C2O4

2- can 

be found at 2310 and 1710 cm-1, and a high coordinated C2O4
2- can be detected at 1650~1700 cm-1. 

Decomposition of this species gives either CO3
2- + CO or C + O, depending on the metals. Recent 

X-ray spectroscopy investigations using synchrotron radiation discovered that surface oxidation state 

and adsorbed H2O molecule can stabilize chemisorbed CO2 at room temperature. For instance, on 

Cu surface, the surface Cu+ atom stabilizes chemisorbed linear CO2 and the neighbor adsorbed H2O 

interacts with CO2 to stabilize the bent CO2 through a hydrogen bond at 298 K (Figure 1.6(a)-(b)). 

On Ag surface, linear CO2 is not stable. However, CO2 reacts strongly with surface oxygen to form 

a carbonic acid structure (Figure 1.6(c)). This species can connect one to four adsorbed H2O through 

hydrogen bonding. Bent CO2 can also be stabilized by a pair of surface adsorbed H2O via forming 

hydrogen bonds with each O of bent CO2 (Figure 1.6(d)).28,29  
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Figure 1.6. CO2 adsorption at 298 K on (a) Cu(111) with subsurface oxygen, (b) Cu(111) with subsurface oxygen and H2O, 

(c) Ag(111) surface with surface oxygen, and (d) Ag(111) surface with surface oxygen and H2O. Reproduced from refer-

ence.30 

1.2.2.2 Hydrogenation 

CO2 conversion to fuels has drawn enormous attention in the recent three decades for its potential to 

reduce atmospheric greenhouse effect and to store large quantities of renewable energy. Apart from 

the indirect methods as mentioned in Section 1.1, it is also possible to have direct CO2 hydrogenation 

through various heterogeneously catalytic approaches such as thermal, electrochemical and photo-

catalysis. However, the direct CO2 hydrogenation gives rise to only gaseous products, i.e., C1− C4.30  

C1 products such as CH4 and CO are usually the most common products under atmospheric pressure 

through Sabatier and RWGS reactions, respectively. CH3OH as another valuable product is obtained 

under high pressure and on Cu-based catalysts, e.g. Cu/ZnO/Al2O3, Cu/ZrO2, CeOx/Cu etc.31–33 Ac-

cording to the reaction equilibrium, CO production starts from high temperature compared to the 

hydrocarbons products (Figure 1.7). Increasing temperature augments the CO yield. CH4 has high 

yield in wide temperature range of 200 – 800 °C. CH3OH can be produced at lower temperature 

between 100 – 300 °C, but generally this happens at pressure of more than 20 bar. 
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Figure 1.7. Equilibrium concentration of CO, CH4, CH3OH production from CO2 hydrogenation as function of temperature. 

C2+ products from direct CO2 hydrogenation are limited in the range of C2-C4 on a tandem or bifunc-

tional catalyst.34,35 To produce C2+ hydrocarbons involved the C-C bond coupling mechanisms, 

which is strongly limited probably by the transfer kinetics of massive electrons and atoms. The cur-

rent speculations of carbon chain growth in thermal catalysis are mostly based on FT reaction with 

the carbide or CO insertion mechanisms.36,37  Hensen’s group found that the formation of σ bonds 

such as C-H bond is structure-insensitive, hence taking place likely on planar sites.38 In contrast, 

carbon chain growth on stepped sites via CHx monomer, hence requires a certain particle size.39,40 
For the same size of the cobalt particle, higher CO pressure gives less active sites, therefore lowers 

the CO consumption rate and enhances the chain growth; lower CO pressure gives more active sites, 

therefore accelerates the CO consumption rate and lessens the chain growth.39 

Tremendous assembling and modifications, including size minimizing, depositing on supports, bi-

functionalizing and alloying of the metal catalysts have been made to improve the activity and/or 

selectivity based on the transition metals. In order to understand the relationships between materials 

and CO2 hydrogenation in the heterogeneous catalysis, the following two sections have been distrib-

uted to the novel catalyst design and active site studies.  
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1.3 Heterogeneous Catalysts for CO2 hydrogenation 

Based on the compositions of the catalysts, we will introduce the materials from the simplest pristine 

transition metals to novel optimized materials. 

1.3.1 Pristine metals 

A summarized and systematic research has been represented by Mutschler, et al recently about CO2 

hydrogenation in a flow gas feed condition under ambient pressure on unsupported pristine Fe, Co, 

Ni, and Cu metal powders with particle size of around 1 µm.41 A commercial 0.5wt%Ru/Al2O3 was 

studied simultaneously for reference. A comparison of reactivity of those metals showed Co, Ni and 

Ru/Al2O3 are principally active in Sabatier reaction to produce CH4 with similar activation energies 

of 77, 74 and 73 kJ/mol, respectively. The maximal CH4 yields found on Co, Ni and Ru/Al2O3 were 

70.2% at 661 K 43.8% at 786 K and 73.4% at 652 K, respectively. At higher temperature, the endo-

thermic RWGS reaction dominates to produce CO, leading to a maximum CO yield of 6.9% at 817 

K on CO, 18.2% at 829 K on Ni, and 26.2% at 813 K on Ru/Al2O3. Fe is favorable for RWGS 

reaction to produce CO with activation energy of 50 kJ/mol and with a maximum CO yield of 22.4% 

at 813 K. In all these four catalysts, C2+ production is less than 1%. Cu is inactive toward CO2 con-

version. These results are consistent with the old report by Bartholomew, et al. in the 1980s about 

the silica-supported metals for CO2 hydrogenation.42  

1.3.2 Supported metals 

Supported metals have been widely studied as the supports are used to stabilize the active metal 

nanoparticles. The systematical studies could be dated back to 1980s by Bartholomew et al.42–45 

Bartholomew et al. studied CO2 and CO hydrogenation on supported nickel systematically in terms 

of various kinetic factors including gas hourly space velocity and partial pressure of the feed gases, 

as well as the effects of the supports. CO2 turnover number increases with increasing space velocity 

from 5000 to 50000 h-1, but the selectivity to CH4 is on the opposite. When the partial pressures of 

CO2 (< 2%) and H2 are low (< 10%), the reaction rate is moderately dependent on CO2 and H2 

concentrations; while at higher partial pressure, CH4 turnover number tends to be independent of the 

reactant concentrations. When the total pressure increases, CO2 conversion is invariant, whereas CH4 

turnover number and yield increase, simultaneously CO production rate and yield decrease. When 

comparing CO2 and CO hydrogenation, CO2 conversion shows nearly same rate as CO hydrogena-

tion between 500-575 K, but slower above 575 K. The activation energy of CO2 hydrogenation (80 
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kJ/mol) is lower than that of CO (96 kJ/mol). When adding CO into CO2 and H2, CO2 conversion 

and CH4 production are inhibited at CO concentration exceeding 0.012% 525 K. The inhibition effect 

of CO becomes less strong when increasing the temperature, e.g., this inhibition occurs when CO 

concentration exceeds 0.12% at 600 K. As for the support effect, the activity and CH4 selectivity 

shows a trend of Ni/SiO2 < unsupported Ni < Ni/Al2O3 < Ni/TiO2 due to the increasing degree of 

metal-support interaction which leads to increasing CO2/H and CO/H adsorption ratios.  

In addition, Bartholomew, et al. had a benchmark investigation of the specific activities and selec-

tivity of CO2 hydrogenation on silica-supported group VIII metals (Fe, Co, Ni, Ru).42–45 In the con-

dition of 450-650 K, 140-1030 kPa, and space velocities of 4000-50000 h-1, the specific activity of 

CO2 hydrogenation showed the order of Co/SiO2 > Ru/SiO2 > Ni/SiO2 > Fe/SiO2; the selectivity 

toward CH4 production showed the order of Ru/SiO2 > Ni/SiO2 > Co/SiO2 > Fe/SiO2. CO is produced 

significantly on Ni/SiO2 and Co/SiO2, and is the primary product on Fe/SiO2. Visible amounts, low 

compared to CH4, of C2-C5 hydrocarbons are produced on Fe/SiO2 and Co/SiO2, with an active order 

of Fe/SiO2 > Co/SiO2 > Ru/SiO2. 

1.3.3 Bimetals  

The main advantage of alloys is to provide multiple binding sites for the reactants and intermediates. 

When integrating the quantum confinement and alloy effect for the nanosized metals, the d-band 

reconstructs through charge transfer between different metals.46,47 Therefore, alloy could exhibit al-

tered reactivity comparing to the single metals. Ni3Fe alloy supported on Al2O3 shows improved CO2 

conversion and CH4 selectivity with regard to commercial Ni/Al2O3.48 Ni-Co nanoalloy enhances the 

higher alcohol synthesis by increasing the amount of the non-dissociated CO on the catalyst surface 

for CO insertion.49 When unpromoted Fe-based catalyst exhibits low selectivity of C2-C4
= olefins 

and C5+, Cu doped Fe-based nanoparticles shows a decreased selectivity of C2-C4
= olefins but in-

creased selectivity toward C5+, because of the strong interaction between Cu and Fe.50 For Pd-Cu 

bimetal, DFT calculations show that Pd-Cu bimetal enhances methanol formation by exposing un-

saturated Pd atoms on top of stepped PdCu(111). A complementary experimental result confirms 

that SiO2-supported PdCu alloy has higher selectivity to CH3OH than PdCu3.51 Another alloy, Pt3Co, 

shows octapod shape. This particular shape presents “sharp-tip” effect and combines with alloy effect 

to accumulate negative charges to activate CO2 and accordingly enhanced the catalytic activity to-

wards CO2 hydrogenation to methanol. Pt3Co octapods display superior catalytic activity with TOF 

of 758 h-1, and is 2.2, 6.1, and 6.6 times higher than those of Pt3Co nanocubes, Pt octapods, and Pt 
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nanocubes, respectively.47 In addition, during the hydrogenation of CO2 into methanol, the catalytic 

activity of Rh75W25 nanosheets was 5.9, 4.0, and 1.7 times as high as that of Rh nanoparticles, Rh 

nanosheets, and Rh73W27 nanoparticles, respectively. Mechanistic studies reveal that the remarkable 

activity of Rh75W25 nanosheets is owing to the integration of quantum confinement and alloy effect.52 

1.3.4 Single atom 

Single-atom catalysts are similar to the concept of doping material where a foreign atom substitutes 

the crystal atom. Notwithstanding, single atom is more homogenous on the up surface of 2D sheets 

than the general doping. The methods for synthesizing single-atom catalysts include physical depo-

sition, metal leaching, wet chemistry, etc. The details of the preparation methods have been summa-

rized in the references.53,54 Single-atom catalysts are stable owing to strong metal-support interaction. 

What is more, they possess significant efficiency per active center due to the unsaturated coordina-

tion of metal atoms.55 In fact, when the nanoparticle size (>2nm) reduces to nanoclusters (~1nm), 

the continuous energy bands become discrete levels like molecular orbitals; when the size further 

reduces to single atom level, the quantum size effects occur that confined electron states are formed 

around the Fermi level (Figure 1.8). Single atom will fill the additional electrons in the valence 

shell.54 However, the high active electrons could be stabilized through the charge transfer between 

the metal and the support to reach equilibrium.56 Therefore, the particular electronic structures enable 

single-atom catalyst to deliver high activity and selectivity in the reactions.  

 

Figure 1.8. The distinct geometric and electronic structures of nanoparticles bulk, nanoclusters and single atom. 

Reproduced from reference.56 
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Bell and Head-Gordon have investigated twenty-eight single-atom doping the host metal surface to 

form “single-atom bimetallic” alloys for CO2 electrochemical reduction by DFT simulation.57 They 

conduct the CO2 hydrogenation by two steps: 1) CO2 conversion to CO and 2) CO to CH4 or CH3OH. 

They selected useful single-atom alloys such as Cu, Ni, Pd, Pt, Co, Rh and Ir substituting the host 

surface Au or Ag. They found CO2 reduction to CO takes place on the host Au or Ag via proton 

reduction, while the further reduction of CO occurs on the substitution atoms because those substi-

tution atoms bind *CO selectively. Different host, Au or Ag, alters the elementary pathways of CO2 

to CH4. In detail, on Rh@Au(100), *CO is hydrogenated through H adding on carbon atom step 

where *CHx is the intermediates, whereas on Rh@Ag(100), CO* is hydrogenated by keeping the C-

O bond so that methoxyl group *OCH3 is the intermediates. 

1.3.5 Bifunctional  

The so-called bifunctional catalysts are normally composed by mixing two different materials. These 

two materials provide different activities for subsequent steps of CO2 conversion, for instance, con-

vert CO2 to CO on one surface, then convert the obtained CO to hydrocarbons. Recent articles were 

reported a Na-Fe3O4/HZSM-5 and In2O3/HZSM-5 nano catalyst converted CO2 to gasoline (C5-C11) 

with a robust selectivity as high as 78% through the indirect pathways of passing CO and CH3OH 

intermediates, respectively at 350 °C and 3 MPa. The sample was prepared by physical mixing of 

one-pot synthesized Na-Fe3O4 nano catalyst and the commercial/hydrothermal synthesized nano-

crystalline zeolite. Zeolite helped increase the selectivity to gasoline-range isoparaffins and aromat-

ics enormously, at the same time the opposite function for C1-C4.58,59 Based on these results, another 

bifunctional catalyst, indium−zirconium composite oxide mixed with SAPO-34 zeolite (In-

Zr/SAPO-34), was prepared by similar way but realized a direct conversion of CO2 to C2-C4.34 High 

selectivity of low olefins and low paraffins reach 80% and 93%, respectively at 360 °C. The metal 

oxide and the zeolite were responsible for the CO2 activation and C-C coupling, respectively. A 

tandem catalyst designed with two metal/metal oxide interfaces has also been announced to convert 

CO2 to C2-C4 with selectivity up to 60% among all hydrocarbon products.35 The catalyst was com-

posed by a CeO2−Pt core and a mesoporous silica shell which was further decorated with cobalt 

nanoparticles. The CeO2/Pt interface converts CO2 and H2 into CO through the RWGS reaction, and 

the Co/mSiO2 interface subsequently converts CO to C2-C4 through FT process. 
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1.4 Structure-Activity Relationships 

Understanding the relationships between catalyst structures and their reactivities is the key to opti-

mize the catalyst and therefore to tune the catalytic activity.  

1.4.1 Size effect  

Minimizing the particle size is a way of optimize the use of precious metal catalysts. More im-

portantly in fundamental science, when the particle size reduces to nanosized, the specific surface 

area increases to enable enhanced adsorption of the reactants, thus enhance the conversion. When 

the particle size reduces to single nanometer, not just the specific surface area increases, but the 

electronic and surface atomic structures of the particles present different properties due to the low 

coordination and high chemical potential.60–62 Vogt, et al. found that decreasing particle size of Ni 

from 7 to 1 nm lead to a decreasing CO adsorption strength during CO2 hydrogenation. The rate-

determining step of CO2 hydrogenation was hypothesized to be the process of hydrogenation of in-

termediate CO.63 Single dispersed Ru agglomerates to form Ru clusters and even nanoparticles dur-

ing CO2 hydrogenation reaction at 350 °C. However, the activity of CO2 conversion and the selec-

tivity of CH4 over CO increase gradually.64 This indicates dynamic of the reconstruction plays posi-

tive role in the activity.  

Size effect has been especially widely investigated in FT reaction especially on cobalt.65,66 De Jong’s 

group has found that the cobalt particle size did not affect the reaction in terms of turnover frequency 

(TOF),  selectivity and activity for CO hydrogenation until 6 nm at 1 bar or 8 nm at 35 bar.67,68 When 

the cobalt particle size was reduced to 2.6 nm, the TOF decreased about 16 times and the C5+ selec-

tivity decreased 1.6 times at 35 bar compared to those on 16 nm particles. The lower TOF of Co 

particles <6 nm is caused by both blocking of edge/corner sites and a lower intrinsic activity at the 

small terraces because irreversible CO coverage was found to be increased on the smaller particles. 

The higher methane selectivity of small Co particles is mainly brought about by their higher hydro-

gen coverages. Besides, the particle size effects facilitate the reversibly bonding of CHx and OHx 

intermediates, whereas inhibit reversible CO coverage for small Co particles (<6 nm). These were 

attributed to the low-coordinated surface sites of cobalt based on the observation of a decrease of the 

cobalt coordination number under reaction conditions in extended X-ray absorption fine structure 

(EXAFS) spectroscopy. 
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1.4.2 Interface  

The metals have been considered to be the reactive centers, while the supports were used for dispers-

ing and stabilizing the metal nanoparticles and even for deactivation function.69–71 Burch and co-

workers clearly summarized the hypotheses about the synergistic interactions between copper and 

zinc oxide into six categories as follows: (a) the formation of Cu+ ions in ZnO; (b) electronic inter-

actions between Cu and ZnO; (c) Schottky Junction effects at the Cu/ZnO interface; (d) the formation 

of a Cu/Zn pair; (e) a specific reaction at the Cu/ZnO interface; (f) stabilization of Cu in a morpho-

logically active form by ZnO. Surprisingly, they concluded that direct contact between the active 

sites and support is not necessary for higher activity.72 Liu’s and Guang’s group proved the highly 

active ZnCu alloy formed by partial reduction of ZnO or a decoration of Cu with metallic Zn.33,73 

Moreover, Liu’s group found that the selectivity to CO or CH4 in CO2 hydrogenation on supported 

bimetallic PtCo can be tuned, i.e. CeO2 or ZrO2 supported PtCo shows high selectivity of CH4 pro-

duction through *HCOO/*HOCO and/or *CH3O intermediate steps, while TiO2 support favors CO 

formation via *HCOO/*HOCO intermediates. The intrinsic reason was explained by DFT calcula-

tion that the interface has selectivity toward C,O-bound and O-bound species.74 

Overall, the interfacial effect arises from the strong metal-support interaction. The strong metal-

support interaction could be determined by the adhesion energy of the supported metal atoms. The 

adhesion energy increases when the heat of formation of the oxide is high, the enthalpy of the reduc-

tion of the oxide is low, and the density of surface oxygen atoms on the oxide is high. The adsorbates 

sit on the support site of the interface because the support usually acts as acidic site with anionic 

vacancy or with hydroxyl group to host the CO2 or CO molecules.75,76 

1.4.3 Specific surface sites 

Besides those “detectable” active sites described above, some more micro-structures of the surface 

are also proposed to be the key active sites for catalytic reaction. Those include surface defects such 

as step, edge, corner, oxygen vacancies, and B5 center (e.g. five Ru atoms at the step of hcp-crys-

tals).77–81 As characterizations of those sites require restrict conditions, for instance, single crystalline 

surface, ultrahigh vacuum, and relies on special instrument, a direct detection of those atomic struc-

tures under reaction condition is a case-by-case challenge. Therefore, we do not expand the discus-

sion of this part. 
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1.5 Instrumental Methods 

The investigation methods often include spectroscopic analyses, such as diffuse infrared reflectance 

infrared Fourier transform spectroscopy (DRIFTS)82, mass spectroscopy (MS), x-ray photoelectron 

spectroscopy (XPS), nuclear magnetic resonance (NMR), and gas and liquid chromatography (GC 

and LC, respectively). These instruments are generally used in situ, which is to use these methods 

independently. Here below is the brief introduction of each technique in this operando method. 

1.5.1 DRIFTS 

DRIFTS monitors both the gaseous molecules and the surface species due to the molecular spectrum 

of the bond vibrations are in the IR spectra region. It is the core part in the setup used in this thesis 

and mainly used for the surface species analysis. 

The molecular spectrum originates from the molecular motions which can be expressed by several 

motion modes: 

𝜀H = 𝜀HI + 𝜀HK + 𝜀HL + 𝜀HM ,         Eq. 1.7 

where 𝜀HI , 𝜀HK,	𝜀HL , and 𝜀HM	are the translational, rotational, vibrational, and electronic energy, respec-

tively. The first three terms come from nuclear motion and the fourth term is electron motion. The 

energy levels are discrete according to quantum theory but with different gaps between the energy 

levels. The energy range of each motion, calculated by statistical thermodynamic methods, is differ-

ent and follows the order  𝜀HI < 𝜀HK < 𝜀HL < 𝜀HM.14 This explains why 𝜀HK	and	𝜀HL	can be excited by 

far~middle and middle~near infrared (IR), respectively. Therefore, we utilize the rotational-vibra-

tional spectrum of IR absorption to study the CO2 chemistry in this thesis. One of the difficulties of 

IR spectroscopy is the assignment of the bond vibrations of each species (molecules or adsorbates). 

Because one species could possess multiple stretching and bending modes due to the molecular sym-

metry, the IR peak of the bond vibrations could couple and disturb the discerning especially for 

similar species, for example, carbonate (CO3
2-), bicarbonate (HCO3

-), and formate (HCOO-) which 

could be formed from CO2 chemisorption. 

The CO2 molecule has four fundamental vibrational degrees of freedom (3N-5 for linear molecules 

where N is the number of the atoms in the molecule). They are symmetric stretching mode n1 at 

around 1380 cm-1, two identical bending modes n2 including in plane and out of plane bending at 

667 cm-1, and asymmetric mode n3 at 2349 cm-1. The n2 and n3 are IR active as they have dipole 
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moment change (µ = q × r), while n1 is Raman active as the symmetric stretching does not have dipole 

moment change but polarizability change. In addition, there are two combinational peaks, i.e. n3 + 

2n2 at 3610 cm-1, and n3 + n1 at 3710 cm-1 which are IR active, and n1 is split to a doublet peak at 

1288 and 1389 cm-1 which are caused by Fermi resonance of n1 and 2n2 and are Raman active.15  

CO2 adsorbed on the surface leads to a weakened C=O bond by electrostatic interaction or surface-

CO2 chemical bond formation. Bent CO2 could be formed when the interaction is strong. This ap-

pears as a redshift of the peak on the IR spectrum, which is used to justify physisorption or chemi-

sorption of CO2.16 When CO2 dissociates or forms other compound on the surface, usually like CO3
2-, 

HCO3
-, HCOO-, carbon monoxide (CO), oxygenate (C2O4

-), and so on, new IR peaks that are com-

pletely different from CO2 peaks will emerge. This is used for defining the products of CO2 chemi-

sorption reaction on the surface. 

DRIFTS is a feasible method for studying the reaction mechanisms from both the surface and gas 

phase in the catalyzed CO2 hydrogenation process. Some specific issues about the DRIFTS instru-

ment need to be figured out first, for example, avoiding the interference from the atmospheric gas in 

IR spectra, optimizing measurement parameters of scanning speed and resolution, the IR peak as-

signments, etc. Herein, we studied the CO2 peak intensity in the IR spectra varying with the pressure 

and temperature first to find the proper measurement parameters and to understand the CO2 IR spec-

tra. It is of importance to keep the DRIFTS instrument flushing in N2 gas to blow away the atmos-

pheric gases in the IR beam pathways. At least 500 NL/h N2 flow for 1 h is required before the first 

measurement. Longer flush time is needed for very low concentration gas or vacuum surface meas-

urement. As shown in Figure 1.9, pure CO2 was filled in the DRIFTS chamber which is loaded by 

KBr powder sample. CO2 presents as free gas molecule with the asymmetric stretching centered at 

2349 cm-1, because the low-energy rotational motion consists the IR peak. 2360, 2341, and 2310 are 

the R branch (∆J = +1, ground state), P branch (∆J = -1, excited state), and hot band of rotational 

spectra, respectively.84 When pressure increases, the whole rotational-vibrational peaks increase cor-

respondingly (Figure 1.9(a)). When the temperature increases, the P branch and hot band are en-

hanced obviously. 
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Figure 1.9. (a) Pure CO2 adsorption on KBr at pressure from 50 to 300 mbar. (b) 200 mbar CO2 adsorption on KBr at 

temperature from 50 to 300 °C. 

1.5.2 MS, GC, NMR and other Methods 

MS measures the mass-to-charge (m/z) ratio of the gas fragments which are ionized by the electrons 

at 1 kV. MS can be used for quantitative analysis of the gas components in the reactants and products 

in the gas flow when the ion current intensities of the CO2, H2, and CH4 gases are calibrated at 

different gas concentrations. MS has fast response of the sample scan, which can be programmed in 

a few hundred milliseconds for a full scan. Therefore, MS data analysis facilitates the kinetic param-

eters of the reactions.  

GC measures the retention time of the gases passing through the stationary phase with a specific 

column filling. The gases interact with the stationary phase differently and exit the column at differ-

ent time due to the different chemical and physical properties of the gases. GC has advantages of 

separation of the gases that have overlapped signals in MS, for example, the abundance of m/z = 28 

from both CO and CO2 gases, and can detect low concentration of a dozen ppm precisely. However, 

GC has long measuring time (~15 minutes) for one-time detection comparing to the fast response in 

DRIFTS and MS. Therefore, GC can be used for a supplementary gas analysis method in addition to 

MS.  

NMR measures the chemical shift of the resonance frequencies of the nuclear spins of the sample 

molecules, which are dissolved in the reference solvent, in a magnetic field. NMR can supplement 
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the analysis of the liquid or dissolvable reaction products, such as alcohols and acids. Moreover, 

NMR can detect low concentration of the samples down to a few ppm.  

Other methods, such as X-ray photoelectron spectroscopy (XPS), transmission electron microscopy 

(TEM), X-ray diffraction (XRD), and BET surface area via N2 adsorption, are generally used for 

sample characterizations.  

1.6 Challenges in this Field and Objectives of this Thesis 

CO2 hydrogenation has been investigated over a century. But the reaction mechanisms and effective 

(high activity and selectivity) catalysts are still under research. There are four frontier questions 

highlighted here. Starting from the instrumental methods, the majority of the current investigations 

are using in situ equipment, for instance, in situ DRIFTS or in situ MS. However, using these equip-

ments independently leads to either inconsistent experimental conditions or incomplete information. 

Secondly, the data analysis part is onerous but vital, for example, the deconvolution of the IR peaks 

from the strongly overlapped spectra, the quantification of the reaction components, the kinetic anal-

ysis, etc. Thirdly, the relation between the reactivity and the catalysts, such as the active sites for the 

reaction, is always ambiguous. Fourthly, the grasp of the reaction intermediates in the experiment is 

disturbed by the complex of the reaction, e.g. mixing with byproducts and rapid conversion. 

Therefore, to address these issues, we set the objectives of this thesis as developing instrument for 

an operando study, developing data analysis methods for both DRIFTS and MS, identifying the re-

action intermediates and explain the reaction mechanisms, developing novel and efficient catalyst 

and finding out the relation between the reactivity and the catalyst structure.  

1.7 Overview of the Research Wok in this Thesis 

We build an operando platform for investigating the catalytic process of one experiment stream using 

multiple detect methods. On the basis of the developed instrument, we create an analysis program 

for resolving spectral dataset. Apart from the instrumental side, we studied variously transition 

metal-based catalysts and the mechanisms of CO2 adsorption and reduction reactions over those cat-

alysts. Finally, we designed a novel catalyst according to what we have discovered to optimize the 

catalytic reactivity and to further understand the relationship between the catalyst surface and the 

CO2 hydrogenation. Following is the brief introduction of each chapter. 
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In Chapter 2, an operando method, DRIFTS-MS-GC, is developed, aiming at analyzing the gas com-

ponents and the surface adsorbed species simultaneously in the reaction stream. The details of this 

setup, the fundamental research on CO2 interaction with pure metal, alloy, and metal-oxide, the quan-

tification of the gas amounts, and the kinetic determinations are described in depth. 

