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1.1 Environmental impact of CO2 emission 

 Carbon dioxide (CO2), one of the main constituents of greenhouse gases, is 

widely considered to be the primary driver of global warming and climate change. CO2 

accounts for approximately 76% of global greenhouse gases emissions, mainly from 

the usage of fossil fuels and industrial processes.1  

 

Figure 1. Global anthropogenic greenhouse gas emission by group of gases. Based on data from 
2010. Source : IPCC 5th assessment report (2014). 

 The Paris Agreement has called on nations to limit global warming to well below 

2°C, preferably 1.5 °C compared to pre-industrial levels. Anthropogenic CO2 emission 

has been rising exponentially ever since the dawn of the industrial revolution. 

According to the special report on global warming of the Intergovernmental Panel on 

Climate Change (IPCC), human activities are estimated to have caused approximately 

1.0 °C of global warming above pre-industrial levels, and is likely to reach 1.5°C if the 

rate of increasing follows the current trajectory.2 Therefore, the common consensus is 

that the global carbon emission has to be greatly reduced before reaching a point of 

no return in order to prevent catastrophic climate disaster that will potentially threaten 

the very existence of human species.  
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Figure 2. Annual production-based emissions of CO2. Data from 1750 to 2021 is shown. Source: 
Hannah Ritchie, Max Roser and Pablo Rosado (2020) - "CO2 and Greenhouse Gas Emissions". 
Published online at OurWorldInData.org. Retrieved from: 'https://ourworldindata.org/co2-and-
other-greenhouse-gas-emissions'. 
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1.2 Carbon capture, utilization, and storage (CCUS) 

 Carbon capture and sequestration, or more commonly known as carbon capture 

and storage (CCS),3–10 together with carbon capture and utilization (CCU)11–19 have 

become increasingly important for the reduction of carbon emission. CCS technologies 

involve mainly 3 steps: CO2 capture, transportation, and storage. In essence, CO2 is 

captured from point sources with high carbon emissions such as power plants and 

industrial plants, and is transported mainly using pipelines to a suitable geological site 

for permanent storage. However, there are major issues associated with CCS 

technology that have to be solved for it to become mainstream. From an economic 

point of view, the deployment of CCS infrastructure requires high capital investment for 

something that offers virtually  little to no profitability, due to the fact that permanent 

storage of CO2 itself does not offer much in terms of business opportunity. Moreover, 

on the technical aspect, CCS is not always a viable option due to geographical 

constraints, since finding a suitable storage site is a challenging task.20,21  

 Amidst the ever-growing concern on climate change and depletion of fossil 

resources, CCU technology has garnered broad attention in both academic and 

industrial sectors due to the prospect of converting CO2 into valuable products such as 

fuels or chemicals, while simultaneously contributing to climate change mitigation. The 

implementation of CO2 as C1 source in the petrochemical industries as an alternative 

to non-renewable fossil feedstock is promising for the realization of a closed carbon 

cycle, and it is potentially more profitable than CCS due to the fact that value-added 

products can be sold commercially. Although it may sound like CCU is the “dream” 

technology to reduce CO2 emissions, converting CO2 into various products is a 

challenging task as the process is extremely energy intensive due to the high 

thermodynamic stability of CO2 (ΔfH˚298K = -393.47 kJ mol-1). Furthermore, at current 

stage, the largest scale chemical utilization of CO2 is for the production of urea, which 

consumes approximately 140 Mt CO2 yr-1.18 This is merely a drop in the ocean when 

compared to the annual CO2 emission of more than 30 Gt CO2 yr-1 (vide infra) in current 

era. Nevertheless, effective utilization of CO2 as a carbon feedstock remains a highly 

attractive prospect for truly enabling a sustainable future, and both CCS and CCU can 

be integrated and developed in tandem to achieve this goal. 
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1.3 Catalytic hydrogenation of CO2 

 Utilization of CO2 as a feedstock for the production of chemicals and fuels 

requires a reduction process to turn CO2 into various oxygenates and hydrocarbons. 