In Chapter 3, we developed an efficiently automatic program, bilevel evolutionary Gaussian Fitting 

(BEGF) program, for analyzing the spectral sets of the CO2 hydrogenation experiments. The BEGF 

program searches the deconvolution results by genetic algorithm and fitting the peaks by Gaussian 

function. The analyzed results show the correct deconvoluted and kinetics of the peaks. Therein, we 

showed the results of IR peak assignments of gas and adsorbates from CO2 hydrogenation reaction 

and from isotopic 13CO2+H2 and CO2+D2 reactions over Ru/Al2O3 surface. 

Continuing the establishment above, in Chapter 4, we investigated the surface reaction mechanisms 

of CO2 hydrogenation on Ru/Al2O3 in DRIFTS via controlling the formation and hydrogenation of 

each adsorbed species. The development of each adsorbed species verified which are intermediates 

and which are byproducts. Therein, the CO2 hydrogenation steps were elaborated. Moreover, the 

oxide support, Al2O3, is not inert, but participates in CO2 activation. The initial hydrogenation takes 

place on the interface of Ru and Al2O3. 

Learning from above results that the catalyst requires oxide to facilitate CO2 hydrogenation reaction, 

we suspect there could be a relationship between the ratio of metal/oxide and the reactivity. Therefore, 

in Chapter 5, we designed Cox(CoO)1-x catalyst from an in situ reduction methods in the DRIFTS-

MS-GC instrument. The results showed high concentration of CoO in the catalyst is the key to 

achieve high CO2 conversion. This not because CoO provides new catalytical center but because 

CoO enhanced the CO2 adsorption.  

Conclusions and perspective of this thesis are organized after the last chapter. 
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Summary: this Chapter introduces the work of setup building, the first application tests, the ex-

plorations on different catalysts, and kinetic calculation models for CO2 methanation reaction. The 

reactivities of pristine and alloyed metals and metal-metal oxide were compared. Metal oxide was 

found to be essential to enable the observation of adsorbed species on the surface using DRIFTS, 

and to improve the reactivity for CO2 methanation.  
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Abstract 

We built an inline diffuse reflectance infrared Fourier transform spectroscopy-mass spectroscopy-

gas chromatography (DRIFTS-MS-GC) apparatus aiming at operando mechanistic study of the het-

erogeneous catalyzed CO2 hydrogenation reaction. The multifunctional and accurate system enabled 

the simultaneous utilization of IR, MS, GC, and NMR techniques in one single device to analyze the 

surface, gas and liquid products formed during the reaction process. To assess the potential of the 

system, we compared the activity of pristine metals (Fe, Co, Ni, and Cu), metal alloys (LaNi4Cu) 

and metal-metal oxides (Co-CoO) catalysts with respect to the interactions between gaseous CO2 

and the catalyst surfaces. For the quantitative comparison, the rate constants and activation energies 

of CO2 hydrogenation were determined. The results showed a composition dependent reactivity of 

the metals. The metal oxide mixed with the metal is essentially important for the formation of ob-

servable of the surface species deriving from CO2 adsorption and for the enhancement of the CO2 

conversion to CH4. 
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2.1 Introduction 

The conversion of CO2 into synthetic hydrocarbons is becoming of increasing importance, due to the 

demand of the storage of the exponentially growing renewable and sustainable energy sources.1–3 

Multiple reaction pathways, including thermal, electrochemical, and photo(electro)chemical cataly-

sis have been used to successfully explore the conversion processes.4–8 At the current state of the art, 

thermal catalysis is  the method with the highest power density and the greatest potential for scaling 

up due to high activity of the catalysts employed to this scope.9–11 However, the efficiency and se-

lectivity of the synthetic processes are expected to be improved through the design of highly active 

and selective catalysts. Recent studies reported several novel catalysts for CO2 hydrogenation reac-

tions.12,13 Ru-, Rh-, and Pd-based catalysts were found to be especially active for the transformation 

of CO2 to CH4 through the Sabatier reaction. For this reaction, reactor based on the selected noble 

metal-based catalyst can succeed in reaching 99% conversion.14–17 However, the high cost of these 

elements limits the employment on a large scale. Nano sized metals on supports reduce the economic 

issues, as the total load can be reduced to a few weight percentage. Yet, large loading is necessary 

for improving activity and selectivity.18 Ni- and Co-based catalysts, which are less expensive, are 

also active and widely used for CO2 methanation. However, these catalysts show lower yields and 

require higher reaction temperature compared with Ru/Al2O3.19–21 Numerous alteration of the active 

phase, such as doping,22 alloying,23–25  promoting,26,27 and nanosizing,28,29 have been attempted to 

increase their activity and selectivity. Yet, there is no systematical comparison of the catalysts with 

different structural design in experiment to give instructions of the choice of a specifically structured 

catalysts. 

In order to correctly address the development of new, less expensive and more performing catalysts, 

suitable integrated investigation techniques are necessary. The experimental and analytical tools are 

two essential aspects to be addressed. The investigation methods for the CO2 hydrogenation studies 

often include spectroscopic analysis, such as diffuse infrared reflectance infrared Fourier transform 

spectroscopy (DRIFTS)30–33, mass spectroscopy (MS), x-ray photoelectron spectroscopy (XPS), nu-

clear magnetic resonance (NMR), and gas and liquid chromatography (GC and LC, respectively). 

However, these detection methods are generally performed independently or ex situ, which leads to 

either inconsistent experimental conditions or incomplete information. An operando method facili-

tates the collection of coherent and complete information of the reaction in one single experiment. 

This consideration is the main motivation for the development of the system here described.  
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With regard to the selection of the catalysts, ahead of designing the new materials, a systematic 

understanding of the fundamental differences of the metals in the CO2 hydrogenation reaction is of 

great interest and importance. Recently, our group has compared the activities of the pristine metals 

Fe, Co, Ni, Cu in the Sabatier reaction.21 The results showed that Co and Ni can convert 70% and 

55% CO2 to CH4 at 390 and 520 °C, respectively. These two pristine metals show similar activation 

energies of around 75 kJ/mol. Fe converted CO2 to CO mainly above 300 °C, through the reversed 

water gas shift reaction. Cu was inactive toward CO2 conversion. These results are consistent with 

the report by Bartholomew, et al. in the 1980s about the silica-supported transition metals for CO2 

hydrogenation.34 However, in these valuable studies, no information on the binding products on the 

surfaces during the CO2 conversion process are provided, leaving an critical gap in the explanation 

of the reaction mechanisms. Theoretical simulations that calculate the elementary steps of CO2 ad-

sorption and hydrogenation reactions could address this issue. However, the calculations are nor-

mally performed using specified single crystalline facets and under ideal condition.35 These stimulate 

the demand of the experimental evidences of the intermediates formed under real reaction conditions 

in addition to the observation of the final products.  

Therefore, we built an inline analysis system consisting of a diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS), a mass spectroscopy (MS), a gas chromatography (GC) analyzer. 

The deionized water (DIW) bottle for nuclear magnetic resonance (NMR) analysis was an optional 

connection. We simplified the name as DRIFTS-MS-GC. This infrastructure enables the detection 

of surface, gas, and liquid products during the CO2 hydrogenation reaction over the catalyst operando. 

The careful integration of the three instruments gathers the advantages of the variously important 

analytical techniques, and synchronizes the coherent data, which is main innovation in the field of 

scientific instruments and opens the way to the investigation of reaction pathways operando. At the 

best of our knowledge, as of today no study reports such an integrated system in operation. 

Thanks to this apparatus, we investigated systematically the catalysts in the CO2 hydrogenation re-

action. Aiming at developing new highly active and efficient catalysts, we selected the first-row 

group 8–11 transition metal-based catalysts, and designed three different forms of these metals as 

representative catalysts. We began with the pristine metals, aiming at understanding the fundamental 

distinctions of CO2 interaction with these pure metal surfaces. Second, considering the activation of 

the CO2 molecule is hydrogen assisted, we used an alloy form, LaNi4Cu metal hydride which can 

adsorb 3.63 hydrogen atoms per formula unit,36 in order to evaluate the effect of hydrogen pre-stor-

age in the metals on the CO2 hydrogenation. Based on the experiences on these pristine and alloyed 
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metals, we examined the metal oxide effect using cobalt-cobalt oxide (Co-CoO), because the metal 

oxide is reported to enhance the catalytic conversion of CO2.37   

2.2 Experimental 

2.2.1 Setup 

The DRIFTS-MS-GC setup consists of five parts as shown in Figure 1. Part I, a gas flow controller 

connected to H2, CO2, and He gas lines, whose flows were controlled using mass flow controller 

(MFC) and Labview program. Part II, a DRIFTS chamber (HVC, Harrick Scientific) integrated with 

a Fourier transform infrared (FTIR, Tensor 27, Bruker) spectrometer using a mercury cadmium tel-

luride (MCT) detector. Part III, a mass spectrometer (MS, Pfeiffer OmniStar 320) using a detector 

of Faraday cup. Part IV, a sealed bottle containing DIW for the collection of any liquid products, 

such as ethanol. Part V, gas chromatography (GC, SRI 8610C) using a flame ionization detector 

(FID). In addition, a branch connection to MS was included, to make temperature-programmed de-

sorption-mass spectrometer (TPD-MS) measurements. 

The operation conditions for each part are as follows. For part I, the max flow speed for H2, CO2, 

and He are 10, 10, and 73 mL/min, respectively. For part II, DRIFTS can be operated in the pressure 

range from 10-6 – 106 mbar and in the temperature range from room temperature (RT) to 900 °C, with 

an optimized scan speed of 38 scan/min. In addition, the entire DRIFTS part is maintained in N2 gas 

flush to eliminate interference from atmospheric H2O and CO2 whose vibrational signals are espe-

cially IR sensitive. For part III, the MS measurements were taken at pressure below 10-5 mbar with 

a scan speed of 200 ms/amu in a mass range of 0-50. For parts IV and V, the exhaust gas passes 

through DIW and GC at ambient pressure. The measurement time (retention time) was set as 9 

minutes for GC measurement with an interval time of 4 minutes between each measurement. Note 

that a back-pressure regulator has been placed at the exhaust gas line of DRIFTS.  

The function of each part is as follows. For part I, a gas flow controller is utilized to precisely control 

gas flows using digital commands. For part II, DRIFTS scans the surface adsorption species, in ad-

dition to detecting the gas phase. For part III, MS detects the gas-phase reactants and products. For 

part IV, DIW collects any liquid products for NMR analysis. For part V, GC detects the gas phase 

to complement the analysis of gas products which have overlapped signals in MS. 
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Figure 2.1. Schematic of the DRIFTS-MS-GC instrument utilized in this study 

2.2.2 Experiments 

2.2.2.1 Materials preparation 

Fe, Co, Ni, and Cu powders (99%, max. particle size 60 µm, Goodfellow) were used as purchased, 

but compressed into soft pellets of the same size as the DRIFTS chamber (diameter, 6 mm; thickness 

3.5 mm). Although the DRIFTS requires normally samples to not be pressurized, we observed that 

most of the intensity of the infrared (IR) signal was maintained over the soft pellet surface compared 

to powder surface. Moreover, pellet samples exhibit two important advantages compared to the pow-

der samples. First, pellet samples have little problem of sample loss due to gas flow or pumping, 

which is particularly important for nanomaterials. Second, pellets have better thermal conductivity 

during the heating experiment.  

LaNi4Cu was synthesized through arc melting of La, Ni, and Cu metals under an Ar atmosphere. The 

details can be found in our previous work.36 The LaNi4Cu alloy was activated in pure H2  gas at a 

pressure of 20 bar. The bulk alloy became a powder after H2 activation. After releasing the high-

pressure H2, the sample was transferred to the DRIFTS chamber via an operation in the Ar gas-filled 

glovebox. 

Co-CoO was synthesized by reducing Co3O4 nanoparticles in an H2 / He flow (6mL/min / 4 mL/min) 

in the DRIFTS chamber at 250 °C for 4 h, with a heating rate of 2 °C/min. Afterwards, the sample 

was cooled down in the same H2 / He flow. The Co3O4 nanoparticles were prepared by the calcination 

of Co(NO3)2·6H2O (Sigma-Aldrich, 99%). The calcination program was set to 300 °C for 12 h and 

continuing heating to 400 °C for 2 h, using heating a rate of 2 °C/min. 
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2.2.2.2 Reaction settings 

CO2 adsorption and hydrogenation reactions on pristine metals. The pristine Fe, Co, Ni, and Cu 

metal samples were loaded in the DRIFTS chamber and then evacuated to high vacuum at RT. The 

IR spectrum background was recorded on the metal surface at this high vacuum. CO2 adsorption 

experiment was executed by filling this evacuated DRIFTS chamber with pure CO2 gas of 1 bar. 

Afterwards, the samples were heated from RT to 500 °C with a heating rate of 5 °C/min. The spectra 

were taken at every 50 °C. The CO2 hydrogenation reactions on Fe, Co, Ni, and Cu metals were 

performed also in the closed chamber condition. Again, the chamber was first pumped to high vac-

uum at RT. Afterwards, the samples were heated to 200 °C in the vacuum, and the IR backgrounds 

were taken. Then, 200 mbar CO2 and 800 mbar H2 were filled in the chamber. The spectra were taken 

every half an hour. 

CO2 hydrogenation reaction on metal hydride. The LaNi4Cu alloy sample was loaded into the 

DRIFTS chamber through air-free operation. The chamber was then pumped to high vacuum at RT. 

The IR background was taken later on. Then 200 mbar CO2 and 800 mbar H2 were filled in the 

chamber. The sample was heated from RT to 450 °C with a heating rate of 2 °C/min, and the spectra 

were scanned continuously every 10 °C. 

CO2 hydrogenation on metal-metal oxide. The CO2 hydrogenation reaction on the Co-CoO catalyst 

surface was carried out under continuous gas flow condition. After the Co-CoO catalyst was synthe-

sized in the DRIFTS chamber, the IR background was taken. Then, CO2 at 1.5 mL/min, H2 at 6 

mL/min, and He at 2.5 mL/min were allowed to flow through the whole DRIFTS-MS-GC system. 

Heating from RT to 350 °C with a ramp of 2 °C/min was applied to the sample. The IR spectra were 

taken every 20 °C. The MS measured the mass range of 0–50 amu, with a rate of 0.2 s per mass unit. 

The GC took 9 min to obtain each spectrum, with a cooling interval of 4 min between each measure-

ment. 

2.2.3 Determinations of rate constant and activation energy 

The main reaction of CO2 hydrogenation far before the reaction equilibrium is 

𝐶𝑂, + 4𝐻, → 𝐶𝐻' + 2𝐻,𝑂.        Eq. 2.1 

Therefore, the kinetics of this reaction can be simplified as 
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)[TUV]
)X

= −𝑘[𝐶𝑂,]Y[𝐻,]Z ,        Eq. 2.2 

where [𝐶𝐻'], [𝐶𝑂,], and [𝐻,] are the concentrations of CH4, CO2, and H2, respectively, at reaction 

time 𝑡, with units of mol/L. 𝑘 is rate constant. 𝑚 and 𝑛 are the reaction orders of CO2 and H2, re-

spectively.  

According to the stoichiometry, [𝐻,] is four-fold [𝐶𝑂,]. As we kept the gas feed of H2 and CO2 at 

ratio of 4:1, the [𝐻,] can be replaced by 4 ∙ [𝐶𝑂,]. As for the reaction orders, the reaction order of 

CO2 is reported to be less than 0.4, and that of H2 is less than 0.9 at reaction temperatures lower than 

250 °C.38–41 Therefore, we assume the overall reaction order is 1. Thence, the reaction kinetics is 

further simplified as 

)[TUV]
)X

= −𝑘′[𝐶𝑂,]Y_Z,         Eq. 2.3 

where	𝑚 + 𝑛 is 1 and 𝑘′ is 4Z ∙ 𝑘. 

Therefore, to obtain 𝑘′, we only need to quantify the derivation of CH4 quantity over the reaction 

time and the CO2 quantity.  

Note that Eq. 2.3 is the reaction rate of the overall reaction, which is from the beginning of dose of 

CO2 to the end of the product of CH4. Therefore, the intermediate steps between CO2 and CH4, i.e. 

CO2 à surface reactive species à CH4, are incorporated. However, if the feeding ratio of H2 / CO2 

is not 4 (nonstoichiometric), this simplification of Eq. 2.3 could not be used. Instead, the [𝐻,], [𝐶𝑂,], 

𝑚 and 𝑛 have to be quantified independently, and their real values have to be all used as described 

in the Eq. 2.2. 

2.2.3.1 Determination of gas concentrations 

We used two models of CO2 hydrogenation reactions: constant volume without gas flow for the 

pristine and alloyed metals, and constant pressure with gas flow for the metal-metal oxide. Therefore, 

we used two different evaluation methods. For constant volume reaction, the pressure in the DRIFTS 

reaction chamber could be easily tracked by the pressure sensor, which is connected right before the 

reaction chamber. The quantity of each gas component is then calculated from the partial pressure. 

This calculation method was used for calculating the CH4 yield over the four pure metals and the 

kinetic constant and activation energy over LaNi5Cu. 
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For constant pressure (flow gas) reaction, the quantification is more challenging. The molar quanti-

ties of H2, CO2, CH4, and He gases were determined using MS signals with m/z at 2, 44, 15, and 4, 

respectively. We mixed H2/CO2/He or CH4/CO2/He gases at different concentrations to obtain the 

correlation between the concentration and MS signal. He gas not only acted as carrier gas, but also 

the reference intensity of the MS signal. Herein, for H2, CO2 and CH4 gases, we obtained 

#(U`)
#(Ua)

= (3.98	 ± 0.18) ∙ c(U`)
c(Ua)

,        Eq. 2.4 

#(Td`)
#(Ua)

= (2.57	 ± 0.04) ∙ c(Td`)
c(Ua)

,        Eq. 2.5 

#(TUV)
#(Ua)

= (2.50	 ± 0.17) ∙ c(TUV)
c(Ua)

,        Eq. 2.6 

where 𝑓(𝐻,),	𝑓(𝐶𝑂,), 𝑓(𝐶𝐻'), and 𝑓(𝐻𝑒) (mL/min) are the flow rates of H2, CO2, CH4, and He 

gases, respectively. 𝐼(𝐻,), 𝐼(𝐶𝑂,), 𝐼(𝐶𝐻'), and 𝐼(𝐻𝑒) are the MS signal intensities with m/z at 2, 

44, 15, and 2, respectively.  

Combining Eq. 4–6, we can finally obtain the transient CO2 and CH4 molar numbers  

𝑛(𝐶𝑂,) =
#(Td`)
,'.h

,         Eq. 2.7 

𝑛(𝐶𝐻') =
#(TUV)
,'.h

,         Eq. 2.8 

where 24.5 (mL/mol) is the mole volume of idea gas at 25°C. 

The Eq. 2.3 for calculating the kinetic constant can now be expressed as 

)Z(TUV)
)X

= −𝑘′𝑛(𝐶𝑂,) .         Eq. 2.9 

The reaction time 𝑡 is the gas passing time through the sample, which is calculated as 

𝑡 = Lijklmn

#opojm
,          Eq. 2.10 

where 𝑉r"Ysta  is the sample volume calculated from the size of the sample pellet.	𝑓XuX"t  is 

the total flow of the mixed gases which is 10 mL/mim. 
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2.2.3.2 Determination of activation energy (𝐸") 

The correlation between 𝑘 and 𝐸" is determined using the Arrhenius equation  

𝑙𝑛𝑘 = 𝑙𝑛𝐴 − Mj
K
∙ *
I
	,         Eq. 2.11 

where 𝐴 is the pre-exponential factor, 𝑅 is the gas constant, and 𝑇 is reaction temperature. 

Replacing 𝑘 by 𝑘′,  we obtain 

𝑙𝑛𝑘′ = 𝑙𝑛𝐴′ − Mj
K
∙ *
I
 ,         Eq. 2.12 

where the new pre-exponential factor 𝐴′ is 4Z ∙ 𝐴. 

2.3 Results and Discussions 

2.3.1 CO2 adsorption and hydrogenation reactions on the pristine metal surfaces 

CO2 adsorption on the pristine Fe, Co, Ni, and Cu metal surfaces showed only gaseous CO2 in the 

IR spectra with asymmetric stretching vibrations centered at 2349 cm-1 (not shown). The derivative 

species, such as non-dissociated product carbonate and dissociated product CO*, were missing, in-

dicating that CO2 interacts very weakly on these pristine metal surfaces at RT. This is consistent with 

the reported low CO2 binding energies (less than 40 kJ/mol) and with the desorption temperatures 

lower than RT on the single crystalline metal surfaces.42,43 To examine whether CO2 molecules in-

teracted stronger with the pure metal surfaces when increasing the temperature, we heated the sur-

faces up to 500 °C. As shown in Figure 2(a), CO gas, with rotational-vibrational modes in the range 

from 2230 to 2030 cm-1, were produced on the Fe surface at 400 °C. Very low IR intensities of CO 

gas were also recorded on the Co and Ni surfaces at 400 °C. However, no products were detected on 

the Cu surface over the entire temperature range. Note that the small peak at 2070 cm-1 represents 

the rotational bands of CO2 gas.44 Therefore, CO2 gas interacts with pure Fe, Co, and Ni surfaces at 

high temperatures by dissociation into CO gas. Fe is the most active metal for the CO2 dissociation 

reaction, whereas Cu is not active in the CO2 adsorption reaction. 
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Figure 2.2. (a) IR spectra for 1 bar CO2 adsorption on Fe, Co, Ni, and Cu surfaces at 400°C. (b) CH4 yields from the CO2 

hydrogenation reactions on the Fe, Co, Ni, and Cu surfaces at 200°C. 

CO2 hydrogenation was subsequently investigated on these four pure metals. This reaction primarily 

produces CH4, which is known as the Sabatier reaction. The CH4 yields at 200 °C as a function of 

reaction time are shown in Figure 2(b). The highest CH4 yield occurred on the Co surface, and second 

highest on the Ni surface. After 10 h of reaction, CH4 yield on Co surface was seven-fold higher than 

that on Ni surface. No CH4 was produced on the Fe and Cu surfaces in these conditions. Therefore, 

Co is the most reactive metal for the CO2 methanation reaction, and Ni is the second most reactive. 

This is in line with the previous results from our group.21 These results suggest that Co is the most 
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promising catalyst for the efficient CO2 conversion into synthetic methane. This inspires us to design 

Co-based materials for the further study of CO2 hydrogenation, which is presented in the section 

2.3.3. 

2.3.2 CO2 hydrogenation reaction on the metal hydride surface 

In our previous study, we observed that adsorbed H2 is a key component to weaken the C=O bond 

of CO2 to form adsorbed formate or carbon monoxide.45 Hence, we hypothesize that the poor perfor-

mance of CO2 hydrogenation observed for Fe, Ni, and Cu may be caused by insufficient H2 on the 

surface. For this reason, we used LaNi4Cu alloy for CO2 reduction as this material represents a classic 

hydrogen storage material.36,46 As shown by the IR spectra in Figure 3(a), CO2 was consumed, along 

with the production of CH4 and CO gases when elevating the temperature. We integrated the absorb-

ance of the reactant and product gases to understand the reaction kinetics. As shown in Figure 3(b), 

CH4 and CO gases emerged above 350 °C. CH4 production continued to increase until 450 °C, and 

CO production continued to increase until 410 °C. Above those temperatures, the intensities of these 

two products started to decrease. Nevertheless, the high onset temperature of the CO2 hydrogenation 

reaction signifies that the LaNi4Cu alloy did not help to lower down the reaction temperature, alt-

hough the alloy was hydrogenated beforehand. Moreover, as the stored H2 in the alloy remains stable 

until 100 °C,46 the high onset temperature for CO2 hydrogenation invalidated the advantages of H2 

pre-storage. In addition, no adsorbed species were observed from the IR spectra, similar to the cases 

for pristine metals, making it not possible to explain the intermediate catalyzed steps. Therefore, 

these pristine and alloyed metals are not suitable for reaction step study which is limited by the 

DRIFTS analysis, and we did not continue to study the reaction over these pure and alloyed metals 

using the rest of the methods such as MS, GC, and NMR.  
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Figure 2.3. (a) IR spectra for the CO2 hydrogenation reaction on LaNi4Cu surface at elevating temperatures. (b) The inte-

grated IR absorbance of gaseous reactant of CO2 and gaseous products of CO and CH4. CO2 intensity was divided by five 

times. 

2.3.3 CO2 hydrogenation reaction on the Co-CoO surface  

As we found that Co is the most reactive metal for CO2 methanation among the transition metals 

tested, and based on the observation that metal oxides provide abundant adsorption sites in our pre-

vious study,45,47,48 we synthesized Co-CoO nanoparticles to investigate the gas, liquid, and surface 

products under flow gas conditions. The Co-CoO nanoparticles possessed a 20% molar concentration 

of metallic cobalt, as quantified by the consumed amount of H2 gas measured using MS.  

The CO2 to CH4 conversion were analyzed by means of MS. As shown in Figure 4(a), the CO2 

hydrogenation reaction on this Co-CoO catalyst began at approximately 160 °C. The primary and 
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main product was CH4, with approximately 90% yield. Weak signals of the very small amounts of 

CO and C2H6 detected in MS overlapped with the signal of CO2 fragments. Therefore, GC was em-

ployed to separate these gases. As shown in Figure 4(b), C2H6 and CO production have onset tem-

peratures similar to CH4 production, and show maximum yield of 0.15% and 0.024%, respectively, 

both at 270 °C. Above 270 °C, the observed amount of both C2H6 and CO decreased, indicating that 

high temperatures are not favorable for C2+ synthesis and reversed gas shift reactions on Co-CoO. A 

reason for this phenomenon could be that the intense methanation reaction produced large amount 

of H2O at high conversion of CO2, as we observed condensed water on the chamber window after 

long time reaction at high temperature. The produced H2O competitively adsorbs on the surface and 

inhibits the reaction in the forward direction. Besides the gas products, traces of methanol, ethanol 

and acetic acid products were found using NMR, as shown in Figure 4(c). These latter species could 

be traced only by means of this analytical method. The overall yield of the non-methane products is 

less than 0.2%. However, the methods used in the study are able to collect information for all of the 

products.   

After clarified the overall products of CO2 conversion, we analyzed the intermediates on the surface 

during the reaction process. We tracked the surface adsorption species using the DRIFTS part. The 

IR spectra region between 1700 and 1200 cm-1 contain information about the adsorption species 

(Figure 5(a)). These peaks formed upon CO2 and H2 co-adsorption at RT. A deconvolution using the 

bi-level evolutionary Gaussian fitting showed the development of the peaks. Please refer to our pre-

vious work for the peak deconvolution, assignment and identification.40,47 The peak at 1620 cm-1 was 

ascribed to the O-C-O asymmetric stretching mode of formate on the metal-metal oxide interface, 

and the wide peak centered at 1520 cm-1 was assigned to the adsorbed carbonate (CO3
2-*).45 The 

wide peak centered at 1385 cm-1 was coupled by the C-H bending and O-C-O symmetric stretching 

of formate.49–52 As shown in Figure 5(b), the formate consumed during the reaction, and the CO3
2-* 

did not vary before 200 °C. Due to the strong interference of the IR spectra from H2O, which was 

formed from the dominant CO2 methanation reaction, the peaks after 200 °C could not be distin-

guished well. However, after CO2 hydrogenation reaction and overnight flashing in He gas, the pre-

viously observed formate and carbonate species disappeared, as shown in in the top green plot in 

Figure 5(a). This suggests that these species are completely consumed above 200 °C. However, new 

peaks at 1261, 1100, and 1020 cm-1 remained on the surface after He flow. 
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Figure 2.4. (a) CO2 and CH4 conversion from CO2 hydrogenation on Co-CoO surface analyzed using MS data. (b) The 

calculated yields of C2H6 and CO gas products using GC data. (c) Very small quantities of CH3OH, C2H5OH, and 

CH3COOH liquid products collected using the inline deionized water and measured using NMR. 
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Figure 2.5. (a) IR spectra for the CO2 hydrogenation reaction on Co-CoO surface. (b) Development of the adsorbed formate 

and carbonate with IR peaks at 1620 and 1520 cm-1, respectively.   

To identify the new peaks, we referred to the NMR results. We separately applied 1 µL of CH3OH, 

C2H5OH, HCOOH, and CH3COOH liquids to the resulting Co-CoO surface in the DRIFTS chamber 

in a glovebox. By comparing the IR peaks of the standard chemicals (spectra not shown), the peak 

at 1261 cm-1 was found to be fitted with the O-H bending mode of C2H5OH, the peak at 1100 cm-1 

overlapped with the C-O stretching of HCOOH and C2H5OH, and the peak at 1020 cm-1 overlapped 

with the C-O stretching of CH3OH and C2H5OH.53 These species may have been retained on the 
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surface after CO2 reduction. Yet, the retained species could also be strongly bound CO* and bidentate 

carbonate on the cobalt.54  

Consequently, the surface analysis provided the information that the formate at the metal-metal oxide 

interface and carbonate at the metal oxide formed upon CO2 and H2 co-adsorption. These two species 

were the intermediates of CH4 formation. Some carbon oxides, either alcohol/acid or strongly bound 

CO*, were retained on the Co-CoO surface as byproducts. 

Comparing to the invisible surface species on the pristine and alloyed metals, we speculate that the 

metal surfaces interact with CO2 molecules weakly in the applied dry gas and clean surface condition, 

as the observations of CO2 adsorption and desorption on metal surfaces are in ultrahigh vacuum and 

at low temperature (< 0 °C).55–57 However, on the oxide surface, CO2 adsorption and desorption are 

usually above room temperature.42,58 Therefore, the physical properties of the material surface deter-

mines the CO2 adsorption behavior and result in the invisible adsorbed species on the metal and 

visible adsorbed species on the metal oxide or the interface of the metal and metal oxide. Metal oxide 

is essentially important for the mechanism study of the surface reactions. 

2.3.4 Kinetic comparison of the CO2 methanation reaction on the pristine and alloyed 

metals, and the Co-CoO surface 

As a final example of the capabilities of the instrumental set-up here developed, we calculated the 

kinetics of CO2 methanation on the three types of catalysts studied to compare the activities of these 

catalysts. We calculated the kinetic constants at 200 °C using the Eq. 2.9. As shown in Figure 6 (left 

axis), Co-CoO exhibits tremendously higher kinetic constant than the pristine Co metal; Co metal 

possesses ten-fold higher kinetics than Ni; LaNi4Cu is not reactive at 200 °C. These explained the 

high activity of the Co-CoO sample.  

The activation energies (Ea) of CO2 methanation were calculated using Eq. 2.12 for Co-CoO and 

LaNi4Cu samples at their low CO2 conversions of 2–40%. These low conversions related to temper-

ature ranges of 166–236 °C for Co-CoO and 310–390 °C for LaNi4Cu. The value of Ea on Co and 

Ni were taken from a previous work of our group.18 The results were demonstrated in Figure 6 (right 

axis). Co-CoO has higher activation energy than Co and Ni, indicating the kinetic constant change 

faster with temperature on Co-CoO than that on the Co and Ni. This coherent with the observations 

in Figure 2(b) and Figure 4(a). LaNi4Cu has the highest activation energy, which is consistent with 

its less active at low temperature, and reflects the reaction rate changing fast at high temperature. 
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These are in line with the observations in Figure 2.3. These results emphasize the importance of the 

presence of metal oxide phase in the enhancement of the activity of the catalyst in the CO2 methana-

tion reaction. 

 

Figure 2.6. Reaction rate constants k’ at 200 °C (left axis) and activation energies Ea of CO2 methanation (right axis). 

Activation energies of CO2 methanation on Co and Ni were taken from the reference21. 

2.4 Conclusions 

We built an inline DRIFTS-MS-GC apparatus to perform an operando study of the heterogeneously 

catalyzed CO2 hydrogenation reaction. Pristine metals, metal hydride alloy, and metal-metal oxide 

materials were used as example materials to show the potential of the system and the related analytic 

methods including the calculation of the kinetic parameters of the reaction and the resolving of the 

complicated adsorption species. The results verified the reliability of the combined system and sen-

sitivity of this apparatus for the simultaneous investigation of the gas, liquid, and surface products 

of CO2 adsorption and hydrogenation reactions. Importantly, the observation of the adsorbed species 

on the catalyst surface requires the presence of a metal oxide phase in the catalyst. No adsorbed 

species but only gas phase was found on the purely metallic surfaces, such as pristine and alloyed 

metals. 

In addition to the development of this special instrument and the correspondingly analytic method, 

this study shows the systematic understanding of the fundamental differences in the interaction of 

CO2 with metals, and provides instructions of synthesizing highly active and efficient catalyst. Co is 

the most active metal to hydrogenate CO2 to CH4, while Fe is the most active to dissociate CO2 to 

Co-CoO Co Ni LaNi4Cu
0.0

0.2

0.4

0.6

1838.0

1838.2

1838.4

k'
 (´

10
-4

 /s
) a

t 2
00

 °C

Composition

60

70

80

90

100

110

120

E
a (

kJ
/m

ol
)



 

 59 

CO gas. Pre-stored H2 in metal hydride alloy does not assist the CO2 hydrogenation. However, metal 

oxide mixed with metal facilitate the CO2 hydrogenation, due to the adsorption of CO2 at the metal 

oxide surface and the metal/metal oxide interface. As a result, the activity in the CO2 methanation 

follows the order of Co-CoO > Co > Ni > LaNi4Cu. This enlightens the importance of metal oxide 

phase in the design of the efficient catalyst to achieve high activity in CO2 methanation. 

Overall, the coupling of different analytic technique in a single experimental unit is therefore essen-

tial for the advancement of science in this complex field, enabling the contemporaneous understand-

ing of different effects, which could not be revealed by means of the single individual tools. 
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Summary: This Chapter is methodological work foucing on analysis of the sophisticated diffuse 

reflectance infrared spectra. A fitting program has been developed to deconvolute the spectral sets 

and output the developing plots of each IR peak from the catalyzed CO2 hydrogenation process 

on Ru/Al2O3 surface. 
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Abstract  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) investigations of molecules 

at the surface of catalysts exhibit strong overlap of the adsorption peaks. Therefore, the investigation 

of the CO2 hydrogenation on a highly active catalyst surfaces requires a deconvolution of the ad-

sorption spectra in order to clearly assign the signal to the chemical species. We developed an au-

tonomous and efficient bilevel evolutionary Gaussian fitting (BEGF) procedure with a genetic algo-

rithm at the upper level and a multi-peak Gaussian fitting algorithm at the lower level to analyze self-

consistently the set of spectra of an entire experiment. We show two examples of the application of 

BEGF procedure by analyzing the DRIFTS spectral sets of ex-situ-HCOO–* and CO2 hydrogenation 

on Ru/Al2O3. The fitting procedure deconvoluted the overlapped peaks, and identified the bond vi-

brations of carbon monoxide, formate, bicarbonate and carbonate through the developing trends of 

the peak intensities along the reaction. These revealed the progression of those species over the re-

action timeline. 
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3.1 Introduction 

Heterogeneous catalysis on surfaces, such as CO2 hydrogenation catalysis, has been widely studied 

by diffuse reflectance infrared Fourier transformation spectroscopy (DRIFTS), as both the gas phase 

components and the surface adsorption species can be detected in situ and in operando.1–7 The correct 

assignment of the infrared (IR) peaks is not easy, because they are strongly overlapped. Especially, 

the O–C–O asymmetric stretching modes of HCO3
–, HCOO–, COOH– and bent CO2

d–
 share very 

close positions in the range of 1800–1300 cm–1.8 This has led to discrepant explanations of the pro-

duction of the adsorption species, thence diverse reaction pathways about either bicarbonate, formate 

or carbon monoxide is the key intermediate.7,9,10,11 Many issues affect the analysis of CO2 hydro-

genation using IR spectroscopy. First, the determination of the IR peak positions of the species pre-

sent on reactive surfaces such as Ru, Rh, Pd, etc. is not simple due to the strong overlap of the peaks. 

As a result, the manual assignment of the peak positions among the multi-peaks and shoulders does 

not have an obvious unique solution. Second, some subpeaks in the overlapped region vanish or 

appear during the reaction, which is easily neglected in the analysis. Thus, assigning the peaks using 

data only at one or a few stages in the reaction can lose information. A global analysis of the spectra 

taken over the entire course of the reaction is necessary. This brings us to the third issue: there is no 

efficient procedure to fit self-consistently the peaks of all the spectra recorded during the reaction. 

Fitting spectra non-self-consistently, or using inconsistent parameters, can give an incorrect descrip-

tion of the development of the peaks along the reaction coordinate. A multi-peak Gaussian curve 

fitting can be performed with nonlinear gradient-based solvers,12 but the results depend strongly on 

the guesses of initial values and bounds of the parameters related to each peak. Bad guesses lead the 

solvers be trapped at local optima, resulting in unsatisfactory or even wrong results. Moreover, most 

of the deconvolution methods treat one peak or one spectrum instead of treating the spectral set at 

once. 

Here, we attack the three issues just raised by developing a novel bilevel evolutionary Gaussian 

fitting (BEGF) procedure to fit the peaks from a set of spectra and select the reasonably deconvoluted 

peaks automatically. This BEGF procedure combines gradient-free evolutionary algorithms at the 

upper-level and nonlinear multi-peak Gaussian fittings at the lower level to optimize the peaks. An 

evolutionary algorithm is an optimization algorithm that ranks the candidate solutions, recombines 

the parameters of the best ones to create a new generation of candidate solutions and iterates till 

convergence is reached.13 The evolutionary algorithm overcomes the problem of Gaussian fitting 

being trapped at local optima. The fitting results elucidate the developing trends of the resolved peaks 
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along the reaction. According to the similarities of the peak developments in the reaction, and com-

bined with the peak positions from the standard samples such as formic acid (HCOOH), sodium 

carbonate (Na2CO3), calcium carbonate (CaCO3), sodium bicarbonate (NaHCO3) and potassium bi-

carbonate (KHCO3), the peaks were clearly assigned to the bond vibrations of the specific species.   

In the next section, we provide a description of the BEGF algorithm. More detailed information and 

the MATLAB code used for the work reported here are given in the SI. Later on, we describe the 

procedure with two examples: (1) formate hydrogenation where formate was from HCOOH droplet 

and therefore named as ex-situ-HCOO–* to distinguish the formate formed from CO2 hydrogenation 

process; (2) CO2 hydrogenation. These two examples show how the procedure helps the assignment 

of the peaks and analyze the reactive progression of the reaction species. 

3.2 Fitting and Experimental Methods 

3.2.1 Bilevel evolutionary Gaussian fitting (BEGF) procedure 

The multi-peak Gaussian fitting is a least-square problem (Eq. 3.1), which minimizes the sum of 

squared errors between the fitted value and the experimental data of the spectrum to find the best fit: 

min
𝒂,𝒃,𝒄

𝑓 = ∑ �∑ �𝑌H,�(𝒂H, 𝒃, 𝒄H) − 𝑌H,�∗ �
,��

���� � , 𝒂H = �… 𝑎H,� … �, 𝒃 = {…𝑏� … }, 𝒄H = �…𝑐H,� … �,
��
H�*  Eq. 3.1 

with	𝑌H,� 	= 	∑ 𝑎H,�	𝑒
<�

����
��,�

�
,

�lnj�
��* ,        Eq. 3.2 

where i stands for the ith spectrum in the total 𝑁  spectra, and j is the wavenumber within the defined 

range [𝑊 ,𝑊¢], where 𝑊  and 𝑊¢ are the starting and ending wavenumber. 𝑌H,�	and 𝑌H,�∗  are the fitted 

and measured values, respectively. The variables ai,k, bk and ci,k are the height, position and width, 

respectively, of each Gaussian peak k (1 ≤ 𝑘 ≤ 𝑁sa"�), respectively. ai and ci vary along the reaction, 

while b is generally assumed not to change as the reaction proceeds. 

The optimization problem is highly-nonlinear due to the Gaussian function used in the definition of 

𝑌H,� (Eq. 3.1 and 3.2). The whole problem can be solved by gradient-based solvers. However, in our 

experience with fitting DRIFTS spectra, gradient-based solvers get trapped at local minima depend-

ing on the guesses of the initial values of Gaussian parameters, and these guesses are usually obtained 

manually by time-consuming trial-and-error. 
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To overcome this difficulty, we decomposed the mathematical optimization problem into two levels: 

for the upper level we used a genetic algorithm to provide initial values for a multi-peak Gaussian 

fitting algorithm used on the lower level. 

The schema of the BEGF process is shown in Figure 3.1, with the problem decomposition described 

as: 

Upper level: 

min
𝑰,𝑳,𝑼

∑ 𝛿H(𝑰, 𝑳,𝑼)
�¨
H�* , 𝑰 = �… �𝐼"�, 𝐼©�, 𝐼ª��… �, 𝑳 = �… �𝐿"�, 𝐿©� , 𝐿ª��… �,𝑼 = �…�𝑈"�,𝑈©�, 𝑈ª��… � .Eq. 3.3 

Lower level: 

min
𝒂,𝒃,𝒄

𝛿H(𝒂H, 𝒃, 𝒄H) = min
𝒂,𝒃,𝒄

∑ �𝑌H,� − 𝑌H,�∗ �
,��

���� = min
𝒂,𝒃,𝒄

∑ ­∑ ­𝑎H,�	𝑒
<�

����
��,�

�
,

®�¯�°±
��* −𝑌H,�∗ ®

,
��
���� ,

		𝒂H = �…𝑎H,� … �, 𝒃 = {…𝑏� … }, 𝒄H = �…𝑐H,� … �
subject	to	𝐿"� ≤ 𝑎H,� ≤ 𝑈"�, 𝐿©� ≤ 𝑏� ≤ 𝑈©�, 𝐿ª� ≤ 𝑐H,� ≤ 𝑈ª�

 Eq. 3.4 

where I shows the initial values of the parameters (a height, b position and c width) of the Gaussian 

peaks. L and U are the lower and upper bounds of the parameters of the Gaussian peaks, which are 

used to constrain the multi-peak Gaussian fitting. 

The BEGF algorithm works as follows and is sketched in Figure 3.1. The original spectra are first 

corrected by subtracting a baseline, which was taken as a straight line between the endpoints of the 

defined wavenumber range. The baseline-corrected spectra are used in each run of the low-level 

algorithm. The solving procedure starts from the upper-level algorithm by generating a number of 

global candidate solutions (individuals, represented by a set of values of I, L, and U (Eq. 3.3), which 

are randomly generated within the user-specified bounds) to form an initial population. Each indi-

vidual of the population is passed to the lower-level algorithm to obtain the best fit values for the 

parameters 𝒂H, 𝒃, and	𝒄H and to assign the sum of the fitting errors as the value of the objective func-

tion (Eq. 3.4). The evaluated individual is then passed back to the upper-level algorithm. After eval-

uating all individuals in the initial population, the upper-level algorithm compares the individuals 

and discards those with large errors. Afterwards, the population starts to evolve iteratively by select-

ing some existing individuals as parents and generating a new individual as a child with certain 

crossover and mutation mechanisms. The newly generated child individual is further evaluated in 

the lower level, returned to the upper level with the objective value and compared with the parent 
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individuals. The child individual will be preserved if better than the parents; otherwise discarded. In 

such a way, the whole population is updated by always keeping the better individuals until conver-

gence is reached: no better individual is found after a number of latest individual evaluations. The 

rate of convergence depends on the complexity of the spectra. 

The BEGF algorithm starts with a user-specified number of Gaussian peaks. The redundant Gaussian 

peaks are removed when the 𝐿"� and 𝑈"� for peak 𝑘 optimized at the upper level reach zero simul-

taneously. 

Although good initial guesses are not needed for the genetic algorithm, using apparent information 

of the peaks in the spectra as initial values reduces the search time. Further details of the algorithm, 

including a MATLAB code implementation, are given in the SI. 

 

Figure 3.1. The developed bilevel evolutionary Gaussian fitting algorithm. 

Our bilevel algorithm is distinguished from available fitting codes by the following features: (1) it 

consistently fits the peaks in a given range of wavelengths across the entire set of spectra measured 

during a reaction; (2) the number of Gaussian peaks used for fitting is determined automatically; (3) 
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the centroid of a given peak is identical for all spectra; (4) peak evolution directly gives the kinetics 

of the species; (5) manual intervention is not needed; (6) good initial guesses are not necessary. 

3.2.2 Experimental methods 

Ex-situ-HCOO–* and CO2 hydrogenation on Ru/Al2O3 (Sigma-Aldrich, 0.5 wt% loading on 3.2 mm 

pellets of Al2O3) pellets and Al2O3 (Sigma-Aldrich) pellets were carried out in the reaction chamber 

(HVC, Harrick Scientific) of DRIFTS (Bruker Tensor 27). 

Ex-situ-HCOO–* was obtained by adding one drop of formic acid to the surface of Ru/Al2O3 or Al2O3 

exposed to air, followed by pumping for 24 h to reach a vacuum of 5 ´10–3 mbar at room temperature 

(RT) in DRIFTS. The hydrogenation of HCOOH on Ru/Al2O3 and Al2O3 was performed by heating 

in 1 bar H2 from RT to 350 °C at a rate of 1 °C/min in DRIFTS. 

CO2 hydrogenation was performed by mixing 200 mbar of CO2 and 800 mbar of H2 at RT, and 

heating to 300 °C at a rate of 1 °C/min on H2-pretreated Ru/Al2O3 and Al2O3 in DRIFTS, as in our 

previous work.14    

3.3 Results and Discussions 

Ex-situ-HCOO–* and CO2 hydrogenations were used as reaction models for showing the complex 

spectra and how the BEGF program resolves the peak positions and variations. Formate is one of the 

intermediates of CO2 hydrogenation. For this reason, we first analyzed the spectra of HCOOH hy-

drogenation to understand the reactivities of ex situ formate (ex-situ-HCOO–*) in H2 thermal reduc-

tion, and then turned to the analysis of CO2 hydrogenation. 

3.3.1 BEGF analysis of spectra of ex-situ-HCOO–* hydrogenation 

3.3.1.1 Convergence of fitting  

The error evolution approaching convergence as a function of time and iteration numbers is illus-

trated in Figure 3.2 (a) for the fitting in the range of 1800–1500 cm–1 from 20 to 220 °C, noting that 

above 220 °C the peaks and the baseline in this range changed significantly. Re-confining the range 

of the spectra above 220 °C for the new baseline correction is not necessary, but is helpful in short-

ening the entire fitting time. We compared the fitting with coarse initial values from wide bounds, 

and with fine initial values from reading of the spectra. Around 4 h were taken for the coarse initial 
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values to reach convergence, with around 4000 iterations, and around 1 h for the convergence of fine 

initial values, with around 3000 iterations. The average time of iteration in Figure 3.2 (b) decreased 

during evolution because the improved guesses (i.e., I, L, and U) in the iteration reduced the time 

for each run of lower-level Gaussian fitting. Especially, with fine bounds of I, L and U (blue line) 

the average time of iteration was shorter in the beginning due to the better solutions from the good 

bounds, which was beneficial in generating even better initial values for the next iteration. After 

enough iterations, the competitiveness of the preserved solutions for both blue and red lines became 

similar, as shown by the similarly converging average time after around 4000 iterations in the Figure 

3.2 (b). 

 

Figure 3.2. (a) The error evolution approaching convergence as a function of time and (b) the average time of iteration for 

the fitting in the range of 1800–1500 cm–1 from 20–220 °C by BEGF.  

3.3.1.2 Assignment of adsorption species based on the kinetic results 

The fitted spectra at 100, 150, 200, and 250 °C are shown in Figure 3.3 (a). Although the peaks are 

discernible, the evolution of the peak intensities along the reaction is not easily understandable by a 

first sight of the spectra. We then used the BEGF program to produce the integrated intensities of 

each peak throughout the spectral set so that we obtained the evolution profile of each peak as a 

function of temperature. The intensity progression both facilitated the assignments of the peaks to 

specific species and revealed the reactivity of each species during the catalytic reaction. 
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Table 3. 1. Vibrational modes and infrared peak positions (cm–1) of formate, bicarbonate and carbonate from CO2 hydro-

genation. 

Species C–H as. str. C–H b. 
C=O 

str. 

O–C–O 

as. str. 

O–C–O 

s. str. 
O–H b. 

HCOOH 
2940 (cbn), 2871, 

2760 (cbn) 

1415, 

1405 

1748, 

1670 

1618; 

1560  

1405?, 

1360 
1220 

HCOO–*-MSI -- 1405 1720 1618  1405? 1220 

Br-HCOO–*-Ru 2896 1390 -- 1592 1375 1220 

Bi-HCOO–*-

Al2O3 
-- 1415 1710 1560 1360 1230 

HCO3-* -- -- 1690 1650 1440 1230 

CO32-* -- -- -- 1500 1450 -- 

as. str.: asymmetric stretching; s. str: symmetric stretching; b.: bending; (cbn): combination modes; *: adsorbed state. 

As shown in Figure 3.3 (b) and (c), O–C–O asymmetric stretching (1560 and 1618 cm–1, the assign-

ments refer to Section S3.1.1 in SI) decreased from 200 °C until full reduction at 250 °C. The unas-

signed peaks at 1415 cm–1 and 1405 cm–1 showed the same trend as O–C–O asymmetric stretching. 

By comparing that the relative intensity of peak 1415 cm–1 to peak 1405 cm–1 had a much stronger 

intensity on Al2O3 than on Ru/Al2O3 (Figure 3 (b)–(c) and Figure S3.2 (a)–(c)), peak 1415 cm–1 was 

associated to the peak 1560 cm–1, and 1405 cm–1 was associated to 1618 cm–1. Since 1560 cm–1 had 

been paired with 1360 cm–1 as O–C–O asymmetric and symmetric stretching on Al2O3, respectively 

(Section S3.1.2 in SI), 1415 cm–1 could be assigned to C–H bending to complete the vibration modes 

of this species. Thence, the peak at 1405 cm–1 could be either C–H bending or O–C–O symmetric 

stretching, associated with the peak at 1618 cm–1. The remaining three peaks at 1592, 1390 and 1375 

cm–1 varied in the same trend (Figure 3.3 (d)). In view that 1592 cm–1 was in the region O–C–O 
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asymmetric stretching, and was absent on Al2O3 under all experimental conditions (Figure S3.1 and 

S3.2), we assigned this peak to O–C–O asymmetric stretching of formate on Ru sites. The other two 

peaks at 1390 and 1375 cm–1 were assigned as C–H bending and O–C–O symmetric stretching, re-

spectively, of this structure of formate. These assignments are consistent with the reported values.1,7 

The combinational vibration of C–H bending and O–C–O asymmetric stretching at 2912 cm–1, which 

gradually red-shifted to 2896 cm–1 during the reaction, also varied similarly as 1592 cm–1 (Figure 

S3.3). Thus, the peak at 2896 cm–1 could be classified as C–H stretching and a companion of the 

peak at 1592 cm–1. 

 

Figure 3.3 (a) The experimental spectra of ex-situ-HCOO–* hydrogenation on Ru/Al2O3 (black circles) with fitted peaks 

(colored lines) in the ranges of 1770–1538 and 1440–1360 cm–1. The fitting result of the evolution of (b) Bi-HCOO–*-

Al2O3, (c) HCOO–*-MSI, (d) Br-HCOO–*-Ru during the reaction of ex-situ-HCOO-* hydrogenation. 

The splitting value between the asymmetric and symmetric stretching (Dn = nas – ns) of O–C–O of 

HCOO–* also indicates the orientations of the adsorption. For free and bridged formate, Dn = 220–

280 cm–1. When Dn is smaller than 220 cm–1, formate is a bidentate structure; when Dn is larger than 

280 cm–1, formate is a monodentate structure.15 Therefore, formate, with the O–C–O asymmetric 

stretching and symmetric stretching at 1592 and 1375 cm–1, respectively, is in bridged orientation; 

formate with the O–C–O symmetric stretching at 1560 and 1360 cm-1, respectively, is in bidentate 

orientation. As has been explained above, formates with main peaks at 1592 and 1560 cm–1 are on 

Ru and Al2O3 sites, respectively; these two formates are abbreviated as Br-HCOO–*-Ru and Bi-

HCOO–*-Al2O3, respectively. Formate with the main peak at 1618 cm–1 is located at the metal-sup-

port interface (MSI) because of its enhanced intensity on Ru/Al2O3 compared to that on Al2O3 
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(Section S3.1.1 in SI), and is thus named HCOO–*-MSI. The related vibrational modes are listed in 

Table 3.1. 

3.3.1.3 Reactivity of the adsorption species during ex-situ-HCOO–* hydrogenation 

The reactive trends of each species were exposed at the same time of fitting as shown in Figure 3.3 

(b)–(d)). Ex-situ-HCOO–* on Ru/Al2O3 was reduced by H2 at 200 °C until being fully consumed at 

250 °C. Along with the decrease of ex-situ-HCOO–*, three species emerged (Figure S3.3 and S3.4). 

Those were adsorbed carbon monoxide (CO*) on Ru, gaseous CO2, and CH4 gas with peaks in the 

ranges 2100–1900, 2450–2250, and 3100–2900 cm–1, respectively. Consequently, ex-situ-HCOO–* 

on Ru/Al2O3 was reduced by H2 at 200 °C until being fully consumed at 250 °C. The products were 

adsorbed CO*, gaseous CO2 and gaseous CH4. CO* came either from CO2 reduction or from formate 

decomposition because CO* increased at the same temperature as CO2 formation and kept increasing 

until 230 °C, while both CO2 and formate were reduced. CH4 also came either from formate or from 

CO2 hydrogenation because CH4 increased from 220 to 250 °C, while both formate and CO2 reduced 

between 200 and 250 °C. There was no evidence of conversion between CO* and CH4, because the 

concentrations of both CO* and CH4 did not change above 270 °C. 

In comparison, ex-situ-HCOO–* hydrogenation on Al2O3 produced noticeable gaseous CO above 

200 °C which was represented by the occurrence of the rotational-vibrational peaks centered at 

2142 cm-1 (Figure S3.2 (e)), and invariant adsorbed CO2* which was represented by O=C=O sym-

metric stretching and resonance at 1387 and 1288 cm–1, respectively (Figure S3.2 (f)).  

3.3.2 BEGF analysis of spectra of CO2 hydrogenation 

3.3.2.1 Convergence of fitting 

The information of the adsorption species during CO2 hydrogenation on Ru/Al2O3 was mainly in the 

overlapped peaks below 2100 cm–1, including HCO3
–*, CO3

2–*, HCOO–* and CO*, as we presented 

in our previous work.14 The main contribution of this work is the methodology of decoupling the 

peaks and understanding their meaning via the BEGF program. The initial values of peak positions 

in BEGF were taken from the IR bands of the samples of carbonates and bicarbonates (Figure S3.5). 