Catalytic hydrogenation of CO2 has been studied extensively because hydrogenation 

process is arguably the most practical method for CO2 conversion; the process is 

straightforward and effective when compared to other methods such as photochemical 

or electrochemical conversion, and the process is essentially carbon-neutral on the 

premise that H2 originates from renewable energy sources (i.e., green hydrogen).22–29 

Furthermore, effective utilization of H2 is also in line with the concept of “Hydrogen 

Society” as advocated by the Government of Japan.30–33 

 The synthesis of value-added products via CO2 hydrogenation follows several 

possible upgrade pathways as shown in Figure 3. Considerable progress has been 

made in the research for CO2 hydrogenation to C1 products. Among them, CO2 

hydrogenation to methanol34–41 has received widespread attention owing to the 

concept of “methanol economy” as proposed by the late Nobel prize laureate, George 

A. Olah.42 Methanol, as the simplest alcohol, is one of the most important commodity 

chemicals in the world. Methanol is used as a precursor to many other important 

chemicals such as formaldehyde, acetic acid, and methyl methacrylate. Methanol can 

also be used for the production of synthetic fuels such as ethylene and propylene via 

the methanol-to-hydrocarbons (MTH) process,43–47 or employed as a fuel itself by 

mixing with gasoline. Additionally, methanol can be converted to dimethyl ether (DME), 

a clean fuel that is non-toxic and non-corrosive, via dehydration.48–51 Similar to 

methanol, DME is also an important building block for the production of many 

commonly used chemicals such as methyl acetate, dimethyl sulphate, and can also be 

converted to light olefins and gasoline. Therefore, the direct synthesis of DME via CO2 

hydrogenation has also been studied alongside CO2-to-methanol.  

 CO2 hydrogenation to higher alcohols, especially ethanol, have also been 

gaining attention lately,52–58 albeit to a lesser extent than CO2-to-methanol as ethanol 

synthesis is a far more challenging process which requires C−C coupling. The same 

could be said about Fischer-Tropsch (FT) synthesis using CO2 to produce synthetic 

fuels,59–64 which usually occurs in parallel with CO2 hydrogenation to higher alcohols, 

and as a consequence, lowering the selectivity of the desired product(s). For these 
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processes, the ability to maintain a high yield and selectivity remains a daunting task, 

and more studies are needed for these technologies to become viable.  

 Another classical example of CO2 hydrogenation is methanation reaction, also 

known as the Sabatier reaction.65–69 Since methane is the primary component of 

natural gas, there was a growing interest in CO2 methanation as a way to produce 

synthetic natural gas (SNG) in the past. In recent years however, against the backdrop 

of shale revolution in the USA, the synthesis of methane via CO2 hydrogenation simply 

does not make much sense economically, leading to the diminishing of interest in large 

scale production of SNG.  

 

Figure 3. Various pathway for the hydrogenation of CO2 into value-added products. 
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1.4 Application of CO2/H2 as methylating agent 

 Aside from direct synthesis of commodity chemicals via CO2 hydrogenation, the 

application of CO2 and H2 as methylating agent has emerged to be a popular strategy 

to achieve higher equilibrium conversion of CO2 for various CO2 valorization process. 

For example, N-methylation of amines using CO2 for the synthesis of methylamines 

have been widely studied.70–78 However, reports on C-methylation using CO2/H2 are 

relatively scarce when compared to N-methylation due to the fact that C–C bond 

formation is far more challenging than C–N coupling as a consequence of the weaker 

nature of carbon nucleophiles. The very first C-methylation was reported in 2014 by 

Beller and coworkers, in which the direct catalytic methylation of heteroarenes using 

CO2/H2 over Ru-based homogenous catalysts was demonstrated.79 More recently, 

multiple reports on the catalytic methylation of common aromatic hydrocarbons such 

as benzene, toluene, or naphthalene using CO2/H2 have also emerged80–82, signaling 

the growing interest of methylation using CO2/H2 as a method for upgrading low-value 

commodity chemicals. 
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1.5 Rhenium as a catalyst 

 Rhenium (Re) catalysts are of great technological importance in heterogeneous 

catalysis. Supported rhenium catalysts are reported to be active and highly selective 

for hydrogenation of carboxylic acid.83,84 Rhenium is also widely used as an active 

catalyst for valorization of a vast variety of biomass-derived chemicals.85–88 One of the 

most well-known applications of Re as a catalyst is Pt-Re bimetallic catalyst used in 

petroleum reforming.89,90 

 Rhenium is situated in group VII in the periodic table of elements, which is the 

same as manganese (Mn), another frequently used element in catalysis. However, 

rhenium is considerably different from manganese in terms of its chemical and catalytic 

properties. For example, the most stable oxidation for manganese is +2, whereas for 

rhenium its most stable oxidation state is +7. Rhenium is known to occupy a variety of 

oxidation states from 0 to +7, which can be linked to its catalytic multifunctionality. 