Even though the initial values can also be used in regular multi-peak Gaussian fitting procedures, the 

pseudo-solutions from the local optima require the heavy manual work of repeatedly adjusting the 

initial values to reach consistent results, including the number of Gaussian peaks, peak positions and 
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the variations of the integrated intensity for the related experiments. With the BEGF program, the 

spectral set of CO2 hydrogenation was resolved by global solution within one day (Figure S3.6), and 

the fitted results are consistent with the results of our previous publication, obtained by an inefficient 

Gaussian fitting. 

3.3.2.2 Assignment of adsorption species based on the kinetic results 

By comparing the trend of the integrated intensity of each peak along with the reaction coordinate 

(details in the following paragraphs), we found several groups of peaks in the wavenumber range of 

1800–1480 cm–1 (Figure 3.4) – group I: 1560 and 1360 cm–1; group II: 1618 and 1405 cm–1; group 

III: 2895, 1592, 1390 and 1375 cm–1; group IV: 1650, 1440 and 1230 cm–1; and group V: 1500 and 

1460 cm–1. Based on the assignment of formate from Section 3.3.1 (see also Table 3.1), groups I to 

III belonged to Br-HCOO–*-Ru, HCOO–*-MSI, and Bi-HCOO–*-Al2O3, respectively. Referring to 

the measured peaks from the reference samples (Figure S3.5), groups IV and V belonged to adsorbed 

bicarbonate (HCO3
–*) and adsorbed carbonate (CO3

2–*), respectively. The splitting value of the O–

C–O asymmetric (nas) and symmetric (ns) stretching bands of CO3
2–* corresponds to different ad-

sorption orientations. A splitting value (Dn = nas – ns) less than 100 cm–1 relates to a monodentate 

structure, Dn larger than 200 cm–1 relates to a bidentate structure, and Dn larger than 300 cm–1 relates 

to a bridged structure.8 Since Dn was far less than 100 cm–1 in our case, CO3
2–* must be adsorbed on 

the surface with a monodentate structure. Its precursor HCO3
–*, which has a similar molecular struc-

ture, could also be monodentate.  

In the wavenumber range of 2100–1800 cm–1, five adsorption structures of CO* were deconvoluted 

with peaks at 2035, 2015, 1990, 1950 and 1905 cm–1. The high frequency at 2035 cm–1 was assigned 

to linear-CO* on Ru0; the peak at 2015 cm–1 was assigned to linear-CO* on isolated Ru0 surrounded 

by partially oxidized Rud+; the low frequencies at 1990, 1950 and 1905 cm–1 corresponded to 

bridged-CO*.7,12, 17   
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Figure 3.4. The spectra of CO2 hydrogenation on Ru/Al2O3 (black circles) with fitted Gaussian peaks (colored lines) in the 

ranges 2100–1840, 1780–1535 and 1530–1480 cm–1. The vibrations in the range of 2100–1840 cm–1 are CºO asymmetric 

stretching, and in1780–1535 cm–1 are O-C-O asymmetric stretching of Bi-HCOO–*-Al2O3 (green peak), HCOO–*-MSI 

(blue peak), Br-HCOO–*-Ru (yellow peak), HCO3
–*(red peak), and CO3

2–* (magenta).  

Isotope spectra 

To assist the peak assignment, especially to separate the strongly overlapped frequencies of O-C-O 

symmetric stretching and C-H bending modes, we have done the isotopic experiments with 13CO2 at 

the same conditions as CO2 hydrogenation. As shown in Figure 3.5 (a) and (b), there are certain shifts 

to the low frequency of the assigned peaks comparing to the rich carbon species, including C-H 

stretching of CH4 shifted from 3016 to 3007 cm-1, C-H bending of CH4 shifted from 1306 to 1297 
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cm-1, the center of O=C=O asymmetric stretching of CO2 shifted from 2350 to 2283 cm-1. The rest 

of the peak positions of the adsorption species were listed in Table 3.2. 13C spectra facilitated to 

confirm the strong peaks of asymmetric stretching modes.  However, it did not help the separation 

of O-C-O symmetric stretching and C-H bending modes. This could be understood that 13C shifted 

the O-C-O symmetric stretching and C-H bending modes simultaneously as they both contain carbon 

bond. Moreover, the signal/noise ratio did not improve as the intensity of infrared absorbance de-

creased due to the heavier mass.  

Instead of using 13C, we considered that D2 could be more helpful to separate O-C-O and C-H vibra-

tions. Because C-H would be changed to C-D, so that the vibrational frequency could be moved 

away from O-C-O vibrational frequency in the infrared spectra. Therefore, we did CO2 deuteration 

by mixing 200 mbar CO2 and 800 mbar pure D2 using the same conditions and procedures. Unfortu-

nately, the peak intensities were weakened more significantly in the low frequency region (<1500 

cm-1) (Figure 3.5 (c) and (d)). Except the obvious peaks from CDxH4-x (x=2,3,4),16 only slight shifts 

of the strong peaks of the adsorption species were observed (Table 3.3).  

Moreover, the reaction kinetics of these two isotopic experiments did not fully match the CO2 hy-

drogenation results. For instance, the onset and ending temperatures of methane production are 

higher and lower, respectively, compared to those in CO2 hydrogenation experiment; the peak inten-

sities were plausibly monotonically increasing/decreasing, nevertheless in fact occurring compli-

cated shifts at high temperature (> 150 °C). The similar phenomena showed in the spectra of 13CO2 

hydrogenation in DRIFTS in reference 1. An investigation of the isotopic effect and comprehensive 

analysis of the kinetics from these isotopic data await future work to qualify the conclusions.  
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Figure 3.5. The full infrared spectra of (a) 13CO2 hydrogenation by mixing 200 mbar 13CO2 and 800 mbar H2, after which 

heated from 20 to 300 °C by 1 °C/min, (c) 12CO2 deuteriation in pure D2 by mixing 200 mbar 12CO2 and 800 mbar D2, after 

which heated from 20 to 300 °C by 1 °C/min. The extracted spectra in the wavenumber range between 1800 to 1200 cm-1 

from (b) 13CO2 hydrogenation and (d) 12CO2 deuteration. 

Table 3.2. Vibrational modes and infrared peak positions (cm–1) of 13C-formate, -bicarbonate and -carbonate from 13CO2 

hydrogenation. 

Species 13C=O str. O–13C–O as. str. O–13C–O s. str. O–H b. 

H13COO–*-MSI 1700 1616 -- 1220 

Br-H13COO–*-Ru  1575 -- -- 

Bi-H13COO–*-Al2O3 -- -- -- -- 
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Table 3.3. Vibrational modes and infrared peak positions (cm–1) of D-formate, -bicarbonate and -carbonate from CO2 

hydrogenation in pure D2. 

Species C=O str. O–C–O as. str. O–C–O s. str. O–D b. 

DCOO–*-MSI 1705 1622 1410 -- 

Br-DCOO–*-Ru -- 1587 -- -- 

Bi-DCOO–*-Al2O3 -- 1560 -- -- 

DCO3-* 1684 1659 1436 1230 

CO32-* -- 1500 1450 -- 

Note: not labeled carbon is regular 12C. 

3.3.2.3 Reactivities of adsorption species during CO2 hydrogenation 

In-situ-HCOO–* 

To distinguish the formate from the ex-situ-HCOO–* in Section 3.3.1, we named the formate formed 

from CO2 hydrogenation process as in-situ-HCOO–*. Bi-HCOO–*-Al2O3 increased very slightly dur-

ing the whole reaction (Figure 3.6 (a)), indicating an inactive property. HCOO–*-MSI was abundant 

and stable up to 220 °C, after which it was consumed until its disappearance at 300 °C (Figure 3.6 

(b)), consistent with the result of the conversion equilibrium between HCOO–*-MSI and CO2
–* (Sec-

tion S3.2.1 in SI). Conversely, Br-HCOO–*-Ru increased from 70 to 150 °C, followed by a slow 

decrease (Figure 3.6 (c)), implying multiple kinetic steps. 

These in-situ-HCOO–* species exhibited different reactivities from ex-situ-HCOO–* species in the 

hydrogenation reaction. For in-situ-HCOO–*, Bi-HCOO–*-Al2O3 was inert; HCOO–*-MSI was the 

most reactive towards reduction; and Br-HCOO–*-Ru formed during the reaction until 150 °C and 

was then consumed. For ex-situ-HCOO–*, Bi-HCOO–*-Al2O3 and HCOO–*-MSI were the most re-

active towards reduction; Br-HCOO–*-Ru increased between 100 and 220 °C, followed by a decrease. 
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Therefore, the ex-situ-HCOO–* assists in the peak assignments for in-situ-HCOO–* but not in the 

prediction of the reactivities of the species. 

 

Figure 3.6. The fitting result of the evolution of (a) Bi-HCOO–*-Al2O3, (b) HCOO–*-MSI, (c) Br-HCOO–*-Ru during the 

CO2 hydrogenation. 

HCO3
–* and CO3

2–* 

HCO3
–* on Ru/Al2O3 decreased slowly below 130 °C, then accelerated until complete consumption 

at 300 °C (Figure 3.7 (a)). In comparison, HCO3
–* on Al2O3 was reduced at 100 °C and fully con-

verted at 160 °C (Figure S7 (a) and (b)). This illustrated that HCO3
–* was formed continuously on 

Ru/Al2O3 from CO2 until the CO2 concentration dropped, but could not be continuously formed on 

Al2O3. In addition, the peak intensity of HCO3
–* was much stronger on Ru/Al2O3 than on Al2O3. 

These implied that HCO3
–* on Ru/Al2O3 was formed at the MSI. HCO3

–* reduction showed a relation 

with CO3
2–* formation above 200 °C (Figure 3.7 (b)), indicating a deprotonation process. 
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Figure 3.7. The fitting result of the evolution of (a) HCO3
–*and (b) CO3

2–* during CO2 hydrogenation. 

CO* 

Five CO* on Ru/Al2O3 showed distinct reactivities. The linear-CO* on Ru0 was of negligible inten-

sity and invariable, while the linear-CO* on isolated Ru0 showed an accumulation till 150 °C and a 

consumption afterwards (Figure 3.8 (a)). The bridged-CO* exhibited an increase until 100 °C, fol-

lowed by a decrease up to the reach of an equilibrium level at 200 °C (Figure 3.8 (b)). These plots 

suggested that linear-CO* on Ru0 was inactive in CO2 hydrogenation reaction. The other four forms 

of CO* participate in the reaction, yet carrying distinct reactivities. It has been reported that the 

different peak position of CO* is the result of changed coverage of CO*.9,17 The peak red-shifted 

when CO* coverage increased. This happened by supplying low-pressure CO gas to single crystal-

line metal surfaces at a certain low temperature.18 However, in our reaction conditions, the broad 

CO* peak showed the evolution of subpeaks related to the kinetics of each adsorption structure of 

CO* during the reaction. Among those structures of CO*, linear-CO* on isolated Ru0, surrounded 

by partially oxidized Rud+, showed a longer accumulation and a faster reduction, indicating a higher 

reactivity than the other structures of CO*. 
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On the other hand, CO* on Al2O3 generated one broad and weak peak between 2200 and 2100 cm–

1. This peak disappeared after pumping to a vacuum (Figure S3.10), in accordance with results re-

ported for adsorbed CO* on metal oxides from CO gas.19 The weak adsorption and high frequency 

(> 2100 cm–1) of CO* on Al2O3 confirmed that the strong adsorption and low frequency (< 2100 cm–

1) of CO* on Ru/Al2O3 were adsorbed on Ru sites. 

 

Figure 3.8. The fitting result of the evolution of (a) linear-CO* and (b) bridged-CO* during the reaction. 

3.4 Conclusions 

We resolved comprehensively the strongly overlapped and controversial IR peaks of CO2 hydro-

genation reaction in DRIFTS by a bilevel evolutionary Gaussian fitting procedure. This procedure 

allowed the robust and automatic identification of the peaks and their evolution along the reaction 

coordinate with no need for manual intervention. This method helped to attribute the peaks to the 

right species, and gave the kinetic curves of those species directly. The isotopes 13C and D were used 

to assist the assignment of the infrared peaks. From the analysis of ex-situ-HCOO–* and CO2 hydro-

genation on Ru/Al2O3 and on Al2O3 surfaces, those kinetic curves of the resolved species revealed 

straightforwardly their reactivities during the reactions. In-situ-HCOO–* formed from CO2 hydro-
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of each adsorption structure being distinct from those of ex-situ-HCOO–*. During CO2 hydrogena-

tion, in-situ-HCOO–* adsorbed on the metal–support interface exhibited a high reactivity, similar to 

CO2 conversion; in-situ-HCOO–* adsorbed on Ru showed less reactivity, and in-situ-HCOO–* ad-

sorbed on Al2O3 was inactive. Bicarbonate also showed high reactivity, similar to CO2 conversion. 

CO* showed distinctive properties during CO2 hydrogenation, in that it was formed until the middle 

of the reaction and reduced afterwards. These results from BEGF analysis are identical to our previ-

ous work by manual iteration of Gaussian fitting. This BEGF method is not only suitable for IR 

spectra, but is universal for the deconvolution of overlapping spectra. 
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S3.1 HCOOH on Ru/Al2O3 and Al2O3 surfaces 

S3.1.1 HCOOH adsorption on Ru/Al2O3 and Al2O3 surfaces 

HCOOH on Ru/Al2O3 and Al2O3 surfaces at room temperature (RT) shows the strongest absorbance 

at 1748 cm–1, assigned to C=O asymmetric stretching (Figure S3.1). The relatively weak peak ob-

served at 1670 cm–1 is assigned to C=O symmetric stretching.1–23 The peaks between 1670 and 

1450 cm–1 are not obvious. The peaks at 1420–1380 cm–1 are a mixture of O–C–O symmetric stretch-

ing and C–H bending, needing to be identified by the variation trend of integrated intensity in the 

main text in Section 3.3.1.2. The peaks at 1360 and 1220 cm–1 are assigned to O–C–O symmetric 

stretching and O–H bending of adsorbed formate (HCOO–*), respectively.4,5 The peak at 2940 cm–1 

is a combination of O–C–O asymmetric stretching and C–H bending, and the peak at 2870 cm–1 is 

C–H asymmetric stretching.5,6 

After evacuating the superfluous HCOOH, we called the adsorbed formate ex-situ-HCOO–*, to dis-

tinguish it from the in-situ-HCOO–* produced during CO2 hydrogenation described in the main text, 

Section 3.3.2.  The peak of C=O asymmetric stretching red-shifted from 1748 cm-1 to 1720 and 

1710 cm–1 on Ru/Al2O3 and Al2O3 surfaces, respectively. The combinational vibration of O–C–O 

                                                
1 Chang, Y. T.; Yamaguchi, Y.; Miller, W. H.; Schaefer, H. F. An Analysis of the Infrared and Raman Spectra of the Formic 

Acid Dimer (HCOOH)2. J. Am. Chem. Soc. 1987, 109, 7245–7253. 

2 Pettersson, M.; Lundell, J.; Khriachtchev, L.; Räsänen M. IR Spectrum of the Other Rotamer of Formic Acid, cis-

HCOOH. J. Am. Chem. Soc. 1997, 119, 11715–11716. 

3 Reva, I. D.; Plokhotnichenko, A. M.; Radchenko, E. D.; Sheina, G. G.; Blagoi, Y. P. The IR Spectrum of Formic Acid in 

an Argon Matrix. Spectrochimi. Acta Part A: Mol. Spectrosc. 1994, 50, 1107–1111. 

4 Taifan, W.; Boily, J.-F.; Baltrusaitis, J. Surface Chemistry of Carbon Dioxide Revisited. Surf. Sci. Rep. 2016, 71, 595–

671. 

5 Busca, G.; Lamotte, J.; Lavalley, J. C.; Lorenzelli, V. FT-IR Study of the Adsorption and Transformation of Formaldehyde 

on Oxide Surfaces. J. Am. Chem. Soc. 1987, 109, 5197-5202. 

6 Roiaz, M.; Monachino, E.; Dri, C.; Greiner, M.; Knop-Gericke, A.; Schlögl, R.; Comelli, G.; Vesselli, E. Reverse Water–

Gas Shift or Sabatier Methanation on Ni(110)? Stable Surface Species at Near-Ambient Pressure. J. Am. Chem. Soc. 

2016, 138, 4146–4154. 
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asymmetric stretching and C–H bending also red-shifted from 2940 to 2912 cm–1 on both surfaces. 

The O–H bending peak weakened on both surfaces.  

One of the most interesting observations following evacuation is the protrusion of peaks at 1618 and 

1560 cm–1, assigned to O–C–O asymmetric stretching of formate.5–7 The ratio of peak intensity of 

the 1618 and 1560 cm–1 peaks on Ru/Al2O3 was apparently much larger than that on Al2O3. Therefore, 

the peak at 1560 cm–1 is ascribed to formate on the support Al2O3, and the peak at 1618 cm–1 is 

ascribed to formate on Ru or the metal-support interface (MSI) of Ru/Al2O3. Another distinctive 

difference between the HCOOH adsorption on Ru/Al2O3 and Al2O3 surfaces is the feature of CO2: 

on Al2O3, the peak centered at 2350 cm–1 is typically CO2 asymmetric stretching, accompanied by 

the weak symmetric stretching and fermi resonance at 1387 and 1288 cm–1, respectively; whereas on 

Ru/Al2O3, CO2 peaks are absent. This indicates that some formate on Al2O3 decomposed to CO2 at 

RT. Combined with the phenomenon of weakened intensity of O–C–O asymmetric stretching at 

1618 cm–1 from Ru/Al2O3 to Al2O3, we conjecture that this O–C–O asymmetric stretching is in equi-

librium between formate and CO2 at MSI (𝐻𝐶𝑂𝑂<∗ ⇌ 𝐶𝑂,<∗ + 𝐻∗ ⇌ 𝐶𝑂, + 𝐻∗). When attached to 

Al2O3 sites, this formate decomposes to CO2; when attached to Ru sites, it retains its integrity. 

 

                                                
7 Marwood, M.; Doepper, R.; Renken, A. In-Situ Surface and Gas Phase Analysis for Kinetic Studies under Transient 

Conditions the Catalytic Hydrogenation of CO2. Appl. Catal. A Gen. 1997, 151, 223-246. 
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Figure S3.1. Infrared spectra of HCOOH adsorption on Ru/Al2O3 (red lines) and on Al2O3 (blue lines) in air and in vacuum 

by pumping to low vacuum of 5 ´ 10–3 mbar.  

S3.1.2 Evolution of adsorption state during ex-situ-HCOO–* hydrogenation on Al2O3 

On Al2O3, the peak intensities of Br-HCOO–*-Al2O3, with the main peak at 1560 cm–1, decreased 

slowly with temperature (Figure S3.2 (b)). The peak intensities of Br-HCOO–*-Al2O3, with the main 

peak at 1618 cm–1, are weak, and do not vary obviously (Figure S3.2 (c)). The C=O asymmetric 

stretching at 1710 cm–1 decreased the most obviously (Figure S3.2 (d)). The intensity of C–H stretch-

ing at 2870 cm–1 increased below 250 °C followed by a decrease; the combinational vibration at 

2912 cm–1 red-shifted to 2895 cm–1, with the intensity varying the same as the C–H stretching mode; 

the combination of O–C–O symmetric stretching and C–H bending  showed up at 2760 cm–1, also 

with the same intensity trend as the C–H stretching (Figure S3.2 (d)). 

Gaseous CO formed at 200 °C (Figure S3.2 (e)), represented by the occurrence of the rotational-

vibrational peaks centered at 2142 cm–1. Adsorbed CO2 maintained equilibrium in the whole process 

(Figure S3.2 (f)), represented by the unchanged peak intensity of O=C=O symmetric stretching and 

resonance at 1387 and 1288 cm–1. The bond vibration of the CO2 produced could be the reason for 

the increase in intensity of the combinational vibrations. 

Therefore, HCOO–* hydrogenation on Al2O3 produced only gaseous CO. No CH4 was observed.  
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Figure S3.2. The fitting result of ex-situ-HCOO–* hydrogenation on Al2O3. (a) The fitted spectra at separated ranges from 

100 to 300 °C. The evolution of (b) Bi-HCOO–*-Al2O3 (c) HCOO–*-MSI at Al2O3 sites, (d) C=O asymmetric stretching 

and C–H stretching and C–H combination, (e) gaseous CO at 2142 cm–1
 and adsorbed CO2* at 1387 cm-1 during the reac-

tion. 
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S3.1.3 Evolution of adsorption state during ex-situ-HCOO–* hydrogenation on Ru/Al2O3 

 

Figure S3.3. The experimental spectra of ex-situ-HCOO–* hydrogenation on Ru/Al2O3 (black circles) with fitted peaks 

(colored lines) in the ranges 3035–3000, 2960–2820, 2800–2700, 2390–2300, 2090–1830, 1770–1538, and 1440–1360 cm–

1. 
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Figure S3.4. The evolution of the generations during the reaction of ex-situ-HCOO–* hydrogenation on Ru/Al2O3. (a) 

linear-CO* at 2015 and 2050 cm-1, bridged-CO* at 1990, 1950 and 1900 cm-1,  and (b) gaseous CO2 centered at 2350 cm-

1 and gaseous CH4 centered at 3016 cm-1.  
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S3.2. Other supplementary figures 

 

Figure S3.5. FT-IR transmittance of Na2CO3, CaCO3, KHCO3 and NaHCO3. 

 

Figure S3.6. The error evolution approaching convergence as a function of time for fitting the spectra set of CO2 hydro-

genation on Ru/Al2O3 in the range of 1780–1535 cm–1 from 20–300 °C by BEGF. 
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Figure S3.7. (a) DRIFT spectra of CO2 hydrogenation on Al2O3. Evolution of (b) HCO3
–*, (c) Bi-HCOO–*-Al2O3 during 

the reaction. 
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Figure S3.8. The infrared spectra of CO2 adsorption (200 mbar CO2 and 800 mbar He) and its co-adsorption with H2 (200 

mbar CO2 and 800 mbar H2) on Al2O3 at RT under 1 bar.  

S3.3 Global optimization by evolutionary algorithms8 

Evolutionary algorithms, inspired by biological evolution, are generic, stochastic, derivative-free, 

population-based, direct search techniques. They often perform better than derivative-based deter-

ministic algorithms for solving complex non-linear optimization problems, even with multi-modal, 

noncontinuous objective functions, incoherent solution space and discrete decision variables; more-

over, global optimality, although not guaranteed, can be closely approached within a limited number 

of function evaluations. Genetic algorithms are one type of evolutionary algorithm. 

As given in Figure S3.9, the basic run of an evolution algorithm starts from an initialization, in which 

a set (population) of candidate solutions (individuals) with randomly generated decision variables 

are proposed and evaluated for assigning the finesses (the objective function value, if feasible; oth-

erwise, a penalty value). Afterwards, for evolving the current parent population to an offspring pop-

ulation, the algorithm starts an iteration loop of parent selection, recombination (crossover), mutation, 

evaluation and offspring selection. To produce each new individual, based on the fitness values, one 

                                                
8 Doctoral thesis: Ligang Wang, et al. Thermo-economic Evaluation, Optimization and Synthesis of Large-scale Coal-fired 
Power Plants, Doctoral thesis, Technical University of Berlin, 2016, https://depositonce.tu-berlin.de/handle/11303/5852. 
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or more parents are selected to have crossover and mutation. A crossover operation takes place ran-

domly and reassembles parts of the selected parents, whereas a mutation operation performs a small 

random perturbation of one individual. The newly-born offspring are then evaluated; finally, a rank-

ing of offspring (and parent) individuals is performed, so that those individuals with larger possibility 

of leading to the optimality survive and are selected as the offspring population. The iteration con-

tinues until a termination criterion, e.g., a limit of computation time or total fitness-evaluation num-

ber, is reached. 

 

Figure S3.9. Flowchart of an evolutionary algorithm1 

Selection, crossover and mutation are three genetic operators of evolutionary algorithms for main-

taining local intensification and diversification of the search. Different strategies on these three as-

pects lead to a variety of evolutionary algorithms. Selection strategy exerts influence mainly on pop-

ulation diversity. One commonly used strategy of selection is the (µ + λ)-selection proposed in evo-

lution strategies, where µ and λ, satisfying 1 ≤ µ ≤ λ, denote the sizes of parent and offspring popu-

lations, respectively. Selection ranks the fitness of all µ + λ individuals and takes the µ best individ-

uals. 

Depending on the search space and objective function, the crossover and/or the mutation may or may 

not occur in specific instantiations of the algorithm. Crossover intensifies the local search but is not 

essential, as self-adaption of individuals is available due to mutation, which, in contrast, is usually 

dispensable to avoid premature convergence toward sub-optimal solutions. There are different mech-

anisms of crossover and mutation. For example, a genetic algorithm usually employs bit strings to 

represent variables. 
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Abstract 

CO2 hydrogenation over catalysts is a potentially exciting method to produce fuels while closing the 

CO2 cycle and mitigating global warming. The mechanism of this process has been controversial due 

to the difficulty in clearly identifying the species present and distinguishing which are reaction in-

termediates and which are byproducts. We in situ manipulated the independent formation and hy-

drogenation of each adsorption species produced in CO2 hydrogenation reaction over Ru/Al2O3 using 

operando diffuse reflectance infrared Fourier transformation spectroscopy (DRIFTS) and executed 

a novel iterative Gaussian fitting procedure. The adsorption species and their role in CO2 hydrogena-

tion reaction have been clearly identified. The adsorbed carbon monoxide (CO*) of four reactive 

structures was the key intermediate of methane (CH4) production. Bicarbonate (HCO3
-*), formed on 

the metal-support interface, appeared to be not only the primary product of CO2 chemisorption, but 

also a reservoir of CO*, and consisted the dominate reaction steps of CO2 methanation from the 

interface to the metal surface. Bidentate formate (Bi-HCOO-*) formed on Ru under a certain condi-

tion, consecutively converting to CO* to merge into the subsequent methanation process. Nonreac-

tive byproducts of the reaction were also identified. The evolution of the surface species revealed the 

essential steps of the CO2 activation and hydrogenation reactions which inevitably initiated from 

HCO3
-* to CO* and finally from CO* to CH4. 

  

H
C
O
Ru

Al2O3
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4.1 Introduction 

CO2 reduction by H2 is a promising way to store hydrogen energy in hydrocarbons, producing syn-

thetic fuels that exhibit the same energy density as fossil fuels to meet the increasing energy de-

mands.1,2 Moreover, the use of CO2 as feedstock allows closure of the CO2 cycle, reducing CO2 

emission and alleviating global warming. The mechanisms of CO2 hydrogenation have been widely 

investigated on supported group VIII metals such as Ni, Ru and Rh.3-8 One of the principal analytical 

methods used is infrared spectroscopy, particularly diffuse reflectance infrared Fourier transfor-

mation spectroscopy (DRIFTS) for studying both the gaseous phase and the adsorption species on 

the catalyst surface. The main product is commonly found to be gaseous CH4. However, various 

reaction mechanisms have been proposed referring to different intermediates. Gaseous CO and ad-

sorbed CO* were considered as important intermediates of CO2 methanation because the well-known 

reversed water gas shift (RWGS) reaction could take place in the path of CH4 production.9-12 Some 

research has found that gaseous CO is not an intermediate as CO2 produced without visible occur-

rence of gaseous CO.13,14 Instead, the adsorbed CO*, which is formed via surface RWGS reaction, 

is more favorable to be the intermediate as the adsorbed CO* exhibits relation with CH4 formation.15-

19 However, other research also support that the adsorbed formate (HCOO-*) is the intermediate 

rather than CO*.20 The mechanism of CO2 hydrogenation is still controversial.  