Unlike other noble metals, Re is strongly oxophilic, which makes the determination of 

its oxidation state highly challenging. 
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1.6 Thesis outline 

 In this thesis, the attention will be focused on TiO2-supported rhenium (Re/TiO2) 

catalyst, which shows promising performance for various CO2 hydrogenation reaction. 

This thesis will be divided into the following chapters: 

Chapter 2: Low temperature hydrogenation of CO2 to methanol. 

 Low temperature CO2-to-methanol reaction over Re/TiO2 catalyst in batch 

reactor and fixed-bed flow reactor were explored. The performance of Re/TiO2 was 

tested against various other supported metal catalyst, which included the conventional 

Cu-based methanol synthesis catalyst. The possible active sites and reaction 

mechanisms were also identified using a combination of operando spectroscopic 

techniques and isotopic labelling experiments.  

Chapter 3: Catalytic methylation of aromatic hydrocarbons using CO2/H2. 

 Using a combination of Re/TiO2 and zeolite, methylation of aromatic 

hydrocarbons (benzene, toluene, m-xylene) was carried out. Various other 

combination of zeolite and  supported metal catalyst were also tested and evaluated. 

Machine learning method were employed on our accumulated datasets for further 

catalyst optimization. 

Chapter 4: Characterization of Re/support catalysts and mechanistic study employing 

both experimental and theoretical methods. 

 DFT calculations were conducted to investigate support-metal interactions 

between rhenium and various support oxide. The reason for the high dispersion of Re 

species on TiO2 was revealed. 
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2.1 Introduction 

 The growing concern about climate change and the depletion of fossil 

fuels have prompted the search for alternative carbon sources for the generation 

of energy and the production of chemicals.1–10 Carbon dioxide (CO2), which is 

regarded to be by far the largest contributor to global warming, is a promising 

prospective for potential applications as a raw material for the production of fine 

chemicals.11–19 The direct synthesis of methanol (MeOH) from the 

hydrogenation of CO2 has thus attracted significant interest in the scientific 

community.20–28 MeOH is used as a precursor for a vast variety of chemical 

products, which makes it arguably one of the most important commodity 

chemicals.29 Additionally, MeOH can be used as a fuel.30 Traditionally, MeOH is 

almost exclusively produced from fossil-derived syngas, which primarily consists 

of CO and H2 in addition to small amounts of CO2, by employing Cu-based 

catalysts, typically under relatively extreme conditions (T > 200 ˚C; p = 5-10 

MPa).31 Industrially, the direct production of MeOH from the hydrogenation of 

CO2 has recently been achieved by using similar Cu-based catalysts and 

reaction conditions.32 However, this process suffers from a low equilibrium 

conversion of CO2 since the hydrogenation reaction is exothermic.33,34 

Consequently, a lower reaction temperature is more favorable for the formation 

of MeOH.  

Several methods for the low-temperature (T ≤ 150 ˚C) hydrogenation of 

CO2 to afford MeOH over homogeneous catalysts under mild conditions have 

recently emerged.34–46 Although homogeneous catalysts normally exhibit high 

activity and operate under mild conditions, they typically suffer from product-

separation issues and usually require additives in order to achieve high catalytic 

performance. Methods based on heterogeneous catalysts have also been 

actively explored recently. However, most methods hitherto reported suffer from 

low activity.47–52 Yet some reports on heterogeneous catalytic systems for the 

low-temperature hydrogenation of CO2 to MeOH show high activity.53–57 For 

instance, Zen and co-workers reported Pt3Co octapods,53 Rh75W25 

nanosheets,54 and Pt/MoS2
55 catalysts that produce MeOH with TON > 2000. 

Carbon-supported Pt4Co nanowires (Pt4Co NWs/C)56 and RhCo porous 

nanospheres57 have also been reported recently as active catalysts for the 
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hydrogenation of CO2. These processes represent important contributions to the 

synthesis of CH3OH under mild conditions. However, in all cases platinum-group 

metals (PGMs) are employed and the preparation of these catalysts is 

complicated. Yet, catalysts employed for such selective hydrogenation reactions 

should be easily accessible. Hence, the development of versatile heterogeneous 

catalysts that can be operated under mild conditions (T ≤ 150 ˚C) is of extreme 

importance. Moreover, it should be emphasized that the previous reported 

studies usually do not mention the formation of byproducts such as CO and CH4. 

This is especially problematic for dealing with the hydrogenation of CO2, which 

usually generates such byproducts to some extent even over homogeneous 

catalysts.22 

In this study, a Re/TiO2 catalyst, which exhibits high activity and product 

selectivity for i) the hydrogenation of carboxylic acid derivatives, ii) the N-

methylation of amines using CO2 and H2, and iii) the N-alkylation of amines with 

carboxylic acids or esters in the presence of H2,58,59 was employed for the 

hydrogenation of CO2 to MeOH at low temperature (T = 150 ˚C). A series of 

Re/TiO2 catalysts with different Re loadings, which ensured a wide range of Re 

dispersion, were prepared and evaluated with respect to their performance in 

the hydrogenation of CO2. Whereas a Re loading of 5 wt% (Re(5)/TiO2) 

furnished the best performance in previous studies,58,59 the best performance 

under the conditions applied in this study (vide infra) was achieved using a 

catalyst containing 1 wt% of Re (Re(1)/TiO2). A comparison of the performance 

of the Re(1)/TiO2 catalyst to that of various other catalysts, including the 

industrially used methanol synthesis catalyst Cu/Zn/Al2O3, revealed that 

Re(1)/TiO2 surpassed the performance of all the other catalysts tested.  
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2.2 Experimental section 

2.2.1 Materials and catalyst preparation 

Organic and inorganic compounds were purchased from common commercial 

suppliers (Tokyo Chemical Industry, Kanto Chemical, Wako Pure Chemical Industries, 

Nacalai Tesque, and SigmaAldrich) and used without further purification. TiO2 (ST-01) 

was obtained from Ishihara Sangyo Co., Ltd. Its BET specific surface area is 188 m2 

g-1. ZrO2 (JRC-ZRO-2), MgO (JRC-MGO-3), and SiO2-Al2O3 (JRC-SAL-2, Al2O3 = 

13.75 wt%) were supplied by the Catalysis Society of Japan. Conversely, γ-Al2O3 were 

prepared by calcination of γ-AlOOH (Catapal B Alumina, Sasol) for 3 h at T = 900 °C. 

CeO2 was prepared by calcination (T = 600 °C, t = 3 h, in air) of CeO2 supplied from 

Daiichi Kigenso Kagaku Kogyo Co., Ltd (Type A). SiO2 (Q-10) was supplied by Fuji 

Silysia Chemical Ltd. The carbon support (Kishida Chemical) was commercially 

obtained. SnO2 was prepared by calcination (T = 500 °C, t = 3 h) of H2SnO3 (Kojundo 

Chemical Laboratory Co., Ltd.). HZSM-5:SiO2/AI2O3 = 22:1 and HY:SiO2/AI2O3 = 5.5:1 

were obtained from TOSOH Co., Ltd. NH4ReO4 and metallic Re were purchased from 

SigmaAldrich. ReO2 and Re2O7 were supplied from Hydrus Chemical Inc. and Strem 

Chemicals Inc., respectively. Cu/Zn/Al2O3 (MDC-7; 34 wt% Cu) was supplied by 

Clariant Catalysts (Japan). 

Precursors of M/TiO2 (M = 1 wt% Re, Pt, Ir, Rh, Ru, Pd, Ag, Cu, Ni, or Co) and 

Re/MOx (1 wt% Re; MOx = metal oxides, zeolites, or carbon) were prepared by mixing 

the support material with the metal sources, i.e., an aqueous solution of NH4ReO4, 

nitrates of Ag, Ni, Cu, Co, RuCl3 or IrCl3·nH2O, or aqueous HNO3 solutions of 

Pt(NH3)2(NO3)2, Rh(NO3)3, or Pd(NH3)2(NO3)2. For the preparation of Re/TiO2, typically 

0.072 g of NH4ReO4 were added to a glass vessel (500 mL) containing 100 mL of 

deionized water ([Re] = 0.0027 M). After sonication (1 min) to completely dissolve the 