There are two key problems with the previous work: difficulties in the definitive determination of 

the species appeared during the reaction, and difficulty with knowing whether a given species is an 

intermediate or a byproduct of CO2 methanation. 

To address the first problem, we resolved the peaks of the adsorbates using Gaussian fittings which 

were iteratively improved to produce a consistent view of the trends in observed species. To address 

the second problem, we controlled the formation of each adsorption species in situ, following by 

reducing the obtained adsorption species individually in H2 to monitor their role in hydrogenation 

process. This allowed us to trace the origin and reaction path of each adsorption species, and to 

determine the key intermediate of CO2 methanation. We found that the essential pathway of CO2 

activation was CO2 ® HCO3
-* ® CO* whether H2 was present or not. The surface RWGS reaction 

and HCOO-* contributed to CO* formation only when the system had abundant CO2 and H2. CO* 

was the key intermediates of CO2 methanation. Besides, the reactivities of the adsorption species 

were adsorption structure-dependent. 
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4.2 Experimental Section 

Chemicals and Apparatus. The experiments were performed on ground Ru/Al2O3 (Sigma-Aldrich, 

0.5 wt.% loading on 3.2 mm pellets) or Al2O3 (Sigma-Aldrich). The infrared spectra were recorded 

using a Bruker Tensor 27 spectrophotometer with a resolution of 2 cm-1, equipped with the Praying 

Mantis accessory and high-temperature reaction chamber (HVC) from Harrick Scientific for the dif-

fuse reflectance infrared Fourier transformation spectroscopy (DRIFTS). The chamber was con-

nected to He (purity 99.999%), H2 (purity 99.999%) and CO2 (purity 99.998%) gas lines and a tur-

bomolecular pump. The tubing and the chamber were heated at 100 °C under vacuum overnight after 

loading the sample. The background pressure was 1´10-5 mbar. The spectrophotometer was contin-

uously flushed with clean dry compressed air. 

Sample Preparation. Ru/Al2O3 and Al2O3 was pre-reduced in the DRIFTS cell in H2 flow with 

heating from room temperature (RT) to 350 °C at a heating rate of 2 °C/min and maintained at 350 °C 

for 4 h to remove the surface oxides on the Ru metal. The sample was then allowed to cool to RT in 

H2 flow. A high vacuum of 1´10-5 mbar was recovered after pumping.  

Experiments Performed. Following the pretreatment, seven sets of experiments were done: Exp. I 

CO2 hydrogenation reaction. This was initiated by mixing 200 mbar of CO2 and 800 mbar of H2 at 

RT, and heated to 300 °C with a rate of 1 °C/min on both Ru/Al2O3 and Al2O3. Exp. II CO2 adsorp-

tion reaction. This was initiated by mixing 200 mbar of CO2 and 800 mbar of He at RT, followed by 

heating to 300 °C with a rate of 1 °C/min on both Ru/Al2O3 and Al2O3. Exp. III HCO3
-* decompo-

sition reaction. This was initiated by mixing 200 mbar of CO2 and 800 mbar of He at RT, followed 

by pumping to high vacuum of 5´10-5 mbar, then heating to 300 °C with a rate of 1 °C/min on 

Ru/Al2O3. Exp. IV CO* hydrogenation. This was obtained directly from HCO3
-* decomposition 

experiment at 300 °C, followed by cooling down to RT, then filling with 1 bar of H2 and heating to 

300 °C with a rate of 1 °C/min on Ru/Al2O3. Exp. V HCO3
-* hydrogenation reaction. This was 

initiated by mixing 200 mbar of CO2 and 800 mbar of He at RT, followed by pumping to high vac-

uum of 5´10-5 mbar, then filling the cell with 1 bar of H2 and heating to 300 °C with a rate of 1 °C/min 

on Ru/Al2O3. There are also two experiments which were done without reducing the surface: Exp. 

VI HCOOH adsorption. HCOOH was obtained from external HCOOH droplet. The HCOOH droplet 

was added on the sample of Ru/Al2O3 and Al2O3 in air. Afterwards, the sample was pumped to low 

vacuum of 5´10-3 mbar over 24h at RT. Exp. VII HCOOH hydrogenation. To determine the 
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hydrogenation properties of HCOOH on Ru/Al2O3 and Al2O3, the samples were exposed to 1 bar of 

H2 after Exp VI, and then heated to 300 °C with a rate of 1 °C/min. 

In addition, solid reference samples of Na2CO3, CaCO3, NaHCO3 and KHCO3 were analyzed by 

transmission FT-IR to obtain the infrared bands of CO3
2- and HCO3

-.  

Gaussian fittings. Four regions were separately fitted: 2100 ~ 1800 cm-1, 1800  ~ 1530 cm-1, 1530  

~ 1420 cm-1, 1420  ~ 1350 cm-1. The baseline of each region was taken as a linear function. The 

position, width and height of each Gaussian contribution were all constrained. The initial values of 

these constraints were taken from a combination of an estimation of the peak ranges observed in the 

spectra and the measured peaks of the reference samples. These initial parameters were used to sim-

ulate all the peaks in these ranges from all the experiments. The results of a fitting run were used to 

give the new values of parameters and constraint ranges for the next fitting run. This process was 

iterated manually hundreds of times until two criteria were met: (1) all the peaks followed regular 

and physically meaningful trends as the reaction proceeded; and (2) subsequently fits did not change 

the parameters of the peak position, height, and width. 

The combination of the measurement of the reference samples and the Gaussian fittings through the 

reaction coordination helped to identify and assign the observed peaks.  

4.3 Results and Discussions 

4.3.1 Correlations of coexisting adsorption species in the CO2 hydrogenation reaction 

In order to learn what species comes out during CO2 hydrogenation, we triggered CO2 hydrogenation 

reaction on Ru/Al2O3 by mixing CO2 and H2 followed by program heating (Exp. I).  Figure 4.1(a) 

shows the main reaction of CO2 converting to CH4 from 100 °C. The variations in the complex peaks 

below 2200 cm-1 suggest the development of adsorption species from CO2 and H2 co-adsorption 

during the hydrogenation reaction. The peaks were distinguished in three regions: C-O stretching of 

adsorbed carbon monoxide (CO*) between 2100 and 1800 cm-1; O-C-O stretching of adsorbed bi-

carbonates (HCO3
-*), carbonates (CO3

2-*) and formate (HCOO-*) between 1700 and 1400 cm-1; and 

C-H and O-H bending between 1400 and 1200 cm-1 (Fig 1(a)). To identify the infrared peaks, we 

measured reference samples of carbonates, bicarbonates, and surface formic acid on Ru/Al2O3 and 

Al2O3 (Figure S4.1 and S4.2). More importantly, we resolved the peaks of the adsorbates of each 
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reaction using Gaussian fittings (Figure S4.3). The peak assignments are summarized in Table 4.1 

based on the combination of reference peaks and gaussian fittings.  

 

Figure 4.1. (a) Infrared absorbance spectra with the insertion of CO2 to CH4 conversion during CO2 hydrogenation (Exp. 

I). And evolution of adsorption species of (b) HCO3
-* with peak at 1650 cm-1 and CO3

2-* with peak at 1450 cm-1 located 

at MSI, (c) R-CO* on Ru, (d) Bi-HCOO-* on Ru, Br- and Br-HCOO-* on Ru, and Bi-HCOO-* on Al2O3. In (b)-(d), circles 

are the original data of integrated peak intensity from Gaussian fittings, and the lines are the non-linear fittings of those 

original data.  

At RT, four types of adsorption species were formed during the CO2 hydrogenation reaction on 

Ru/Al2O3: HCO3
-*, CO3

2-*, CO*, and HCOO-*. HCO3
-* were formed by reaction of CO2 with the 

surface hydroxyl groups on the Al2O3 support following the H2 pretreatment. The intensity of HCO3
-

* was larger on Ru/Al2O3 than on bare Al2O3, and HCO3
-* on Al2O3 could not be continuously 

formed from CO2 on Al2O3 (Figure S4.4 and S4.5),  indicating the adsorption of HCO3
-* is increased 

by the metal-support interface (MSI). As shown in Figure 4.1(b), during the temperature ramp the 

concentration of HCO3
-* was initially constant and started to decrease above about 150 °C. CO3

2-* 

increased gradually with increasing temperature above 200 °C, the increase most likely came from 

HCO3
-* deprotonation. Assuming that the peak intensities for O-C-O stretching are similar in HCO3

-

* and CO3
2-* at the same site and coverage, the much lower intensity of CO3

2-* indicates that only 

some of the HCO3
-* decomposed to CO3

2-*, and the remaining HCO3
-* molecules were consumed 

in other processes, for instance desorption or decomposition.  

Reactive CO* (R-CO*) with the peaks at 2015, 1990, 1950, and 1905 cm-1 (Table 4.1 and Figure 

S4.6) increased from RT up to 150 °C (Figure 4.1(c)) and then decreased, indicating that its 
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production was slower than its consumption above 150 °C. At 220 °C, R-CO* concentration leveled 

off, possibly because a new route of R-CO* production became active. Nevertheless, linear-CO* on 

Ru0 at 2035 cm-1 (Table 4.1) remained constant throughout the entire experiment, indicating the inert 

character of this species (Figure S4.6). It has been reported that hydrogen-perturbed CO could locate 

in the range between 1840 – 1700 cm-1, and could be H2CO species or carbonyl hydrides and 

formyl/formaldehyde.21,22 In our case, we did not have peaks between that region as shown in Figure 

S4.6. The discrepancy between the reference and our work could be originated by the different ef-

fects of different catalyst surfaces which are sensitive/selective to the different adsorption species.  

HCOO-* is present in three forms (bidentate on Ru with a high frequency of 1620 cm-1, bridged on 

Ru with a frequency of 1590 cm-1 and bidentate on Al2O3 with a frequency of 1560 cm-1 (Table 4.1). 

Bidentate-HCOO-* (Bi-HCOO-*) on Ru was abundant and stable up to 220 °C, after which it was 

consumed and completely disappeared at 300 °C. Conversely, bridged-HCOO-* (Br-HCOO-*) on 

Ru, increased from 70 to 160 °C, followed by a slow decrease (Figure 4.1 (d)). Bidentate-HCOO-* 

(Bi-HCOO-*) on Al2O3 showed only one weak peak at 1560 cm-1 (Figure 4.1 (d)). The slight increase 

in production of this species, instead of consumption, indicates it is not reactive during CO2 hydro-

genation. 

4.3.2 Unraveling the roles of individual species using in situ control 

The temperature-dependent evolution of the abovementioned species shows correlations with the 

CO2 methanation reaction. However, their simultaneous existence makes the determination of their 

origins and roles in the reaction equivocal. To unravel these mysteries, we isolate the adsorption 

species step by step in the following sections. 
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Figure 4.2. (a) HCO3
-* and CO3

2-*, (b) R-CO*, (c) three structural HCOO -* during CO2 adsorption reaction (Exp. II); (d) 

HCO3
-* and CO3

2-*, (e) R-CO* during HCO3
-* decomposition (Exp. III). The peak positions were the same as in Figure 

4.1. The circles are the original data of integrated peak intensity from Gaussian fittings, and the lines are the non-linear 

fittings of those original data. 

4.3.2.1 Interactions of CO2 and the surface 

We first investigated the interactions between CO2 and the surface by replacing H2 with He, keeping 

all other conditions the same (Exp. II). The results are shown in Figure 4.2(a)-(c). At RT, HCO3
-* 

was the main species formed when the surface was exposed in CO2, indicating that it is the primary 

product of CO2 adsorption (Figure 4.2(a)). HCO3
-* decreased almost linearly with increasing tem-

perature after 50 °C. Simultaneously, CO3
2-* increased almost linearly with increasing temperature. 

These trends are similar as those in the CO2 hydrogenation reaction Figure 4.1(b). The higher ratio 

of CO3
2-*/HCO3

-* for CO2 adsorption than that for CO2 hydrogenation reflects the more favorable 

deprotonation of HCO3
-* in H2-deficient condition.  

All the CO* showed the same peaks as those in CO2 hydrogenation except for a 25 cm-1 redshift of 

the peak of linear-CO* at 2035 cm-1 (Figure S4.7). This redshift was probably due to the adsorption 

of linear-CO* onto the oxidized metal surface (Rud+) in a hydrogen-deficient environment. This lin-

ear-CO* at 2035 cm-1 showed no change in the whole process, as same insensitiveness as in CO2 
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hydrogenation reaction (Figure S4.7). Notably, R-CO* increased above 150 °C (Figure 4.2(b)). This 

increase in R-CO* production explains the plateau in R-CO* concentration starting at 220 °C in CO2 

hydrogenation (Figure 4.1(c)). However, whether these CO* was produced from the decomposition 

of CO2 or HCO3
-* is not clear yet and needed further controlling experiments. 

Bi-HCOO-* on Ru at RT had much weaker intensity (Figure 4.2(c)) than the corresponding intensity 

when H2 was present (Figure 4.1(d)). The intensity decreased with increasing temperature until com-

plete disappearance at 220 °C. We speculate that Bi-HCOO-* is not formed from HCO3
-* since 

HCOO-* does not increase when HCO3
-* decreases. Rather, Bi-HCOO-* must be formed by CO2 

reacting with adsorbed H atoms on the surface. Thus, we conclude that there must be a small amount 

of residual H atoms present in this experiment, and that the small concentration of H explains the 

small concentration of Bi-HCOO-*. Br-HCOO-* on Ru was almost invisible, indicating that CO2, 

HCO3
-* and CO* do not form Br-HCOO-* in a hydrogen-deficient environment. Bi-HCOO-* on 

Al2O3 slightly increased above 150 °C when Bi-HCOO-* on Ru disappeared possibly due to migra-

tion of Bi-HCOO-* on Ru to Al2O3 support.15  

4.3.2.2 In situ isolation and decomposition of HCO3
-*   

To determine whether CO* was formed from the decomposition of CO2 or HCO3
-*, we pumped out 

the gases after CO2 adsorption at RT (Exp. III). In this way, we produced a surface exclusively cov-

ered by HCO3
-* at RT. The catalyst was then heated. Broadly speaking, during heating HCO3

-* de-

creased (Figure 4.2(d)) starting from 130 °C and there was a corresponding increase in R-CO* con-

centration (Figure 4.2(e)), excluding the inert linear-CO* at 2065 cm-1 (Figure S4.8). Thus, we con-

clude that the R-CO* originates from HCO3
-* and not from CO2. The 20 °C-lower temperature than 

the onset temperature of R-CO* formation in CO2 adsorption reaction (Figure 4.2(b)) is probably the 

reason of released active sites in high vacuum. We currently do not have an explanation for the 

increase in HCO3
-* at the beginning of the temperature ramp, but the broad conclusion stands. 

4.3.2.3 In situ isolation and hydrogenation of CO* 

To find out which adsorption species can react to form CH4, we hydrogenated them separately by 

preparing them individually with in situ control.  
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Figure 4.3. (a) Production of CH4 and (b) reduction of CO* during R-CO* hydrogenation (Exp. IV). Evolution of (c) HCO3
-

* and CO3
2-*, (d) R-CO*, (e) three structural HCOO-*, (f) CH4 during HCO3

-* hydrogenation (Exp. V). The peak positions 

were the same as in Figure 1. The circles are the original data of integrated peak intensity from Gaussian fittings, and the 

lines are the non-linear fittings of those original data. 

We first isolated all the CO* in situ from HCO3
-* decomposition following the process shown in 

Figure 4.2(d) and (e) and cooling to RT. 1 bar of H2 was then filled followed by program heating 

(Exp. IV). As shown in Figure 4.3(a) and (b), R-CO* decreased and CH4 increased starting at 120 °C. 

Note that this onset temperature is 20 °C higher than that observed in the CO2 hydrogenation reaction 

(Figure 4.1(a)) probably because of the lower R-CO* concentration in this case. Linear-CO* at 2040 

cm-1 was still inert in this hydrogenation process (Figure S4.9). Thus, we conclude R-CO* is clearly 

an intermediate in the CH4 formation reaction while the linear-CO* above 2035 cm-1 is a byproduct.  

4.3.2.4 In situ isolation and hydrogenation of HCO3
-* 

Next, we investigate whether HCO3
-* is an intermediate. HCO3

-* was obtained in situ from CO2 

adsorption followed by pumping to high vacuum at RT (Exp. V). As shown in Figure 4.3(c)-(e), 

when the sample was heated in H2, HCO3
-* concentration decreased immediately till completely 

consumed by 150 °C. Meanwhile, R-CO* and Bi-HCOO-* on Ru immediately produced at RT. 

There is a corresponding increase in the concentration of R-CO* which is the result of surface RWGS 
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reaction triggered by HCO3
-* hydrogenation at MSI. Thus, we conclude that HCO3

-* is an interme-

diate in the overall reaction, producing CO* which is subsequently converted to CH4 (Figure 4.3(f)). 

4.3.2.5 The role of HCOO-* 

Finally, we consider whether HCOO-* is an intermediate. Unfortunately, we were unable to produce 

isolated HCOO-* by in situ control because HCO3
-* was always present when HCOO-* was produced. 

Nonetheless, we have evidence that Bi-HCOO-* on Ru formed in our in situ control is a reaction 

intermediate. Figure 4.1(d) shows that in CO2 hydrogenation reaction Bi-HCOO-* on Ru formed 

from CO2 hydrogenation, and was consumed in the same shape of the reactive species of CO2, HCO3
-

* and R-CO* above 220 °C. This consumption could involve the formation reaction of CO* or CH4.  

In Figure 4.3(e) when there was no CO2, Bi-HCOO-* on Ru formed by the previous step of CO2 

adsorption reacting with residual hydrogen on the surface. Bi-HCOO-* on Ru started to decrease at 

a 40 °C-lower temperature than the onset temperature of CH4 formation. Therefore, we conclude Bi-

HCOO-* on Ru is reduced by hydrogen to form CO* instead of directly to CH4. Additionally, Bi-

HCOO-* on Ru could convert to bridged form on Ru from 70 to 160 °C as illustrated in Figure 4.1(d) 

and Figure 4.3(e). This Br-HCOO-* on Ru could be reduced above 160 °C but not completely when 

it was abundant (Figure 4.1(d)). However, it kept constant above 160 °C when it had low concentra-

tion. These imply Br-HCOO-* on Ru has a high activation energy of hydrogenation. Bi-HCOO-* on 

Al2O3 was a byproduct as it always slowly increased by the migration of those HCOO-* on Ru in all 

the experiments.  

The distinct reactivities between the HCOO-* of different adsorption structures on Ru can be under-

stood by atomic structure of the surface. The distance between neighboring Ru atoms in a hexagonal 

structure is 2.71 Å, while the distance between the two oxygen atoms of formate is 2.20 Å. These 

two comparable distances facilitate adsorption of the bridged structure of formate to the surface of 

the bulk Ru, where the two oxygen atoms bind to two adjacent Ru atoms. A larger distance between 

Ru atoms, e.g. at the edge or defect where some Ru atoms are isolated, is required to accept Bi-

HCOO-* on Ru so that two oxygen atoms bind to one Ru atom. Therefore, the bulk sites of the 

surface result in the stable Br-HCOO-* on Ru, and the edge or defect centers promote the high reac-

tivity of Bi-HCOO-* on Ru. 

We also prepared isolated HCOO-* by ex situ application of a drop of HCOOH to the sample in air 

followed by pumping to vacuum. All the forms of HCOO-* on Ru/Al2O3 were reactive and started 

to form CO* above 150 °C (Figure S4.2). Above 220 °C, Bi-HCOO-* on Ru and on Al2O3 were 
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substantially reduced, leading to CO* formation slowing down and CH4 formation. Br-HCOO-* on 

Ru was not reduced completely. The ex situ experiment supports the conclusion that Bi-HCOO-* on 

Ru is a reaction intermediate and Br-HCOO-* on Ru possesses high activation energy of reduction; 

but, on the other hand, it showed a discrepancy with the in situ experiment where Bi-HCOO-* on 

Al2O3 was also reactive. The discrepancy is not surprising given that the ex situ experiment involved 

exposure to air and the high acidity of the sample. The discrepancy points out the danger of obtaining 

misleading results by ex situ preparation. 

 

Figure 4.4 Schema of the hydrogenation steps of CO2 on Ru/Al2O3. 
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Table 4.1. Vibrational modes and infrared peak positions (cm-1) of the reference samples and the reaction species from this 

work. 

Species C-H as. str. 
C-H 

b. 

C=O 

str. 
O-C-O as. str. 

O-C-O 

s. str. 

O-C-O 

b. 

O-H 

b. 

C-OH 

str. 

CO32- -- -- 1776 1454 1454 880 -- -- 

CO32-*†23 -- -- -- 1500 1450 -- -- -- 

HCO3- -- -- 1695 1650, 1630 
1402, 

1371 
-- 1305 1007 

HCO3-*†20, 23-27 -- -- 1690 1650 1440 -- 1230 -- 

HCOOH†28-30 2940, 2871 1415 
1748, 

1670 

1620; 

1560 (on Al2O3)  

1405, 

1360 
-- 1220 970 

Bi-HCOO-* on Ru 
2913, 2895, 

2870 
1390 1720 1620  1405 -- 1220 970 

Br-HCOO-* on Ru 
2913, 2895, 

2870 
1390 1720 1590 1375 -- 1220 970 

Bi-HCOO-* on Al2O3†31 
2918, 2895, 

2870 
1387 1710 1560 1360 -- 1230 970 
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Table 4.2 Vibrational modes and infrared peak positions (cm-1) of CO* from this work. 

Species CºO as. str. 

Linear-CO* on Rud+†26,30,32-35 2060 

Linear-CO* on Ru0†26,30,32-35 2035 

Linear-CO* on Ru0/Rud+†26,30,32-35 2015 

Bridged-CO* on Ru†26,30,32-35 1990, 1950, 1905 

Gaseous CO 2150 

str.: stretching. as.: asymmetric. s.: symmetric. b.: bending. (w): weak. *: adsorbed state. †the corresponding bond vibrations 

and infrared peak positions are comparable to the given references. 

The way of distinguish bidentate and bridged structures of formate: bidentate-HCOO-* has the splitting value of O-C-O 

asymmetric (nas) and symmetric (ns) stretching Dn = nas – ns less than 220 cm-1; bridged-HCOO-* has  Dn in the range of 

220 – 280 cm-1.36 

4.4 Conclusions 

The results we have just described, can be understood in terms of the reaction mechanisms summa-

rized in Figure 4.4. There are two pathways to CO2 methanation. One is initiated by HCO3
-* for-

mation, illustrated by the green arrow. The other is initiated by the formation Bi-HCOO-* on Ru, 

illustrated by the orange arrow. In the HCO3
-* pathway, first, HCO3

-* is formed at RT when CO2 

adsorbs and reacts with the surface hydroxyl groups on the metal-support interface which originated 

from the H2 pre-reduction of the surface. Next, the HCO3
-* is reduced to CO* by hydrogen at RT. 

HCO3
-* also produces CO* via thermal decomposition above 130 °C in high vacuum and above to 

170 °C in a CO2 and H2 rich environment. The temperature shift is due to competition for adsorption 

sites. In the Bi-HCOO-* pathway, the first step is the reaction of CO2 and hydrogen to produce Bi-

HCOO-* on Ru at RT. This species then reacts with hydrogen to produce CO* on Ru at RT. Alter-

natively, Bi-HCOO-* on Ru converts to more stable Br-HCOO-* on Ru which has a higher activation 
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energy to reaction and does not fully convert under our conditions (not shown in the figure). In both 

pathways, the final process is the hydrogenation of R-CO* to CH4 above 100 °C. R-CO* is conse-

quently a key intermediate in CO2 methanation. 

In addition to the pathways leading to CH4 formation, there are also notable side reactions that lead 

to non-reactive byproducts. As shown by the black arrow on the right side of Figure 4.4, HCO3
-* 

decomposes to CO3
2-* at 50 °C in a hydrogen-deficient environment, and 200 °C in hydrogen-rich 

environment. The black arrow on the left side of Figure 4.4 shows Bi-HCOO-* on Ru converts to 

Bi-HCOO-* on Al2O3. Besides, linear-CO* on Ru0 forms along with R-CO*, but also insensitive to 

the hydrogenation reaction (not shown in the figure). 

In summary, we unraveled surface reaction mechanism of CO2 hydrogenation via in situ control of 

the individual formation and hydrogenation of each adsorption species in operando DRIFTS com-

bined with iterative Gaussian fitting. CO2 ® HCO3
-* ® CO* ® CH4 is the dominate reaction step 

which takes place from the metal-support interface to the metal surface. This enlightens us the effec-

tive pathway and surface sites for CO2 methanation.  
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Figure S4.1. (a) FT-IR transmittance of Na2CO3, CaCO3, KHCO3 and NaHCO3. (b) Infrared spectra of Exp. VI adsorption 

of HCOOH on Ru/Al2O3 and Al2O3 in air followed by pumping to low vacuum.  

 

Figure S4.2. Infrared spectra of Exp. VII HCOOH hydrogenation on (a) Ru/Al2O3 and (b) Al2O3. Variations of the peak 

positions with temperature on (c) Ru/Al2O3 and (d) Al2O3. The infrared peaks at 1991-1905 cm-1 represent the bridged-

CO* on Ru, the peak of 3016 cm-1 represents CH4, the peaks at 1620, 1590, 1560 cm-1 represent bidentate-HCOO-* on 

Ru, bridged-HCOO-* on Ru, and bidentate-HCOO-* on Al2O3 respectively. 
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Figure S4.3. Gaussian fitting examples in the range of 1780~1600 cm-1 (upper panel) and 2070~1845 cm-1 (bottom panel)  

under 200 mbar CO2 and 800 mbar H2 at 20 °C in Exp. I on Ru/Al2O3. 

 

Figure S4.4. The infrared spectra of CO2 adsorption (200 mbar CO2 and 800 mbar He) and its co-adsorption with H2 (200 

mbar CO2 and 800 mbar H2) on Al2O3 at room temperature under 1 bar. The assignment of the peak positions were listed 

in Table S4.1. 
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-*, we do not have direct proof of HCO3
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group (OH*) is generally on Lewis acid site of Al2O3. Since HCO3
-* formed by CO2 reacting with 

OH*, HCO3
-* has to locate on Al2O3 initially. (2) HCO3

-* formed on Ru/Al2O3 was much stronger 

than on Al2O3 (Figure S4.10). Thus this enhancement is because of the effect of MSI. (3) During 
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concentration dropped. However, HCO3
-* on Al2O3 consumed fast and depleted at 160 °C, illustrat-

ing that HCO3
-* could not be continuously formed from CO2 on Al2O3. This proved that HCO3

-* 

from CO2 hydrogenation on Ru/Al2O3 was located on MSI instead of on Al2O3. 

The intermediates located at the interface were HCO3
-* and bidentate HCOO-* on Ru. These two 

species were formed at the interface and active in the hydrogenation reaction. This means before the 

CO* hydrogenation step, the CO2 activation steps favourably took place at MSI. We added this ex-

planation in the supporting information.  