NH4ReO4, TiO2 (4.95 g) was added to the solution, which was then stirred (200 rpm) 

for 30 min at room temperature. Subsequently, the reaction mixture was evaporated to 

dryness at T = 50 °C, followed by drying at T = 110 °C under ambient pressure for t = 

12 h. The thus obtained material was calcined (T = 500 °C, t = 3 h, in air). For each 

experiment, the active catalyst was prepared by reduction in a quartz tube (T = 500 °C, 

t = 0.5 h) under a flow of H2 (20 cm3 min-1). The other M/TiO2 catalysts were prepared 

in the same manner as described above.  

2.2.2 Characterization of catalysts 
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X-ray diffraction (XRD; Rigaku Miniflex) measurements were conducted using 

CuK radiation. Re L3-edge X-ray absorption fine structure (XAFS) measurements 

were performed at the BL14B2 line (SPring-8) using a Si(111) double crystal 

monochromator operated at 8 GeV (proposal 2018A1757). Scanning transmission 

electron microscopy (STEM) images were recorded on a JEM-ARM200F microscope 

(JEOL) at an acceleration voltage of 200 kV. The Cs-corrector CESCOR (CEOS) was 

used in the STEM mode. The samples were prepared by dropping ethanol suspensions 

of the catalysts on carbon-supported copper grids. 

 Ambient pressure X-ray photoelectron spectroscopy (AP-XPS) measurements 

were performed at beamline 13B of Photon Factory (PF) at the High Energy 

Accelerator Research Organization (KEK). A powder of Re/TiO2 with Re loading of 3 

wt%, pre-reduced under H2 at 500 °C for 30 min, were coated on a Si substrate by 

using deionized water as a dispersant with a drop-and-dry method. The temperature 

of samples was measured by using a thermocouple directly attached to the sample 

holder in the analysis chamber. The gases were introduced into the chamber by using 

variable leak valves. The samples were pretreated by exposure to H2 (0.1 Torr) at 

450 °C for 30 min followed by cooling to 150 °C under the H2 atmosphere. Gases were 

then introduced into analysis chamber and the all the XPS spectra were collected at 

150 °C. Re 4f measurements were performed with a photon energy of 630 eV. Binding 

energy was calibrated using the Ti 2p3/2 peak of Ti4+ species (TiO2; 485.5 eV). XPS 

spectra were analyzed with convolution of Gaussian and Lorentzian with a Shirley 

background in the range of 34-46.5 eV.  An asymmetric Doniach–Sunjic peak shape 

was used to fit the peaks for metallic rhenium. 
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2.2.3 Catalytic reactions 

The following procedure for the hydrogenation reactions can be considered 

representative: after the reduction with H2 at T = 500 °C (cf. catalyst preparation), the 

catalyst (0.0054 mmol relative to the Re loading), and a mixture of 1,4-dioxane (1 mL) 

and n-decane (0.15 mmol) as an internal standard were added to a stainless-steel 

autoclave (30 cm3). The resulting mixture was magnetically stirred (T = 150 °C; pCO2 = 

1 MPa; pH2 = 5 MPa). MeOH was analyzed using a gas chromatograph with a flame-

ionization detector (GC-FID; Shimadzu GC-14B with an Ultra ALLOY capillary column 

UA±1; Frontier Laboratories Ltd.) while the other products were analyzed using a GC-

FID (Shimadzu GC-2014 with a Porapak Q column) with a methanizer (Shimadzu 

MTN-1). 

For catalytic testing using fixed-bed continuous flow reactor, 500 mg of catalyst 

was packed between quartz wool inside a 1/4-inch stainless-steel tube (ID = 2.79 mm). 

The catalyst was reduced in situ at 450 °C with 90%H2/Ar (25 mL min-1) for 1 h under 

atmospheric pressure. After cooling down to room temperature, a H2/CO2/Ar with vol% 

of 69%/23%/8% was fed into the reactor and pressurized to 360 bar. The total flow rate 

of the gas mixture is kept at 16.7 mL min-1 to achieve a gas-hourly space velocity 

(GHSV) of 2000 h-1 equivalent. The products were analyzed by an online gas 

chromatograph (Bruker, GC-450) equipped with a flame ionization detector for 

methanol, methyl formate, diethyl ether, and other hydrocarbons, and a thermal 

conductivity detector for permanent gases (CO2, H2, Ar, CO, CH4). 
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2.2.4 Operando DRIFTS and XAFS measurement 

 Gas flow (H2, CO2, He) is controlled by 6 mass flow controllers (Bronkhorst). 