 

Figure S4.5 HCO3
-* evolution during CO2 hydrogenation on reduced Ru/Al2O3 and Al2O3. 
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Figure S4.6. (a) The infrared spectra of Exp. I CO2 hydrogenation on Ru/Al2O3. The temperature-dependent evolutions of 

bond vibrations of the adsorption species (b) HCO3
-* on metal-support interface (MSI), (c) all the structures of CO* on 

Ru, (d) bidentate-HCOO-* on Ru, (e) bridged-HCOO-* on Ru, (g) CO3
2-* on MSI, and (h) bidentate-HCOO-* on Al2O. 

The assignment of infrared peak positions are listed in Table S4.1. 
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Figure S4.7 (a) The infrared spectra of Exp. II CO2 adsorption on Ru/Al2O3. The temperature-dependent evolutions of bond 

vibrations of the adsorption species (b) HCO3
-* on MSI, (c) all the structures of CO* on Ru, (d) bidentate-HCOO-* on Ru, 

(e) bridged-HCOO-* on Ru, (g) CO3
2-* on MSI and (h) bidentate-HCOO-* on Al2O3. The assignment of infrared peak 

positions are listed in Table S4.1. 
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Figure S4.8 (a) The infrared spectra of Exp. III HCO3
-* decomposition on Ru/Al2O3. The temperature-dependent evolutions 

of bond vibrations of the adsorption species (b) HCO3
-* on MSI, (c) all the structures of CO* on Ru and (d) CO3

2-* on 

MSI. The assignment of infrared peak positions are listed in Table S4.1. 



 

 121 

 

Figure S4.9 (a) The infrared spectra of Exp. IV CO* hydrogenation on Ru/Al2O3. (b) Variations of the bond vibrations for 

all CO* species with temperature. The assignment of infrared peak positions are listed in Table S4.1. 
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Figure S4.10 (a) The infrared spectra of Exp. V HCO3
-* hydrogenation on Ru/Al2O3. The temperature-dependent evolu-

tions of bond vibrations of the adsorption species (b) HCO3
-* on MSI, (c) all structures of CO* on Ru, (d) bidentate-HCOO-

* on Ru, (e) bridged-HCOO-* on Ru, (g) CO3
2-* on MSI and (h) bidentate-HCOO-* on Al2O3. The assignments of infrared 

peak positions are listed in Table S4.1. 
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Summary: this Chapter is further work of developing new catalyst based on the previous discov-

eries of the relation between catalyst compositions and their reactivities in the CO2 hydrogenation. 

The catalyst with high concentration of metal oxide boosts CO2 conversion due to the enhanced 

CO2 adsorption on the metal oxide. 
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Abstract  

The relation between catalytic reactivities and metal/metal oxide ratios, as well as the functions of 

the metal and the metal oxides were investigated in the CO2 hydrogenation reaction over highly 

active Cox(CoO)1–x catalysts in operando. The catalytic reactivity of the samples in the CO2 methana-

tion improves with the increased CoO concentration. Strikingly, the sample with the highest concen-

tration of CoO, i.e., Co0.2(CoO)0.8, shows activity at temperatures lower than 200 °C where the other 

samples with less CoO are inactive. The origins of this improvement are the increased amount and 

moderate binding of adsorbed CO2 on CoO sites. The derivative adsorption species are found to be 

intermediates of the CH4 formation. The metallic Co functions as the electronically catalytic site 

which provides electrons for the hydrogenation steps. As a result, an abundant amount of CoO com-

bined with Co is the optimal composition of the catalyst for achieving the highest reactivity for CO2 

hydrogenation. 

Keywords: Cobalt and cobalt oxide; Reactivity; CO2 hydrogenation; Active site; Adsorption; Acti-

vation energy 
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5.1 Introduction 

CO2 conversion to hydrocarbons has received enormous attention in the past decade for the possibil-

ities of exploiting CO2 as feedstock in the storage of sustainable energy and of closing the carbon 

cycle. Metal oxides-supported transition metals such as Fe, Co, Ni, Cu and Ru have been studied as 

effective catalysts in the CO2 hydrogenation reaction. The main products of the reaction over the 

above-mentioned catalysts at atmospheric pressure are CH4 and CO [1–5].  

In general, CO2 hydrogenation catalysts are prepared in the form of supported metal particles. The 

metal site is considered as the reactive center while the support is used for dispersing and stabilizing 

the metal nanoparticles [6,7]. However, recent studies showed that the support could also have an 

important role in the heterogeneous catalysis of carbon-related reactions. In methanol synthesis from 

CO2 and H2 on Cu-based supported catalysts, the ZrO2 support facilitates the moderate bindings of 

the key reaction intermediates at the interface of Cu and ZrO2 [8,9]. Moreover, different supports 

lead to different key intermediates of methanol production, e.g., TiO2 and ZnO2 support surfaces 

produce formate intermediate, while ZrO2 support surface forms CO*, HCO*, and H2CO* interme-

diates. The formate intermediate is less active for methanol formation compared to the other inter-

mediates, resulting in a less active catalyst with TiO2 support [10–12]. In higher alcohol synthesis 

from syngas over Co/CeO2 catalyst, the CeO2 support functions for dispersing the Co nanoparticles. 

However, the Co is partially oxidized into CoOx due to the strong metal-support interactions. This 

results in an active Co-CoOx pair for the higher alcohol synthesis where the Co site accounts for CO 

dissociation to form CHx species and the CoOx site accounts for CO undissociated activation to form 

CHxO* species. These CHx and CHxO* species combine to form higher alcohol at the interface of 

Co and CoOx [13]. In CO2 and CO hydrogenation reaction, the partially cobalt nanoparticles on TiO2 

supports, Co/CoO/TiO2, exhibit higher CO2 and CO conversion rate than the metallic Co/TiO2, indi-

cating CoO improves reactivity of the catalyst either by the component itself or by forming active 

interface with the metal or with the support. However, changing the TiO2 support to SiO2 support 

reversed the activity, implying that different support varies the activity of the catalyst [14]. An early 

work from Somorjai and co-workers claimed a promotion effect of oxide on Rh metal surface for the 

CO and CO2 hydrogenation [15]. The promotion effect was attributed to the high Lewis acidity of 

the metal cations of the oxide by the possible function of cleavage of the C−O bond at the interface 

of Rh/oxide for CH4 formation. Therefore, they suggested the support participated in the catalytic 

reaction via cleaving chemical bonds, but this was still disputable. Recent work using supports from 

Lewis acidic to basic properties to study the support effects in Fischer-Tropsch reaction 
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demonstrated a volcano relation between the reaction rate and Lewis acid-base nature of the support, 

where the supports was not considered to be catalytic active [16]. 

The above-mentioned arguments on the role of the support motivate us to clarify the role of the 

support in the CO2 hydrogenation reaction, and the relation between the combinations of metal and 

support and their catalytic reactivity, as these are important for the design of efficient catalysts for 

CO2 conversion. In our previous study on a Ru/Al2O3 catalyst, we found that CO2 adsorbed initially 

on the Al2O3 surface and on the interface of Al2O3 and Ru. Then the adsorbed CO2 and its derivative 

species migrate to the Ru atoms for the subsequent hydrogenation steps. The support itself did not 

provide a site for the CO2 hydrogenation steps [17,18]. Herein, we hypothesized that there might be 

an optimized metal to metal oxide ratio for the highest reactivity toward CO2 hydrogenation.  

To explore this hypothesis, we would like to synthesize catalysts with varying fractions of metal and 

support for CO2 hydrogenation. However, a “foreign” support could create multiple interfaces, i.e. 

metal/metal oxide interface, metal/support interface, metal oxide/support interface due to strong 

metal-support interaction, and this would make it difficult to explore cleanly the effect of the 

metal/metal oxide ratio [19–22]. To avoid this complexity and to vary only the metal/oxide ratio, we 

designed a “self-supported” cobalt catalyst with different ratios of the metallic Co and the CoO, i.e., 

Cox(CoO)1–x with 0 < x < 1.  

Herein, we developed an in operando reduction method to synthesize the Cox(CoO)1–x samples and 

to analyze the CO2 hydrogenation reaction in continuous experiments on one platform: a diffuse 

reflectance infrared Fourier transform spectroscopy-mass spectroscopy-gas chromatograph 

(DRIFTS-MS-GC) instrument, previously described [23]. The molar concentrations of Co were 

quantified using the H2 consumption from the MS data. To verify this in situ quantification, X-ray 

photoelectron spectroscopy (XPS) was applied to analyze the compositions and the ratios of Co con-

tent in the catalysts. Subsequently, the reactivity of these Cox(CoO)1–x samples in the CO2 hydro-

genation reaction was investigated in the DRIFTS-MS-GC instrument. The gas phase and catalyst 

surface were observed simultaneously to unravel the reaction mechanisms. To understand the origins 

of the different reactivities, we analyzed the gas–surface interaction using temperature-programmed 

desorption–mass spectroscopy (TPD-MS). Additionally, surface electronic structures of these sam-

ples were measured using near ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) to 

check whether the oxide creates special electronic states for the catalysis. 
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The specific purpose of this work is to answer three key scientific questions: (1) What is the optimal 

ratio of metal/metal oxide to achieve the highest reactivity in CO2 hydrogenation? (2) Is the role of 

the support simply to disperse the metal nanoparticles or does it have a direct role in the reaction? 

(3) If there is a direct role, is it only to provide adsorption sites for CO2 and the associated adsorbed 

species, or also to provide electronically active sites that reduce those adsorbed species to hydrocar-

bons? 

We found that the reactivity of the samples depended strongly on the Co/(Co+CoO) molar ratio. 

Importantly, we produced a catalyst that is highly active at low reaction temperature. The catalyst 

with a higher concentration of CoO has a lower onset reaction temperature, a lower activation energy 

of CH4 formation, and a higher CO2 conversion. We demonstrate that the improved activity of the 

catalyst stems solely from the role of CoO in providing sites for CO2 adsorption and lowering the 

CO2 binding energy, but not in providing active sites for the hydrogenation reaction. 

5.2 Experimental Methods 

5.2.1 Sample preparations 

The samples were prepared by starting with Co3O4 and then reducing this material in H2 at various 

temperature/time profiles to produce several self-supported catalysts with controlled ratios of Co and 

CoO, Cox(CoO)1–x (0 < x < 1). Co3O4 was obtained by calcination of Co(NO3)2·6H2O (Sigma-Aldrich, 

98%) at 300 °C for 12 h followed by a temperature ramp of 2 °C min−1 to 400 °C and then continued 

calcination for 2 h at 400 °C.  

To determine the temperature required for reducing Co3O4, the reduction process was tracked with a 

microbalance (Rubotherm, Germany). Typically, 160 mg of Co3O4 was loaded in the microbalance 

and a gas flow mixture of 30 mL min−1 H2 and 45 mL min−1 He at 1 bar was supplied 3 h before the 

reduction to remove the air. A heating ramp of 2 °C min-1 from 25 °C to 400 °C was then applied 

and the mass loss due to reduction was monitored with an accuracy of 1 µg. 

Cox(CoO)1–x (0 < x < 1) catalyst synthesis. The actual catalyst samples used in this study were pre-

pared by reduction of Co3O4 in the reaction chamber (HVC, Harrick Scientific) of a DRIFTS instru-

ment (Bruker Tensor 27) in a mixture of H2/He (flow rate 6 mL min−1/4 mL min−1). Control of the 

reduction temperature and time allowed us to obtain samples with different Co ratios in a reproduc-

ible manner. During reduction, the pressure in the chamber was kept constant at 1 bar by a back 
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pressure valve installed at the exhaust side of the reaction chamber. A quadrupole mass spectrometer 

(MS, Pfeiffer OmniStar 320) was connected with the DRIFTS reaction chamber to analyze the com-

position of reactant and product gases using a Faraday detector. 

5.2.2 Characterization 

MS meaurements. The amount of H2 consumed during the reduction was determined by MS analysis. 

This allowed us to quantify the removal of O atoms from Co3O4 during the reduction process and 

thus obtain the bulk composition of the catalyst.  

XPS core level measurements. To quantify the fraction of metallic cobalt on the surface of the 

Cox(CoO)1−x catalysts, samples were transferred to the XPS through a glovebox to avoid surface ox-

idation by the air. The XPS is equipped with a dual anode X-ray source and a Phoibos 100 (SPECS 

GmbH) hemispherical energy analyzer. The Mg Kα (1253.6 eV) source was used for this study. The 

survey scan and narrow scan were collected at 90 eV and 20 eV pass energy, respectively. The oxi-

dation states of partially oxidized Co samples were deconvoluted using CasaXPS software. Separate 

measurements of Co, CoO and Co3O4 were used to provide the standard peaks used for the decon-

volution.  

NAP-XPS valence band measurements. In addition to the core level XPS spectra, we performed 

measurements of the valence band to probe which components of our samples are catalytically active. 

The above XPS instrument did not have sufficient resolution for this purpose. Instead, we used a 

NAP-XPS (SPECS GmbH) instrument. An Al Kα (1486.6 eV) monochromatic X-ray source and a 

Phoibos 150 NAP hemispherical energy analyzer were used. Survey scans were taken with 50 eV 

pass energy and narrow scans with 10 eV pass energy. Unfortunately, we could not transfer the 

samples to this system without exposure to air. To overcome this difficulty we reduced air exposed 

sample in-situ in the NAP-XPS using H2. This allowed us to study partially reduced samples and 

measure the valence band of the Co and CoO components. The details of this procedure are given in 

section 3.6.      

N2 adsorption-desorption isotherm. The specific surface areas were evaluated using a BELSORP 

mini system (MicrotracBEL Corp., Japan) by nitrogen adsorption–desorption isotherms at 77 K, and 

was calculated by the Brunauer–Emmet–Teller (BET) method from the built-in software. The empty 

tube was measured at the same time of the measurements of the samples in order to eliminate the 

dead volume. The results were listed in Table 1. As we obtained small values of BET surface areas, 
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we measured the nitrogen adsorption-desorption isotherm again in another instrument, Micromeritics 

Tristar 3000, to be sure of the obtained values. The CO2 adsorption-desorption isotherm was meas-

ured as well at room temperature using Micromeritics Tristar 3000 instrument for evaluating the CO2 

adsorption amount. The BET surface areas and CO2 adsorption amounts from the Micromeritics 

Tristar 3000 instrument were listed in Table S1. As the samples were transferred through a glovebox, 

no activation was applied before the measurements. The accuracies of the measurements were 0.01 

cm2 mg−1. 

TEM. The morphology of the samples was visualized in TEM (FEI Tecnai Spirit microscope) oper-

ating at 120 kV. The ultrasonic dispersion in ethanol was applied for the sample preparation. The 

dispersed samples with ethanol were dropped onto the TEM carbon/copper grids and dried in air. 

5.2.3 CO2 hydrogenation 

CO2 hydrogenation reaction on Cox(CoO)1–x samples was carried out in an operando surface–gas 

analysis system. The reactor is a DRIFTS reaction chamber, which at the inlet is connected to a mass 

flow controller system, and at the outlet is connected to an MS and GC (SRI 8610C). The GC was 

equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD). This 

setup allows gathering surface information by DRIFTS while quantifying the gases by MS and GC. 

For CO2 hydrogenation reaction, typically, a Cox(CoO)1–x sample (160 mg) was compressed into a 

pellet with 4 mm high and 6 mm diameter. In general, the inlet gas was a mixture of CO2/H2/He with 

flow rates of 1.5 mL min−1/6 mL min−1/4 mL min−1, respectively, at 1 bar. The reaction temperature 

was programmed from 20 to 350 °C at a heating rate of 2 °C/min. The background of the infrared 

spectra was taken on the as-reduced sample surface (or 3 h of H2/He flushed surface for Co3O4) in 

H2/He flow at room temperature. The infrared spectra were collected every 10 min with spectro-

scopic resolution of 2 cm−1. The MS determined the mass range of 0–50 amu with a rate of 0.5 s per 

mass unit. The GC took 9 min for each spectrum, with a cooling interval of 4 min between each scan. 

5.2.4 CO2 + H2 adsorption  

CO2 + H2 co-adsorption on the samples at room temperature was measured with TPD-MS in a flow 

gas condition where He was used as the carrier gas. The experimental steps include: (1) Co3O4 sam-

ple was loaded in a quartz tube in air and reduced in H2/He flow (6 mL min−1/4 mL min−1) in TPD-

MS to obtain the fresh Cox(CoO)1–x sample; (2) the as-prepared Cox(CoO)1–x sample was flushed by 

He for one hour; (3) 10 mL min−1 CO2 and 10 mL min−1 H2 gases were applied for 20 min; (4) He 
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flush for at least 40 min to remove the gas phase CO2 and H2; (5) heating started to trigger the de-

sorption. The working pressure on the sample was 1 bar. The spectra were taken using a Faraday 

detector at heating rates of 5, 10, 15, 25, and 40 °C min−1.  

5.3 Results and Discussion 

5.3.1 Sample synthesis and characterization 

It is generally accepted that the reduction of Co3O4 proceeds in a two-step process: Co3O4 to CoO, 

and CoO to Co. However, the reduction temperature of each step is strongly influenced by the prop-

erties of Co3O4 [13,24–27]. To determine the reduction process of our Co3O4 sample, a microbalance 

was used to monitor the weight loss during the reduction. As shown in Figure 5.1, the mass loss 

shows that Co3O4 starts to be reduced at around 200 °C. Until 300 °C, approximately 7% mass loss 

can be observed, indicating the removal of one oxygen atom per Co3O4 molecule to form CoO. 

Above 300 °C, the slope of the mass loss curve increases and finally the mass loss reaches a plateau 

of 27% at 370 °C, which can be ascribed to the complete reduction of Co3O4 to metallic cobalt. This 

analysis demonstrates that through controlling the reduction temperature and the reduction time, we 

can obtain samples with different extents of partially reduced Co. 

 

Figure 5.1. Mass loss of Co3O4 sample when reduced in H2/He flow with a heating rate of 2 °C min–1 in a microbalance. 

Using the microbalance results as a guidance to find the temperature to use for reduction, we prepared 

the catalyst samples in situ in the DRIFTS reaction chamber. This avoided exposing the samples to 
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air before running reactions. We produced three Cox(CoO)1–x samples at different conditions. The 

amount of reduced Co in each sample was determined by quantifying the H2 consumed during the 

reduction. Details on the experimental procedures are given in Section S5.1 and Figure S5.1. The 

method of preparation was very reproducible as shown in Figure S5.2. Table 5.1 summarizes the 

results of the sample preparation for three sets of temperature-time processing conditions. The table 

gives the Co/(Co+CoO) ratios as determined by hydrogen consumption from the MS analysis as well 

as data on this ratio obtained by XPS and surface area determined by BET. It is clear that higher 

reduction temperatures lead to a higher fraction of reduced Co. The reduction time at a given tem-

perature was chosen to obtain a stable ratio of Co/(Co+CoO). XRD patterns of Cox(CoO)1–x also 

confirm the reduction of Co3O4 to metallic cobalt and CoO (Figure S5.3).  

Table 5.1. H2 reduction conditions, metal ratio and specific surface area of Cox(CoO)(1–x) samples. 

Sample  H2 reduc-
tion condi-
tions 

Co/(Co + CoO) ratio 
from MS 

Co/(Co + CoO) ratio 
from XPS 

BET surface area (m2 g−1) 

Co3O4 N/A 0 0 18.59 
Co0.2 200 °C 10 h 0.16 ± 0.01 0.19 13.92 
Co0.5 300 °C 5 h 0.57 ± 0.05 0.51 5.62 
Co0.8 400 °C 4 h 0.79 ± 0.04 0.75 2.09 

Further verification of the oxidation states of Cox(CoO)1–x was given by XPS measurements via air-

free transfer of the samples from the DRIFTS chamber to a glovebox attached to the XPS. As shown 

in Figure 5.2, the as-prepared Co3O4 sample shows typical nonsymmetric 2p3/2 and 2p1/2 peaks at 

780.0 and 795.1 eV, respectively, with additional weak satellite peaks, confirming that the surface 

composition is Co3O4. The Cox(CoO)1–x samples were deconvoluted with standard Co and CoO spec-

tra, where the 2p3/2 and 2p1/2 peaks of metallic cobalt located at 778.7 and 793.7 eV, respectively, 

and those of CoO located at 781.1 and 796.8 eV. The ratios of the peak areas showed that the frac-

tions of Co were 19%, 51%, and 75% for the three Cox(CoO)1–x samples. The slight difference in the 

value of Co fraction compared to the results calculated from H2 consumption is likely due to that 

XPS is surface sensitive while H2 consumption is bulk sensitive. Referring to the quantifications 

from both XPS and H2 consumption, we name the samples as Co0.2, Co0.5, and Co0.8.  
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Figure 5.2. XPS of Co 2p3/2 and 2p1/2 peaks of synthesized samples. Black, blue and red lines represent the deconvoluted 

signals of Co3O4, CoO and Co states, respectively. Gray and gray dash lines are the total fitted spectra and baseline, re-

spectively. The peaks were fitted by using the standard spectra of Co3O4, CoO and Co. 

The morphology of the samples was visualized using TEM. As shown in Figure 5.3, all four samples 

show elongated particle shape and the particle width increases from 20 to 100 nm along with increas-

ing metallic cobalt concentration. The increased particle size originates from the sintering of metallic 

cobalt through high temperature reduction treatment. BET measurements were used for evaluating 

the specific surface area (Table 5.1). In agreement with the TEM image, the specific surface area 

decreases with the increased ratio of metallic cobalt. 
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Figure 5.3. TEM of prepared samples. (a) Co3O4, (b) Co0.2, (c) Co0.5, (d) Co0.8. 

5.3.2 Activity in the CO2 conversion 

The activities of the Cox(CoO)1–x samples for the CO2 hydrogenation reaction were evaluated in the 

DRIFTS chamber under a CO2/H2/He gas flow with a programmed temperature ramp. To check the 

reactivity of the samples in a wide temperature range, we heated the reaction chamber from room 

temperature up to a high temperature of 350 °C. Figure 5.4(a) shows the CO2 conversion, as meas-

ured by the consumption of CO2, as a function of reaction temperature. The trend of CO2 conversion 

over the different samples is in the order Co0.2 > Co0.5 > Co0.8 > Co3O4 at any given temperature 

below 280 °C. For instance, 63%, 53%, and 23% CO2 are converted at 250 °C on Co0.2, Co0.5, and 

Co0.8 samples, respectively. The CO2 conversion reaches highest value with 98%, 99%, and 93% at 

350 °C on Co0.2, Co0.5, and Co0.8 samples, respectively. The reason of the similar high conversion at 

this high temperature could be that the reaction approaches the thermodynamic limit. The same trend 

was found in the yield of the main product CH4 (Figure S5.4). The yields are commensurate as the 

CO2 conversion. For comparison, the conversions obtained here are higher than the conversions on 

the commercial 0.5 wt% Ru/Al2O3 catalyst at the same applied pressure at 1 bar and space velocity 

at 5300 h−1 as in this work [3]. The maximum conversion of CO2 on that Ru/Al2O3 is reported to be 

75% and at 380 °C, where 75% conversion is found at 260 °C on our Co0.2 sample. These conversions 

are also much higher than the reported <60% CO2 conversion on the 3% Ru/Al2O3 and 20% Ni/Al2O3 

samples at the temperature of 350 °C and space velocity of 55000 h−1 [28]. The details of CO2 con-

version, CH4 yield, CH4 selectivity, and CH4 production rate per surface area via normalizing with 

(a) Co3O4 (b) Co0.2

(c) Co0.5 (d) Co0.8
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BET surface area at 200, 225, 250, 275, 300, 325, and 350 °C are showed in Section S5.3 Figure 

S5.5. The CO2 conversion and CH4 yield and selectivity have similar trends as the CO2 conversion 

profile shown in Figure 5.4(a). The CH4 production rate per surface area inverts this trend, plausibly 

indicating that the Co is the location where the hydrogenation step takes place.  

In addition, we tested the reactivity of the Co0.2 sample for long-time CO2 hydrogenation reaction 

(Figure S5.6). We found that the CO2 conversion to CH4 remains stable above 80% after 3 days in 

stream, demonstrating the sample is long-time active. Therefore, the Cox(CoO)1–x samples are highly 

active and efficient for the Sabatier reaction. The differences in the reactivity of these partially re-

duced samples imply a dependence on the initial state of the catalysts, although the samples could 

have been further reduced at the high reaction temperature. We believe the reactivity of the Co3O4 

sample at high temperature is due to some limited partial reduction of this sample in the CO2/ H2/He 

gas flow. 

Strikingly, these partially reduced samples are quite active at low temperatures. The onset tempera-

tures of CO2 conversion (2% conversion) increase in the order Co0.2 < Co0.5 < Co0.8 < Co3O4, at 

temperatures of 160, 178, 202, and 275 °C, respectively (Figure 5.4(b)). We compared the CO2 con-

version extent at temperatures of 180, 200, and 220 °C on these samples. As shown in Figure 5.4(c), 

Co0.2 sample shows activity at 180 °C while the other samples are not active at this low temperature. 

Co0.2 sample converts 16% and 31% CO2 at 200 and 220 °C, respectively at the applied space velocity 

of 5300 h−1. Note that decreasing the space velocity will increase the conversion. These conversions 

are higher than those on all the rest of the samples at the same temperatures. These results verify our 

hypothesis that there is an optimal ratio of metal/metal oxide to obtain the highest reactivity toward 

CO2 hydrogenation. 

The rate constants of CH4 production were calculated with the assumption of an overall first-order 

reaction of CO2 to CH4 [28–32]. As shown in Figure 5.4(d), the highest rate constant occurs on Co0.2 

sample at the given temperatures, and decreases gradually when the metallic cobalt concentration 

increases (excluding the Co3O4 sample). 
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Figure 5.4. (a) CO2 conversion as a function of temperature, (b) onset temperature of 2% CO2 conversion, (c) CO2 conver-

sion at 180, 200, and 220 °C, and (d) CH4 production rate at 180, 200, and 220 °C over the Co3O4, Co0.2, Co0.5 and Co0.8 

samples. 

Small amounts of CO and C2H6 were also detected by MS and GC, and GC data were used to quantify 

the yield (Figure S5.7). The maximum yield of C2H6 increases for samples with increasing 

Co/(Co+CoO) ratio, opposite to CH4 yield (Figure S5.8). C2H6 yield is around five-fold larger than 

CO yield on Cox(CoO)1–x samples, but threefold lower than CO yield on Co3O4 (Figure S5.7). These 

results suggest that C2H6, generated through carbon chain growth, is preferably produced on the 

samples with high Co concentration. Hence, the metallic site, instead of the oxide site, is responsible 

for the carbon-carbon coupling. This is in agreement with results for the Fischer–Tropsch reaction 

where metallic cobalt is the active site for carbon chain growth [33]. On the other hand, pure Co3O4 

surface produces more CO than C2H6, suggesting that a reversed-water-gas-shift reaction is more 

favorable than the carbon-carbon coupling on the pure oxide surface.  

The activation energy of CH4 production, 𝐸¼½(CH'), was determined using the Arrhenius equation. 

Details of the calculations based on the measured MS data are given elsewhere [23]. Figure 5.5 shows 

the Arrhenius plot and the values of 𝐸¼½(CH'). The 𝐸¼½(CH') over the samples increases in the order 

of Co0.2 < Co0.5 < Co0.8 < Co3O4. Thus, we see that samples with lower activation energies have lower 
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onset reaction temperatures and higher CO2 conversions before approaching to the thermodynamic 

limit.  

 

Figure 5.5. Arrhenius	plot	of	CH4	formation in the CO2 conversion range of 2%–30% for Co0.2, Co0.5, Co0.8, and Co3O4 

samples. The corresponding temperature ranges are 160–220 °C for Co0.2 sample, 180–231 °C for Co0.5 sample, 202–260 

°C for Co0.8 sample, and 283–313 °C for Co3O4 sample. 

5.3.3 Sample stability during hydrogenation 

As the CO2 hydrogenation environment is highly reductive, there is an issue of the stability of the 

samples during the hydrogenation reaction. For temperatures well below those used to prepare the 

samples, we are confident that the composition is stable, since the preparation reaction was run long 

time enough for the composition to reach a constant value as confirmed by the ceasing in hydrogen 
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consumption (Figure S5.1). Hence, the measurements of onset temperatures for the reaction (Figure 

5.4(a, b)) and reaction rate at low temperatures (Figure 5.4(c, d)) should correspond to the initial 

compositions of the samples. 

To check the sample stability after high temperature reaction, the oxidation states of the samples 

after CO2 hydrogenation were further investigated using XPS. We found that the Co fraction in the 

Co0.2, Co0.5, and Co0.8 samples increased to 25%, 74%, and 86%, respectively (Figure S5.9). Thus, 

the samples maintained the partial oxidation states and the Co fraction followed the same order as 

that of the fresh samples.  

Table 5. 2. Activation energies of CH4 formation (𝐸"
#(𝐶𝐻')), CO2 desorption from CO2 + H2 co-adsorption 

(𝐸")*(𝐶𝑂,)	and 𝐸"),(𝐶𝑂,)), the main adsorption products on the sample surfaces and the corresponding main 

infrared peaks, i.e., O−C−O asymmetric stretching (nas(O−C−O)). 𝐸")*(𝐶𝑂,)	and 𝐸"),(𝐶𝑂,) refer to the first 

and second peak in the TPD spectrum, respectively. 

Sample 𝑬𝐚𝐟 (𝐂𝐇𝟒) 

(kJ mol−1) 

𝑬𝐚𝐝𝟏(𝐂𝐎𝟐) 

(kJ mol−1) 

𝑬𝐚𝐝𝟐(𝐂𝐎𝟐) 

(kJ mol−1) 

Main adsorption species nas(O−C−O) 

(cm−1) 

Co3O4 198.83 ± 0.74 N/A N/A HCOO–*–Co3O4 1570 

Co0.2 91.21 ± 0.45 38.04 ± 3.08 76.09 ± 12.45 HCOO–*–MOI; CO3
2–*–CoO 1620; 

1520 

Co0.5 107.47 ± 0.35 44.47 ± 4.02 129.17 ± 9.32 HCOO–*–MOI 1620 

Co0.8 113.11 ± 157 -- – – – 

 

5.3.4 Surface reaction mechanisms 

To understand the reason why the samples with higher CoO concentration have lower activation 

energy of CO2 to CH4 conversion, we analyzed the surface species recorded by DRIFTS in the op-

erando experiment. The adsorbed species were identified according to our previous work on IR peak 

assignments and intermediates identification [17,18]. The assigned vibrations of the main IR peaks 

are listed in Table 2. As shown in Figure 5.6(a), after CO2 + H2 co-adsorption, on the Co0.2 surface 

we found formate located at the metal–oxide interface (HCOO–*–MOI) and carbonate located on the 

oxide surface (CO3
2–*–CoO); on the Co0.5 surface, HCOO–*–MOI was the main adsorption product; 

on the Co0.8 surface, no visible adsorbed species was found; on Co3O4 surface, oxide-bound formate 

(HCOO–*–Co3O4) was observed. The peaks with wavenumbers below 1500 cm−1 were not listed 

specifically, but they are the corresponding O−C−O symmetric and C−H bending modes according 

to our previous assignment [18]. The peak positions are very similar as those observed on Ru/Al2O3 
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in our previous work [18]. The formation of formate could originate from CO2 interaction with the 

adsorbed H2 on the under-coordinated cobalt atom on the interfacial CoO and/or on the metallic site 

of Co [34,35]; and the carbonate could be formed from CO2 adsorption on the metal oxide surfaces 

[36,37]. The peak intensities of the adsorption species are the strongest on Co0.2 sample, implying an 

enhanced amount of the adsorbed species on this sample. Moreover, while the formate species 

formed on all the sample surfaces, CO3
2–*–CoO formed exclusively on the Co0.2 surface. This sug-

gests that Co0.2 sample might promote additional CO2 adsorption via forming an additional chemi-

sorption product on the CoO site.  

To confirm the observations in IR, CO2-TPD was performed. Figure 5.6(b) shows the CO2 desorption 

spectra (m/z = 44) of the three Cox(CoO)1–x samples. The Co0.2 TPD shows two peaks ~110 °C and 

200 °C and a weak peak at ~320 °C; Co0.5 shows three clear peaks at ~100 °C, 180 °C, and 260 °C 

respectively; Co0.8 is different showing only two desorption peaks at ~160 °C, and 270 °C respec-

tively. It is common that CO2 desorbs at room temperature on metal oxide surfaces [38–42], while 

below 0 °C zero on metal surfaces [43–46]. Thus, these desorption peaks are ascribed to the CO2 

adsorbed on the CoO. With the increase of metallic cobalt fraction, the peak intensity of CO2 desorp-

tion becomes weaker, indicating a decreasing amount of adsorbed CO2.  

Note that the desorption peak intensity on the Co0.2 sample is more than ten-fold higher than that for 

the other samples. The intensity trend of the TPD measurements is consistent with the DRIFTS result 

of the CO2 adsorption. However, the differences in the amount of CO2 adsorbed on the three samples 

are much larger than the differences of their BET surface areas. While BET was measured using N2 

isotherm and reflects physisorption properties, CO2 adsorption embodies chemisorption properties 

of the reactive surface, as CO2 adsorption is used as an indicator of Lewis basicity of the surface 

[42,47,48]. Higher CO2 adsorption capacity implies more adsorption sites, and stronger CO2 binding 

implies more basic property of the surface. Therefore, the sample with more CoO component ad-

sorbing more CO2 further confirms that CoO acts as active sites for CO2 adsorption. This also ex-

plains the exclusive existence of CO3
2–*–CoO on the Co0.2 sample observed in DRIFTS: more chem-

isorbed CO2 increased the concentration of CO3
2–* species on CoO sites via a CO2-surface O com-

bination. 
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Figure 5.6. (a) DRIFTS spectra during CO2 + H2 co-adsorption at 100 °C, revealing the presence of formate and carbonate 

species. (b) CO2 desorption measured using TPD-MS (m/z = 44) from CO2 + H2 co-adsorption with a heating rate of 15 °C 

min–1, and the intensities are normalized with He intensity. 

We also checked the signals of H2 and CH4 from the TPD-MS measurement. As shown in Figure 

S5.10, only very weak signals of H2 were found and no observable CH4 was produced. These phe-

nomena hint that very limited amount of H2 adsorbed on all these sample surfaces, and the hydro-

genation of CO2 either could not take place at this very low concentration of reactant gases or pro-

duced scanty products that below the detection limit.  

The CO2 binding energies were evaluated using the activation energies of CO2 desorption, 𝐸¼Ê(CO,) 

determined from TPD data at various heating rates (Table 5.2, Figure S5.11) [49,50],  
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in which 𝐸¼Ê is the activation energy of desorption, 𝑇Ï is the maximal temperature of desorption, 𝜅 is 

the heating rate, R is the gas constant, and 𝑘/ is a constant.  

From the first desorption peak, we find 𝐸¼Ê*(CO,) = 38 and 44 kJ mol−1 on Co0.2 and Co0.51 surfaces, 

respectively. 𝐸¼Ê,(CO,), from the second desorption peak, = 76 and 129 kJ mol−1 on Co0.2 and Co0.5 

surfaces, respectively. 𝐸¼Ê(CO,) is not reported for the Co0.8 sample due to the very weak desorption 

peaks and associated large uncertainty. The values of 𝐸¼Ê*(CO,) and 𝐸¼Ê,(CO,) are comparable to 

the reported CO2 binding energies on pristine and defective metal oxide surfaces, respectively 

[51,52]. Therefore, we ascribe the low temperature desorption as originated from CO2 adsorbed on 

the pristine CoO surface, which leads to similarly low activation energy of desorption on both Co0.2 

and Co0.5 surfaces; the high temperature desorption as from CO2 adsorbed on defective CoO surface, 

which leads to much stronger activation energy of desorption. The 𝐸¼Ê,(CO,) on Co0.2 sample is 

nearly twofold lower than that on Co0.5 sample, suggesting a moderate adsorption of CO2 on Co0.2 

surface compared to strong adsorption of CO2 on Co0.5 surface. As explained above, the stronger 

CO2 binding indicates a stronger Lewis basic surface. Hence, the Co0.5 surface is more basic than the 

Co0.2 surface, probably due to a higher concentration of metallic cobalt of the Co0.5 sample. 

It is interesting that more CO2 adsorbs on the Co0.2 surface than on the Co0.5 surface although the 

binding energy is actually larger for the Co0.5 surface. We can understand this by noting that if we 

are below the desorption temperature, the capacity of the surface to adsorb CO2 is related to the 

number of binding sites.  Since Co0.2 has more CoO sites, it can bind more CO2.  
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Figure 5.7. The	evolution	of	adsorbed	species	and	CO2	to	CH4	conversions	during CO2 hydrogenation on (a) Co0.5, (b) 

Co0.2, (c) Co3O4. Left panels were data from DRIFTS, and right panels were data from MS. 

The observation of enhanced adsorption of CO2 on the Co0.2 sample is sufficient to explain the im-

proved catalytic performance of Co0.2 because the adsorbed species might be byproducts rather than 

reaction intermediates. To check the reactivity of the adsorbed species, we analyzed the evolution of 

these adsorbed species using our previously developed method [18]. As shown in Figure 5.7(a, b), 

HCOO–*–MOI was reduced almost linearly upon heating on both Co0.2 and Co0.5 samples, indicating 

this species is a reaction intermediate. CO3
2–*–CoO on Co0.2 surface (Figure 5.7(b)) and HCOO–*–

Co3O4 on Co3O4 surface (Figure 5.7(c)) increased while heating, but started to decrease when CH4 

started to be formed. Thus, these two species were also reaction intermediates. Unfortunately, water 

produced in the reaction condensed on the windows and gave strong IR interference. We were only 

able to track the surface species up to 200 °C for Co0.2 and Co0.5 samples, and 320 °C for Co3O4 

sample. However, Liu and the co-authors have proved using theoretical calculations that the wet 

surfaces favored the protonation of carbonate through interacting with the neighboring hydroxyl 
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groups to form bicarbonate [36,37]. The bicarbonate is an intermediate of CH4 formation from CO2 

hydrogenation reaction according to our previous work and the other report [17,53]. 

These results affirm that the adsorption of CO2 has a positive effect on the CO2 methanation reaction 

because all the adsorbed species are consumed. Better adsorption of CO2 is related to an improved 

catalytic performance of the sample. This could also be the reason for the differences in the activation 

energies of CH4 formation, where 𝐸¼½(CH') is the lowest on Co0.2 sample. This further indicates that 

CO2 adsorption step is the rate determining step of the overall hydrogenation reaction. 

It is interesting to compare these results with our previous results for CO2 methanation on Ru/Al2O3 

[17,18]. There, CO3
2–* and HCOO–* on the oxide site are byproducts, not reaction intermediates as 

they are here. This confirms our previous supposition of surface-structure sensitive reactivity of the 

adsorbed species.  

5.3.5 Surface electronic structure 

A further mechanistic investigation should reveal whether the CoO component of our catalysts par-

ticipated the catalytic reaction. Considering that heterogeneous catalysis proceeds by electron trans-

fer between the adsorbates and the surface atoms, we can get this information on the activity of CoO 

by measuring the valence band maximum (VBM) of the surface electronic states. For this measure-

ment, we used a higher resolution XPS which did not allow us to transfer samples without air expo-

sure. Thus, we transferred a Co0.8 sample to the NAP-XPS system through air. This sample was then 

reduced at 350 °C with 0.4 mbar H2 flow in the NAP-XPS sample preparation chamber. We used 

XPS core level spectra to determine the composition of the sample after transfer and after 1 h and 2 

h of H2 reduction (Figure S12).  After 2h, the sample was fully reduced and we used this to provide 

standard core level and valence band spectra for Co for deconvolution with the CasaXPS software 

[26,54]. After 1 h, the sample was partially reduced with composition of 58% Co and 42% CoO. The 

core level spectrum of this partially reduced sample is shown in Figure 8(a). A deconvoluted valence 

band spectrum is shown in Figure 8(b). The fraction of Co from the valence band deconvolution is 

47%, as compared to 58% from the core level deconvolution. The difference is not completely un-

derstood and may be related to differing surface sensitivity and/or to deconvolution error. The onset 

of the edge of the valence band for CoO is 1.15 eV below the Fermi level, as indicated by the line in 

Figure 8(b). This value is so large that at the temperatures used in this work, it is not possible to 

thermally excite a sufficient number of electron hole pairs to produce catalytic activity. Although 
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there is a “tail” extended to Fermi level, the population is very small compared to the abundantly 

electronic states of Co. 

 

Figure 5.8. (a) Core-level XPS and (b) valence band of the partially reduced sample (58% Co and 42% CoO) prepared and 

measured in NAP-XPS. The black line which is crossed at 1.15 eV of x-axis shows the onset of the edge of the valence 

band of CoO. Fermi level (Ef) is at 0 eV. 

Therefore, we conclude that the CoO component does not contribute to the hydrogenation process. 

In contrast, the Co component has high electron density near the Fermi level, suggesting that the 

excited electrons for the hydrogenation steps are offered by Co. This is in line with the indication 

from CH4 production rate per surface area discussed in Section 5.3.2 that the rate per surface area 

increased with the increasing concentration of Co. Species which are adsorbed on the CoO sites 

contribute to the catalysis through migration from CoO to the interfacial Co atoms. This is the same 

as that found on the on Ru/Al2O3 [17].  

Here we envision that, when Co concentration decreased to a critical point, the hydrogenation will 

be suppressed because of the lack of electronically active center. We speculate this critical point is 

below 5 wt% (~ 6% molar concentration) referring to the research on Ru/Al2O3 catalysts where 
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increasing Ru loading from 0.1 wt% to 5 wt% on Al2O3 facilitates the CH4 yield and selectivity in 

CO2 hydrogenation reaction [55]. However, the in situ phase change method here used would be 

improper to synthesize such low concentration of Co. Different synthetic method, such as chemical 

or physical deposition, could be applied for extending this investigation.  

In addition, we noticed that the differences in the overall kinetics of CO2 conversion (Figure 5.4(d)) 

are smaller than those in the intensities of CO2 adsorption/desorption (Figure 5.6) on these samples. 

This could be understood that the samples with higher Co concentration could reduce the migration 

distance of the adsorbed species, and reserve more available electrons for the hydrogenation steps. 

These effects compensated partially the drawbacks of less CO2 adsorption and reduced the differ-

ences in the overall kinetics of CO2 conversion. 

5.4 Conclusions 

We have shown a facile method to synthesize “self-supported” cobalt nanoparticles composed of 

Cox(CoO)1–x with different ratios of x = Co/(Co+CoO) via reduction of precursor Co3O4 nanoparticles 

in H2 gas flow to investigate the relation between the metal/metal oxide fractions and their catalytic 

properties. Samples with the metal ratios of x = 0.2, 0.5 and 0.8 were obtained. The samples show 

very high activity in the Sabatier reaction. Super high conversions of CO2 reach 98%, 99%, and 93% 

on Co0.2, Co0.5, and Co0.8 samples, respectively at 350 °C, where the reaction meets the reaction ther-

modynamic limit. Below 280 °C, the activity varies with the sample in the order Co0.2 > Co0.5 > Co0.8 > 

Co3O4 at all temperatures. For instance, 63%, 53%, and 23% CO2 are converted at 250 °C on Co0.2, 

Co0.5, and Co0.8 samples, respectively. The Co0.2 sample even shows low-temperature activities from 

160 to 180 °C, at which temperatures the rest samples do not have activities. The overall activation 

energy of CH4 formation increases with the sample in the sequence of Co0.2 < Co0.5 < Co0.8 < Co3O4. 

Therefore, there is an optimal composition of metal and metal oxide in the catalyst to achieve the 

highest reactivity. 

The differences in reactivity among the samples originate from the different functions of the metal 

and the metal oxide. CoO provides active sites of CO2 adsorption but not electron-transfer sites for 

the hydrogenation reaction. Co acts as an electronically active center for the hydrogenation reaction. 

The derivative adsorbed products are observed as formate and carbonate, and these are found to be 

intermediates of CH4 formation. Of the partially reduced samples, the Co0.2 sample has highest CoO 

concentration; consequently it adsorbs the largest amount of CO2. Moreover, the low fraction of 

Co/(Co+CoO) facilitates moderate binding of CO2. The CO2 adsorption step could be the rate-
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determining step of the overall methanation reaction. Therefore, the Co0.2 sample shows the highest 

reactivity: the lowest onset temperature and activation energy of CH4 formation, and the highest 

conversion of CO2 below thermodynamic limit. In comparison, the Co0.5 sample with its higher frac-

tion of Co/(Co+CoO) has a higher binding energy for CO2 due to its stronger Lewis basicity; but it 

adsorbs less CO2 because there are less CoO sites. As a result, the Co0.5 sample converts less CO2 

than the Co0.2 sample. Co0.8 sample does not have the advantage of abundant CoO concentration, 

therefore not show significant CO2 adsorption amount. This leads to the lowest reactivity of Co0.8 

compared to Co0.2 and Co0.5 samples.   

These results of this work elucidate the optimal composition of metal and metal oxide for achieving 

the highest catalytic reactivity in the Sabatier reaction. Furthermore, they clarified the different active 

functions of the metal and metal oxide in the whole CO2 hydrogenation reaction. These two main 

attainments open the way for the design of efficient catalysts with the optimal ratio of metal over 

metal oxide. 
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Figure S5.12. Co 2p3/2 and 2p1/2 peaks 

Section S1. Determination of the molar ratio of metallic cobalt using H2 consumption rec-

orded using MS 

The calculation method for removed O atom by H2 reduction: 

I. Determine the H2 consumption amount 

1) normalize H2 intensity by He intensity; 

2) integrate H2 depletion area (A); 

3) make a sum of overall H2 supplied (A0); 

4) divide the H2 depletion area by the overall H2 to obtain ratio of consumed H2 (RH = A/A0); 

5) calculate total molar number of supplied H2 (NH = flow (mL min–1) × time (min) ÷ 24.5 (mL 

mmol–1); 

6) molar number of consumed H2 is to multiply ratio of consumed H2 by total molar number of 

supplied H2: nH= RH × NH. 

II. Determine the removed amount of O atoms 

According to the stoichiometric reaction: 

Co3O4 + 4H2 = 3Co + 4H2O. 

To remove all the O atoms from a certain weight of Co3O4 (m (g)), the theoretical molar number (n0) 

of H2 is: 

n0 = m (g) ÷ 241 (g mol–1) × 4. 

As one mole of H2 molecule takes away one mole of O atom, the molar ratio of consumed H2 mole-

cules equals to the molar ratio of removed O atoms. Therein,   

RO = nH/n0. 

RO is the molar ratio of removed O atoms. 

III. Determine the molar ratio of metallic cobalt 

The remained molar number of O atoms per molecular unit of cobalt oxide is:  

nO = 4 × (1 – RO). 
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The molar ratio of metallic cobalt is: 

𝐶𝑜% =
𝐶𝑜

𝐶𝑜 + 𝐶𝑜𝑂 =
3 − 𝑛d

(3 − 𝑛d) + 𝑛d
=
3 − 𝑛d
3  

 

	

Figure S5.1.	H2	consumption	of	Cox(CoO)1–x samples by in situ reduction from Co3O4 and detected by mass spectrometry. 
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Figure S5.2.	The	removed	ratio	of	O	atom	(RO)	in	each	repeated	synthesis	of	Cox(CoO)1–x samples. 

 

Table S5.1. Specific surface area and CO2 adsorption amount of Cox(CoO)(1–x) samples measured using Micromeritics 

Tristar 3000 instrument 

Sample name BET surface area (m2 g–1) 
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(mmol g–1) 

Co3O4 12.58 0.107 
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Section S5.2. Other characterizations 

XRD. The crystal structures of all the samples were determined via powder X-ray diffractometer 

(PXRD, Bruker D8 Discover) using a Cu Ka source. The samples were loaded in the glovebox in an 

airtight sample holder. Specifically, we used cling film and an aluminum ring to cover the top of 

sample holder during the sample transfer and measurement. This is air-free condition is not rigorous 

for long-time operation. 

We measured the 2θ range from 20 to 80°, which took around 1~1.5 hours for each measurement. 

During this transfer and measurement hour, the sample may be partially oxidized by oxygen. As 

CoO can be easily oxidized to Co3O4, the less reduced Co0.2 sample show higher peak intensity of 

Co3O4. Moreover, the CoO peaks of these samples did not show obvious differences in the 

Cox(CoO)1–x samples, which must be caused by the imperfect protection of the samples during the 

transfer and measurement. However, from our XPS measurements which were performed through 

rigorously air-free transfer of the samples, we confirm that the surface of the Co0.2 catalyst has only 

Co and CoO, and the certain ratios of the Co to CoO in all the samples. 

 

Figure S5.3.	XRD of the Co3O4, Co0.2, Co0.5 and Co0.8 samples. 
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Section S5.3. Activity of CO2 to CH4 conversion 

 

Figure S5.4.	CH4	yield of Co3O4, Co0.2, Co0.5 and Co0.8 samples. 

 

As shown in Figure S5.5(a) and (b), CO2 conversion and CH4 yield showed the same developments 

throughout the temperatures. The selectivity of CH4 formation was provided above the onset reaction 

temperature on each sample to reduce the calculation errors. As shown in Figure S5.5(c), the selec-

tivity of CH4 also showed the similar trend as CH4 yield over these samples below 275 °C, and was 

generally high, above 92% on Co0.2, Co0.5 and Co0.8 samples. Above 275 °C, the selectivity of CH4 

on these samples reached the maximum 98%. The CH4 production rate per surface area scattered out 

above 225 °C when the CH4 production on the Co0.2, Co0.5 and Co0.8 samples were above the onset 

temperature (Figure S5.5(d)). 
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Figure S5.5. (a) CO2 conversion, (b) CH4 yield, (c) CH4 selectivity, and (d) CH4 production rate per surface area of N2 

adsorption at 200, 225, 250, 275, 300, 325, and 350 °C. 

 

Figure S5.6.	The	CO2	hydrogenation	reaction	at	350	°C	for	3	days	on	Co0.2	sample. 
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Section S5.4. The selectivity of CO and C2H6 

 

Figure S5.7.	The	yield	of	CO	and	C2H6	on Co3O4, Co0.2, Co0.5 and Co0.8 samples. 

 

Figure S5.8. The	maximum	yield	of	C2H6 (left axis) and the temperature of the maximum yield of C2H6 (right axis) over 

the Co3O4, Co0.2, Co0.5 and Co0.8 samples.  
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Section S5.5. The stability of samples 

 

Figure S5.9.	The	XPS	of	Co0.2,	Co0.5	and	Co0.8	samples	after	CO2	hydrogenation	reaction.	These	three	samples	are	fur-

ther	reduced	to	have	25%,	74%,	and	86%	Co,	respectively.	
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Section S5.6. Surface reaction mechanisms 

	

Figure S5.10.	(a)	H2	with	m/z = 2 and (b) CH4 with	m/z = 15 from CO2 + H2 co-adsorption in TPD-MS with a heating rate 

of 15 °C min–1. The intensities are normalized with He intensity. 

	

Figure S5.11.	Calculation	of	activation	energy	of	CO2	desorption from CO2 + H2 co-adsorption in TPD-MS by varying 

the heating rate 5, 10, 15, 25, and 40 °C min-1. The black plot is from the first desorption peak at Figure 6(b) in the main 

manuscript, and the red plot is from the second desorption peaks. 
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Figure S5.12.	Co	2p3/2	and	2p1/2	peaks of not reduced, reduced after 1h (partially reduced) and 2h (fully reduced) in H2, 

respectively in situ NAP-XPS. Black, blue and red lines represent the deconvoluted signals of Co3O4, CoO and Co states, 

respectively. Gray line is the total fitted spectra. 
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Conclusions 

In this thesis, we focused on disclosing the reaction mechanisms of CO2 hydrogenation on the cata-

lyst surface. The project was accomplished through four sub-projects.  

Firstly, we built up an in situ DRIFTS and investigated the spectroscopy of CO2 gas as functions of 

pressure and temperature. The pristine metals, Fe, Co, Ni, and Cu were utilized to study the CO2 

adsorption behavior and their properties in CO2 activation. CO2 reduction by H2 were carried out on 

these metal surfaces under constant volume conditions to understand the reactivities of these metals. 

The results showed Fe is the most active in CO2 activation that dissociate CO2 to CO gas at temper-

ature above 350 °C. Co and Ni rank the second. Cu is not active in CO2 activation reaction. While in 

CO2 hydrogenation reaction at mild temperature (200 °C), Co is the most active to convert CO2 to 

CH4; Ni produced four times less yield of CH4 than Co; Fe and Cu are not active at this temperature. 

We conceived that formation of metal hydride could improve the CO2 methanation profited from H2 

pre-storage in the material. Therefore, we employed the classical metal hydride, LaNi4Cu alloy, for 

CO2 reduction. CH4 produces only above 300 °C. Unfortunately, at this temperature the stored H2 

was desorbed already. Hence, H2 pre-storage might be not the key to trigger CO2 methanation. Be-

sides, there are no adsorption species observed on these pure metal surfaces. However, on the metal-

oxide Co-CoO catalysts, CO2 methanation exhibits lower onset temperature and higher conversion 

than those pristine and alloyed metals. Moreover, there are adsorption species on the surface detected 

by IR. Therefore, we start to change the catalyst category from pure metals to metal-oxide. Also, we 

upgraded the in situ DRIFTS to operando DRIFTS-MS-GC, where the gases were detected by MS 

and GC, the liquid products were detected by ex-situ NMR, and the surface adsorbates were detected 

by IR. 

Secondly, we developed an analysis program, bilevel evolutionary Gaussian fitting (BEGF) program. 

This program deconvolutes the overlapping IR bands of the similar bond vibrations in spectral sets 

automatically and efficiently. The standard chemicals, including carbonate and bicarbonate salts, 

formic acid, acetic acid, methanol, and ethanol adsorbed on the catalyst surface, were measured by 

IR for assigning the peaks generated from CO2 hydrogenation. Isotopic spectra of 13CO2+H2 and 

CO2+D2 reactions were employed for assisting the peak assignments also. In addition, the reactivity 

of formate adsorbed on the Ru/Al2O3 surface by H2 reduction was examined for the purpose of clar-

ifying whether it is intermediate or byproduct. As a result, we resolved the peak positions of O-C-O 

asymmetric and symmetric stretching of different adsorption structures: HCO3
-*, CO3

2-*, HCOO-*, 
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and CO*, as well as the C-H stretching and bending of HCOO-*, on both Ru/Al2O3 and Al2O3 sur-

faces. What is more, the HCO3
-*, HCOO-*, and CO* on the Ru site and the interface of Ru/Al2O3 

were reducible by H2. 