Switching between two different reactant gas streams is done using a 4-way valve. The 

pressure of the two gas streams (to cell and vent) is controlled by back pressure 

regulators (Bronkhorst). The outlet gas stream is analyzed by a Pfeiffer Omnistar GSD 

300C mass spectrometer. 

 Operando XAFS measurement were carried out using a fixed-bed capillary 

reactor (ID = 2 mm) at 150 °C, 10 bar, and H2:CO2 = 3:1 coupled with detected of the 

formed products using mass spectrometer. XAFS measurement for Re L3-edge was 

performed at X10DA (SuperXAS) beamline of Swiss Light Source (SLS) at Paul 

Scherrer Institute (PSI). 

 For operando DRIFTS, catalyst powder is (10-15 mg) is loaded in a cylindrical 

cavity (3 mm in diameter and 3 mm vertical length) of a custom-made high-pressure 

reaction cell. The cell is mounted in a Harrick Praying Mantis diffuse reflection (DRIFTS) 

accessory. The spectra were collected using a Thermo Scientific Nicolet 6700 FT-IR 

spectrometer equipped with a liquid-nitrogen-cooled MCT detector at 4 cm-1 resolution 

for every 10 seconds. No baseline correction was applied to the time-resolved spectra 

due to the baseline movement. Prior to spectra collection, sample is reduced in situ at 

500 °C under a H2 stream (20 mL min-1) for 1 h and subsequently cooled to the targeted 

reaction temperature of 150 °C under He stream. The cell is pressurized to 10-20 bar 

and immediately exposed to reactant mixture (CO2:H2 = 1:3, total flow = 20 mL min-1) 

at the same pressure by switching valve.  
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2.3. Results and discussion 

2.3.1 Characterization of Re/TiO2 

Re(1)/TiO2 was synthesized using a facile impregnation method employing 

NH4ReO4 and TiO2, followed by H2 reduction at 500 °C. Powder X-ray diffraction (XRD) 

and scanning transmission electron microscopy (STEM) measurements were carried 

out in order to characterize Re(1)/TiO2. As given in Fig. 1, a XRD pattern of the reduced 

Re(1)/TiO2 catalyst was essentially identical to that of pristine TiO2, while peaks 

associated with Re species were not observed. It should be noted that its structure 

was confirmed to be anatase. Figure 2 shows the annular bright field STEM (ABF-

STEM) image and high-angle annular dark-field STEM (HAADF-STEM) images of 

Re(1)/TiO2. These images show that the Re loaded on the TiO2 support forms highly 

dispersed sub-nanometer clusters. It is also observed that some Re species exist as 

single atoms in the matrix of TiO2.60–62  

 

 

Figure 1. XRD patterns of a) TiO2; b) NH4ReO4-impregnated TiO2 calcined at 500 °C in air; c) after 

reduction of (b) at 500 °C under H2 flow (Re(1)/TiO2). 
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Figure 2. ABF- and HAADF-STEM images for Re(1)/TiO2.  
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2.3.2 Low temperature hydrogenation of CO2 in batch reactor 

Hydrogenations of CO2 were carried out in order to screen the properties of 

various catalysts. Following pre-treatment of the catalysts with H2 at 500 °C, these 

reactions were carried out using a catalyst (0.0054 mmol of catalytically active metal) 

in a stainless autoclave (V = 30 cm3; pCO2 = 1 MPa; pH2 = 5 MPa; T = 150 ˚C; t = 24 h). 