Thirdly, in order to understand the reaction steps of CO2 methanation, we in situ controlled the indi-

vidual formation and hydrogenation of each adsorption species appears in the CO2 methanation re-

action on Ru/Al2O3. The results showed that the first step is CO2 adsorbed as HCO3
-* at the interface 

of Ru and Al2O3 no matter if there is H2 in the system or not. Surface hydroxyl groups provide the 

acceptance sites for CO2. The second step is HCO3
-* dissociating into *CO. The dissociation tem-

perature is high (130 °C) in H2 depletion condition but at room temperature in H2 rich environment. 

The third step is *CO hydrogenation to CH4 starting at 100 °C, through transition states, without 

detectable intermediates. If in H2-rich condition at the beginning, HCOO-* at the interface also forms 

as the first step of CO2 activation, and infuse with the CO* formation and hydrogenation step. 

Fourthly, since we discovered the important function of the oxide support in the CO2 hydrogenation 

reaction, we designed Co/(Co+CoO) catalysts with different ratios to investigate the relationship of 

the metal/oxide ratio and their reactivities. The results showed more composition of CoO in the cat-

alysts facilitates higher activity in the CO2 conversion (98%). CH4 is the main product on these sam-

ples. Trace C2H6 is preferentially produced on the sample with a high concentration of metallic cobalt, 

while the trace CO production is favored on the pure oxide. The origin of the distinct reactivity comes 

from the CO2 chemisorption on the CoO surface. The CO2 chemisorption is the rate demining step 

of the overall hydrogenation reaction. High CoO concentration surface not only enhanced the ad-

sorption amount but lowered down the binding strength of CO2. However, CoO did not create cata-

lytic center, the CO2 reduction center is still on Co atom. These results elucidate the optimal compo-

sition of metal and metal oxide for achieving the highest catalytic reactivity, and clarified the differ-

ent active functions of the metal and metal oxide in the CO2 hydrogenation reaction.  

These results established mature and sensitive methods for operando study of heterogeneous cataly-

sis over gas/solid interface, accompanied by analysis program of IR dataset and the database of IR 

peak positions of the adsorbates from CO2 methanation on the metal-oxide surfaces. The systematic 

and progressive investigations present the performances of pristine metals, metal hydride alloy, and 

metal-oxide catalysts in CO2 adsorption and methanation reactions. CO2 activation initiates on the 

interface of metal-oxide, and is reduced to CH4 through converting to multiple intermediate species, 

such as HCO3
–*, HCOO–*, CO* on Ru/Al2O3 catalyst surface, or HCOO–* and CO3

–* on Cox(CoO)1-
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x catalyst surface. Concurrent exist of metal and metal oxide is vital for efficient CO2 methanation. 

The metal oxide is not just supporting the metal nanoparticles, more importantly it functions as CO2 

adsorption site, which is the initial step of the catalytic reaction. Therefore, the design of the catalyst 

should consider the concentration of oxides for optimizing the CO2 conversion. 
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Perspectives  

We have established a powerful DRIFTS-MS-GC setup and analysis program for operando study of 

CO2 hydrogenation process on gas/solid interface. The CO2 methanation mechanisms and their rela-

tion with the different transition metal-based catalysts have been elaborated using IR, MS, XPS, GC, 

NMR, etc. techniques. Three continuous work are envisioned for the future. 

First, CO2 methanation reaction occurs through one step, or passing through CO* or HCOO-* as 

intermediates, according to the literature and this thesis. However, the observation of the intermedi-

ate steps from CO* or HCOO-* to CH4 are limited by the current experimental research. Therefore, 

which intermediate determines the reaction ending with CH4 or continuing with carbon chain growth 

remains mystery. Relative coverage of CO*/H*, H2 pressure, binding energies of the possible tran-

sitional adsorbates, and surface structure are discussed in the literature. Therefore, controlling exper-

iments of adjusting CO* and H* coverage on model catalyst, e.g. Ru/Al2O3, could be helpful to 

understand the CO* hydrogenation step. Especially, carrying out the controlling experiments in vac-

uum would enable the observation of transitional adsorbates, such as COH* and CHO* using 

DRIFTS. 

Second, synthetic methanol is much more valuable than synthetic methane. The disadvantage of 

methanol production is the requirement of high pressure (> 20bar). The working pressure of our 

apparatus is limited to 10 bar. However, this limit is because of the commercial DRIFTS chamber 

where the dome consists of 4mm thick windows for the IR beam passing. It is possible to change the 

dome to allow thicker glass window for holding higher pressure. Then we can study the methanol 

processes on the catalyst surface using the developed methods in this thesis. C-C coupling also occurs 

under high pressure reaction, hence, C-C coupling mechanisms in long chain hydrocarbons could 

also be investigated.  

Third, numerous researches investigate the active sites of the catalysts. The effects from size, support, 

interface, alloy, and so on, are well presented. However, plenty of the reports are limited at explana-

tion of the phenomena. The intrinsic causes of those effects are still less proved. Therefore, we sug-

gest further investigations of specific design of catalysts together with comprehensive characteriza-

tions under reaction conditions. 
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Apendix – BEGF Program 

Execution file 1 and Execution file 2 

The code structure is given in Table A.1 with all detailed description of each matrix involved given 

directly in the code comments. 

Table A.1. Code structure. 

File name Function Calling Called by 

main.m Execution file with all input specifications and 

solving options. This file calls preprocess.m first 

to process input spectra and then executes a ge-

netic algorithm (the upper-level algorithm) for 

global optimization. 

preprocess.m – 

preprocess.m Customized processing of given spectrum files. 

This needs to be adapted for specific format of 

recorded data to return the required data to be 

used in main.m. 

Input source ex-

perimental spectra 

main.m 

gafitness.m Lower-level algorithm: multi-peak Gaussian fit-

ting with the calculation of objective function and 

file writing to record the evolution information. 

This file also activates a monitoring plot to illus-

trate the evolution progress. This file is called by 

genetic algorithm for each low-level evaluation. 

gfparser.m Genetic algo-

rithm executed 

in main.m 

gfparser.m Parse the results returned by the original multi-

peak Gaussian fitting algorithm from MATLAB 

and update the monitoring plots of each spectrum. 

This file is called by gafitness.m. 

gfparser.m gafitness.m 

gaussian.m Formulation of Gaussian function – gfparser.m 
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Execution file 1 main.m: 

Note: the initial values in Pini, Plbd, Pubd, olbd and oubd were what we used for the spectra set of CO2 hy-

drogenation reaction on Ru/Al2O3 catalyst surface. 

% Clear and clean matlab and prepare pathes 

clear all; 

clc; 

format compact 

global fsep curdir 

fsep   = filesep; 

curdir = pwd; 

  

% Input and output folder 

global inpdir outdir 

inpdir = [curdir fsep 'sources']; 

outdir = [curdir fsep 'results']; 

disp(['sources path: ' inpdir]); 

disp(['results path: ' outdir]); 

  

%% ------------------------------------------------------------------------ 

%  Automatic iterative Gaussian fitting with evolutionary algorithms 

% 

%  Only for inhouse use by Kun Zhao. Distribution of the code should be 

%  authorized by Dr. Ligang Wang, since it is based on inhouse evolutionary 

%  algorithms developed in IPESE-STI-FM. 

% 

% Key features: 

% 1. Automatic iterative Gaussian fitting without mannual interfere 

% 2. Automatic decision on the number of peaks 

% 3. No mannual initialization needed for each peak due to global search 

% 4. Global optimization with less risk of local optimum 

% 5. Every run handles one wavelength, due to complexity of figure display 

%-------------------------------------------------------------------------- 

  

%% Global setup 

% Control display 

% fsrc  : plot source data? (0: no plot; 1: do plot) 

% fres  : plot results? (0: no plot; 1: do plot) 

global fres 

fsrc = 0; 
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fres = 1; 

  

% Problem setup 

% rngs  : wavelength ranges considered, rngs = [[l1,u1];[l2,u2];]; 

% nitm  : Number of peaks considered 

% npar  : Number of parameters for each peak formulation  

%           3-parameter Gaussian fitting: height,center,deviation; 

% Pini  : Initialization of npar-parameter peak 

% Plbd  : Lower-bound of npar-parameter peak 

% Pubd  : Upper-bound of npar-parameter peak 

% olbd  : Global lower-bound for Plbd 

% oubd  : Global upper-bound for Pubd 

% doGA  : Whether do GA to iteratively find peaks 

% yini  : 0 - GA use olbd,oubd as bound; 1 - GA use Plbd,Pubd as bound 

% x        : Wavelenght range considered of each file 

% y        : The corresponding Absorbance of each file 

% rng1     : Starting wavelength  

% rng2     : End wavelength 

% fnames   : All file names 

global npar doGA rngs nitm 

global x y rng1 rng2 fnames temp lb 

doGA = 1; 

yini = 1; 

rngs = [1535,1780]; 

npar = 3; 

nitm = 5; 

Pini = [0.041 1560 10 0.057 1591 10 0.1 1620 15 0.1 1650 20 0.01 1690 30 0.01 1690 30 0.01 1690 30 0.01 1690 30]; 

Plbd = [0.01 1555 16 0.01 1589 12 0.00 1616 25 0.0 1650 20 0.0 1680 0 0 1535 0 0 1535 0 0 1535 0]; 

Pubd = [0.08 1571 25 0.20 1593 16 0.20 1635 32 0.5 1655 30 0.3 1705 50 50 1780 60 50 1780 60 50 1780 60]; 

% Global initialization for optimization (centroids are important) 

olbd = [0 1540 16 0 1580 12 0 1620 25 0 1650 20 0 1670 0 0 1535 0 0 1535 0 0 1535 0]; 

oubd = [50 1580 60 50 1620 60 50 1650 60 50 1670 60 50 1710 60 50 1780 60 50 1780 60 50 1780 60]; 

  

% data preprocessing 

rng1   = rngs(1,1); % Starting wavelength 

rng2   = rngs(1,2); % Ending wavelength 

[x,y,temp,fnames] = preprocess(rngs,fsep,inpdir,fsrc); 

  

%% Close all figures first 

if fres == 1 || doGA == 1 

    close all; 
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end 

% remove results folder 

if isdir(outdir) 

    rmdir results s 

end 

mkdir(outdir) 

  

%  Reduce the size of Pini, Plbd and Pubd with npar and nitm 

%  Check size, warning and resize arrays 

if isequal(size(Pini),size(Plbd)) && isequal(size(Pini),size(Pubd)) 

    nnum = size(Pini,2); 

    if nnum < npar*nitm 

        disp('Error: Sizes of Pini & Plbd & Pubd less than npar * nitm!'); 

    else 

        % Now reduce Pini, Plbd and Pubd sizes 

        Pini = Pini(1,1:npar*nitm); 

        Plbd = Plbd(1,1:npar*nitm); 

        Pubd = Pubd(1,1:npar*nitm); 

    end 

else 

    disp('Error: Sizes of Pini, Plbd, Pubd inequal!'); 

    return 

end 

  

%% GA setup 

% Form input 

if doGA == 0 

    % Perform Gaussian fitting 

    gafitness([Pini,Plbd,Pubd]); 

else 

    % Prepare GA 

    % Set bounds 

    galb = []; 

    gaub = []; 

    lb   = []; 

     

    for i = 1:nitm 

        galb = [galb [0.01 0.01 0.01]]; 

        gaub = [gaub [0.99 0.99 0.99]]; 

    end 

    for i = 1:nitm 
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        galb = [galb [0.01 0.01 0.01]]; 

        gaub = [gaub [0.99 0.99 0.99]]; 

    end 

    if yini == 0 

        olbd = olbd(1,1:npar*nitm); 

        oubd = oubd(1,1:npar*nitm); 

        galb = [galb olbd]; 

        gaub = [gaub oubd]; 

        lb   = [lb olbd]; 

    else 

        Plbd = Plbd(1,1:npar*nitm); 

        Pubd = Pubd(1,1:npar*nitm); 

        galb = [galb Plbd]; 

        gaub = [gaub Pubd]; 

        lb   = [lb Plbd]; 

    end 

    %disp('Lowerbound, upperbound: ') 

    %format long g 

    %[galb' gaub'] 

  

    GAoptions = optimoptions('ga'); 

   %GAoptions.OutputFcn = @gaoutput; 

   %GAoptions.PlotFcn   = @gaplotbestf; 

    GAoptions.CreationFcn       = @gacreationlinearfeasible; 

    GAoptions.MutationFcn       = @mutationadaptfeasible; 

    GAoptions.CrossoverFcn      = {@crossoverintermediate, 0.5}; 

    GAoptions.CrossoverFraction = 0.5; 

   %GAoptions.Display           = 'iter'; % 'off' | 'iter' | 'diagnose' | {'final'} 

  

    fobj = @gafitness; 

    %[gax,gay] = ga(fobj,3*npar*nitm,A,b,[],[],lb,ub,[],[],GAoptions) 

    fprintf('Current time %s\n', datestr(now,'HH:MM:SS.FFF')) 

    disp('Start GA:'); 

    [gax,gay] = ga(fobj,3*npar*nitm,[],[],[],[],galb,gaub,[],[],GAoptions) 

end 

  

disp('**************************************************************'); 

disp(['Run completed, wavelength [' num2str(rng1) ',' num2str(rng2) ']']); 

disp('**************************************************************'); 

rmpath(genpath([curdir fsep 'moo'])); 
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Execution file 2 preprocess.m: 

%% Customized source-data preprocessing 

% File name related to read txt or csv file generated from experiment 

% nsrt  : Starting text file 

% nint  : This is added to avoid  

% nend  : End text file 

% tsrt  : Starting temperature, C 

% tint  : Temperature interval, C 

% temp  : Temperature range, C 

function [x,y,temp,fnames] = preprocess(rngs,fsep,inpdir,showfig) 

nsrt = 12; 

nint = 1; 

nend = 40; 

tsrt = 19; 

tint = 10; 

  

x = []; 

y = []; 

temp = []; 

fnames = []; 

% Process experimental source data 

rng1   = rngs(1,1); % Starting wavelength 

rng2   = rngs(1,2); % Ending wavelength 

id = 0;             % Index of active spectrum 

for i = nsrt : nend 

    if mod((i-nsrt),nint) == 0 

        id = id + 1; 

        % Current temperature 

        tcur = tsrt + tint * (i - nsrt); 

        temp = [temp;tcur]; 

        % Form and display file name 

        if i < 10 

            fname = [num2str(tcur) ' C.000' num2str(i)]; 

        else 

            fname = [num2str(tcur) ' C.00' num2str(i)]; 

        end 

        fnames{id} = fname; 

        disp(['File to be read: ' fname '.txt']); 

  

        % Read the file indicated above and store contents into a matrix (dat) 
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        fid = fopen([inpdir fsep fname '.txt']); 

        txt = textscan(fid,'%f','delimiter',','); 

        fclose(fid); 

        mat = txt{:}; 

        nrow = size(mat,1); 

        dat = []; 

        for j = 1 : nrow/2 

            dat = [dat; [mat(2*j-1) mat(2*j)]]; 

        end 

  

        % All data read can be plotted below to check if data is correct 

        if showfig == 1 

            figname = 'Source data all'; 

            hall = findobj('Type', 'Figure', 'Name', figname); 

            if isempty(hall) 

                hall = figure('NumberTitle','off','Name',figname); 

                set(gcf,'Name',figname,'NumberTitle', 'off');             

                movegui('west'); 

            else 

                figure(hall); 

            end 

            plot(dat(:,1),dat(:,2)); 

            xlabel('Wavelenght (cm^{-1})'); 

            ylabel('Absorbance (a.u.)');         

            ax = gca; 

            ax.Title.String = 'Original source: total range'; 

            hold on 

        end 

  

        % Find the wavelength expected from the data read 

        index_wl    = dat(:,1) >= rng1 & dat(:,1) <= rng2; 

        reduced_dat = dat(index_wl,:); 

  

        % Put the interested data in X-Y format in a local matrix 

        xloc = reduced_dat(:,1); 

        yloc = reduced_dat(:,2); 

        %plot(xloc,yloc,'linewidth',1.5); 

        %hold on 

         

        % Smooth measurement first to reduce noise 

        yloc = smooth(xloc,yloc,0.1,'loess'); 
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        %plot(xloc,yloc_new,'linewidth',1.5); 

         

        % Wavelength size 

        nxloc = size(xloc,1); 

  

        % Baseline processing to be added 

        slope    = (yloc(nxloc) - yloc(1)) / (xloc(nxloc) - xloc(1)); 

        base     = yloc(1); 

        for ip = 1 : nxloc 

           yloc(ip) = yloc(ip) - (base + slope * (xloc(ip)-xloc(1))); 

        end 

  

        % Remove negative numbers 

        yloc(yloc < 0) = 0; 

         

        % Store xloc and yloc into x, y 

        x(:,id) = xloc; 

        y(:,id) = yloc; 

  

        % All data read can be plotted below to check if data is correct 

        if showfig == 1 

            figname = 'Source data range'; 

            hrng = findobj('Type','Figure','Name',figname); 

            if isempty(hrng) 

                hrng = figure('NumberTitle','off','Name',figname); 

                set(gcf,'Name',figname,'NumberTitle','off');             

                movegui('east'); 

            else 

                figure(hrng); 

            end 

            plot(xloc,yloc); 

            xlabel('Wavelenght (cm^{-1})'); 

            ylabel('Absorbance (a.u.)');         

            ax = gca; 

            ax.Title.String = ['Original source: [' num2str(rng1) ', ' num2str(rng2) ']']; 

            hold on 

        end  

    end 

end   
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Life Story 

Carrying the strong curiosity about the origin of modern science and about the western life, I arrived in Swit-

zerland for PhD from a village in Wuhan, China after all the endeavors. EPFL is famous as a leadership uni-

versity, especially in photo(electric) energy field. I knew it because there are many large groups researching 

on photo(electric) energies at top 15 universities in Wuhan. I appreciate very much that I study here. The 

challenge in my study here was starting over: facing new research topic; switching from theoretical calculations 

to experiments; and all my previous achievements became no relation here no matter how proud I was and 

what fame I obtained. Also, the research topic of CO2 hydrogenation was new in this group. I had no sense of 

feasibilities of the instruments in this research. When searching the investigation methods and the catalysts, I 

had an impression that everything was investigated because so many techniques, catalysts, and mechanisms 

were reported. Therefore, it was a long and lonely journey to pass through countless up and down and to get 

the novel results finally. I worked the most intense on the last three months of thesis preparation: working 12-

16 hours per day, taking one day as two days. Afterwards, I managed to finish two more articles and the thesis. 

That was ever most efficient time. At the end I am proud of my skills in experiment, the methods I developed, 

the scientific discoveries of the CO2 hydrogenation mechanisms on the catalyst surfaces, and the life in Swit-

zerland. 

Before starting the PhD, some PhDs at the last year warned me that these four years would develop as this 

curve “ ”. I was doubting it would happen on me, especially I had super nice supervisor and colleagues. 

However, I did not escape from this curve. I expected very high for the achievements at the beginning, then 

dropped into depression in the reality. It is said misfortunes never come singly. Truly, there were contineous 

pressures and anxieties joined from other sides: the relationships, the cultural conficts, and the increasing com-

petition from China. Four years passed like a blink. But every year was so different to me. I did not want to 

admit, but the real challenge was going through the overwhelming conflicts of the differences between the 

Chinese and European sides: the cultures, the political bias, the social communications, the way of thinking, 

and so on. It was totally a battle in the minds and the battle crashed my beliefs. I have been searching the 

answer and myself in this battle. 

Now I can understand more or less why the battle and crash happened. It consumed my enormous energies to 

go through and figure out, because the new things I met here challenged my past life and belief. Therefore, I 

must record it.  

About the nation 

China is a country with really long and heavy history. Chinese people have to learn the poems and ancient 

articles from those dynasties throughout the educational periods. Those poems carry poignant and beautiful 

souls. One of the most famous books reflecting the life and minds in one dynasty is “Dream of the Red Chamber” 
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(“Le Rêve dans le Pavillon Rouge” in French), which was written around 270 years ago. It tells highly complex 

stories about love, the rise and fall of a representative noble family, and wonderful descriptions about Chinese 

women under that time background. It writes with very delicate ancient words and poems. There is a big official 

group studying this book exclusively since from 1980s in China. When my landlord here, an elder Swiss couple, 

showed me that they had been reading this book in French for ten years, I was shocked and gratified.  

After revolutions of thousands of years, this nation survives. The recent over a hundred years of wars opened 

the decayed door of the dynasty, also subverted its sacred image established over the dynasties. However, the 

culture, humanity, and spirit implanted into Chinese people’s characters and consciousness. Along with the 

development in the recent one century, the traditional and modern cultures clash all the time. Besides, the 

magnificence China had and the humiliation the invasion wars brought formed the complicated sensations to 

Chinese people.  

World today is a political world. Chinese communist is more famous than Chinese culture. When I say I love 

my country, people reflect immediately that I must love the communist party. This is sad to me. Because people 

put almost the full emotions to the communist, not really seeing the culture and life there. As for the Chinese 

communist party, on one hand, it indeed builds the new China very well; on the other hand, its bureaucracy, 

fawning the superior and disrespect the subordinates/normal people, and tight control are hateful. Not until I 

have life in Switzerland did I understand what freedom and respect are. However, China has a very complex 

society and history. It might become more transparent and trustable after the development arrives a higher 

level.  

About the mentality 

Generally, Chinese people are used to be led by one power as in the history. In personality, Chinese people 

supress the needs of oneself, even deny the selves, have deep sense of conservative morality and fame, and 

easily feel shamed for a manner or a failure. The speaking is often serious and playing around instead of relaxed 

and straighforwd, especially speaking with superiors. We have to guess the meaning carefully. Speaking about 

the government is a very sensitive topic, except saying good or constructive but not aggressive words. I did 

not know that talking about the governments, including Chinese government, is a daily chat in Europe. That 

made me very nervous, shamed and angry at the beginning. After I learned the international relations and the 

developing processes of many countries, I started to understand the natural processes of a country grow and 

the political measures and bias, being calmer and more aware.  

Chinese way of thinking originated from two major phylosophies: Confucianism and Taoism, which developed 

around 2500 years ago. Confucius teaches the relationships of the person with the family, friends, society, and 

government in a kindness and respect manner. Confucianism flourishes and widespreads the most after trav-

ersing so long history, having the strongest influence ubiquitous in China. However, it carries conservative 
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minds and too many restrictions, and tends to educate the communication regarding to people’s tiltle, not the 

person him/herself. Tao imparts the connection of the person with the inner energy and the universe, and sug-

gests freedom in the spirit.  

Influenced by the conservative rules, Chinese normally connect the spirit and flesh mentally strongly, which 

might be comparable to the old Christian style. We eaily live in sin or shame: when we did not get good 

performance in the school, drank/smoked/dated at high school, did not follow various rules, not married above 

30 years old especially for woman, no car or apartment/house before marrage especially for man, being disa-

greed by others’ opinions, etc. The society is filled with rushes, competitions, comparisons, and the Chinese 

communist. Although I realize the contradictory parts after the comparison with the life in Switzerland, I have 

to burden these pressures as long as I live in this society.  

Society in Switzerland is so open. People live comfortably, weathily, confidently, and can develop their inter-

ests freely. There are so many greetings in the mornings, evenings, holidays, before and after meals, and so on, 

while Chinese usually do not have. How enviable the life is! However, men and women are unbelievably open 

with funs, having no struggles with separating the “spirit and flesh”. When people say he/she likes someone, 

it does not mean the same “like” in China. In China, saying “like” to a girl/boy between friends means pursuing 

a relationship. And the relationship here is independent from the aim of marriage. While in China, relationship 

usually aims at marriage, although it could fizzle out. So, when we judge things based on our backgrounds, a 

lot of contradictions and misunderstandings could be created, which is miserable. 

About the life experiences 

This is a personal case. When I was in China, I was lost because of no sense of the physical life. Acurally, the 

students were commented as having eyes high and hands low by the society. I did not know the basic living 

skills: how to use vacuum cleaner, how to cut meat, how to cook, and so on. I never thought one day I had to 

find apartment, furniture, and health insurance alone, because in China the dormitory, food, insurances, etc. 

are provided by the schools or universities. It was impossible to live off campus for me.  

The worst was to live in the expectations from the family, friend, and society due to the social sense of fame 

and competition. Those expectations pointed to me only one road to Rome, which was “good good study, day 

day up” – getting good performance in the school and entering one of the top universities. There were 9 to 11 

million students competing the universities every year. I had to use high scores or grades to convince my family 

that I am a promising person, to draw teachers’ attention, and to be confident among friends and neighborhoods. 

I had also to be very careful with my behavior and speaking when I was a child because I was the unexpected 

second girl in the family under the “one child” policy. To obtain good judgements from others, I put myself in 

all kinds of “behavior templates”. That was choking time.  



 

 175 

Luckily, I became more or less free after attending the university. I could finally read and study a lot of knowl-

wdges that I was interested, participate various activities, and travel. Abandoning all the templates and people’s 

eyes, suddenly I felt nothing was really important, nearly “the unbearable lightness of being”. I lived in a 

spiritual world, seeming like free, but with invisible cage. The older I grew, the deeper I felt. But I did not 

know what the cage was. Until I lived four years in Switzerland, I understood it was because of the ubiquitous 

competition, the hateful part of the social circumstance, and the harsh education originated from the family. 

What was more, there was no balance between work and life. Work was at everywhere and anytime except 

when sleeping. What poor Chinese! Everyone was in a rush of supporting the life. I felt stronger the competi-

tion from China when I am in Switzerland due to the fast movements in China and the slow progress in Europe.  

Without time to enjoy life, Chinese people generally were not really happy, and easily to be serious, angry and 

shouting.  

In Switzerland, the social environment, people’s minds, and working styles are open, kind and flexible. The 

natures are well protected; having the real seasons and countless stars; energy sources are abundant; roads are 

well built; infrastructures are well established; shops have selected the optimal products for the consumers and 

not varyed the prices very much between different shops; people are polite, quiet, well educated and respect-

ful…… Here, people can stop working on weekends and take vacations without worrying about the work, can 

even relax without worrying about the job and the carrer. The society is so harmonic even without “fixed” 

president. Living here is like living in the heaven with freedom, equality, wealth, peace, and incredibly beau-

tiful nature. I not only love and enjoy living here very much, but also feel the connection of the environment 

here to my soul. I could not imagine elsewhere would have better environment. However, at the starting two 

years, the differences in living style, way of thinking, and some contradictions in the senses of morality of 

people’s behaviors described above created terrible loneliness, misunderstandings and spiritual crash. 

As a consequence, these two spirits – Chinese tradition and western opening – in me struggled in fierce battle 

for three and half years. I remember I arrived in Switzerland naive, innocent, enthusiastic, courious, unworldly, 

loving, and high-expectation. Under so many strong conflicts, I became miserable, aggressive in words, and 

antipathetic for all the things opposed to my Chinese spirit. I was exhausted mentally in the years of spiritual 

battle. But at the end, I break through these difficulties and found out the compromise. I become comfortable, 

confident and certain, and understand the nations, international relations and the politics more. This was a 

journey from sorrow to happiness, a journey full of harsh philosophy of life, which took me three quarters of 

my PhD time to pass. This is indeed a doctorate of PHILOSOPHY! “What does not kill us makes us stronger.”  

Overall, PhD is harsh. In addition to the difficult research work, PhD time is also the first state of handling 

independent life, dealing with colleague relationships, facing all kinds of conflicts, all the time trying to calm 

down from the pressures and to solve the problems. Passing the PhD exam is a rebirth. Thankfully, I found 

what life I want at the end.  
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