The obtained results are summarized in Table 1. Re(1)/TiO2 afforded a total turnover 

number (TON) of 44 with 82% MeOH selectivity (entry 1). As minor byproducts, CO 

and CH4 were obtained. In contrast, using TiO2 or various other TiO2-supported metal 

catalysts (entries 2-10) did not afford significant amounts of MeOH. CO and/or CH4 

were produced as the main products over these catalysts. No reaction occurred when 

pristine TiO2 was used as the catalyst (entry 11). Various supported Re catalysts were 

also tested for the direct hydrogenation of CO2 (entries 12-21). The obtained total 

TONs were lower than that for Re(1)/TiO2, while the formation of MeOH was not 

observed. The industrial Cu-based catalyst Cu/Zn/Al2O3 supplied by Clariant Catalysts 

(MDC-7; 34 wt% Cu) was also tested and found to be ineffective under the reaction 

conditions tested in this study (entry 22). Moreover, unsupported Re catalysts 

including metallic Re, NH4ReO4, ReO2, ReO3, and Re2O7 did not efficiently catalyze 

the hydrogenation of CO2 (entries 23-27). It should be noted here that the catalytic 

tests were also carried out after a H2 reduction at 300 °C, given that a H2 reduction at 

500 °C may not be appropriate for some of the catalysts.19 Still, it was confirmed that 

Re(1)/TiO2 is the most effective catalyst for the direct hydrogenation of CO2 to afford 

MeOH. These results clearly demonstrate that the combination of Re as the 

catalytically active species and TiO2 as the support is particularly effective for the 

synthesis of MeOH from the hydrogenation of CO2.  
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Table 1. Results of the hydrogenation of CO2 catalyzed by a variety of catalysts.a 

Entry Catalyst Total TON 
Selectivity (%) 

MeOH CO CH4 

1 Re(1)/TiO2 44 82 16 2 
2 Pt(1)/TiO2 64 <1 87 13 
3 Pd(1)/TiO2 21 <1 88 12 
4 Rh(1)/TiO2 41 <1 100 <1 
5 Ir(1)/TiO2 5 <1 89 11 
6 Ru(1)/TiO2 3 <1 100 <1 
7 Ni(1)/TiO2 4 <1 100 <1 
8 Co(1)/TiO2 2 <1 100 <1 
9 Ag(1)/TiO2 <1 - - - 
10 Cu(1)/TiO2 <1 - - - 
11 TiO2 <1 - - - 
12 Re(1)/ZrO2 8 <1 65 35 
13 Re(1)/Al2O3 2 <1 9 91 
14 Re(1)/SiO2 1 <1 65 35 
15 Re(1)/Carbon 1 <1 36 64 
16 Re(1)/CeO2 <1 - - - 
17 Re(1)/MgO <1 - - - 
18 Re(1)/SiO2-Al2O3 <1 - - - 
19 Re(1)/SnO2 <1 - - - 
20 Re(1)/HZSM-5(22) 1 <1 92 8 
21 Re(1)/HY(5.5) <1 - - - 
22 Cu/Zn/Al2O3

b <1 - - - 
23c Metallic Re <1 - - - 
24c NH4ReO4

c 2 <1 2 98 
25c ReO2

c 1 <1 4 96 
26c ReO3

c 2 <1 <1 100 
27c Re2O7

c 10 <1 <1 100 
aPre-treatment: H2 (30 mL min-1), 500 ˚C, 0.5 h; reaction conditions: 0.0054 mmol of catalytically 

active metal, 1,4-dioxane (1 mL), CO2 (1 MPa), H2 (5 MPa), 150 ˚C, 24 h; TONs were calculated 

based on the total amount of metal atoms used. b 34 wt% of Cu. c Reactions were carried out 

without pre-treatment. 
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2.3.3 Mechanistic study 

The time-course plot of the hydrogenation of CO2 shows that the concentration 

of all the products (MeOH, CO, and CH4) increases with increasing the reaction time, 

as given in Fig. 3. It should also be noted that other possible byproducts such as formic 

acid (HCOOH) and formaldehyde (HCOH) were not observed when using a GC-FID 

apparatus equipped with a methanizer. In order to get further insight into the specifics 

of the reaction, hydrogenation reactions employing CO or HCOOH as a starting 

substrate were carried out (Scheme 1). The hydrogenation of CO, carried out at lower 

pressure (0.5 MPa) for safety reasons, hardly proceeded, whereas that of CO2 (0.5 

MPa) afforded MeOH at a formation rate of 0.8 mmol mmolRe
-1 h-1 based on the Re 

used. This result indicates that the potentially produced CO is not an intermediate for 

the formation of MeOH. On the other hand, the reaction of HCOOH afforded MeOH, 

suggesting that the derivatives of HCOOH (e.g. HCOO-) adsorbed on the catalyst 

surface could serve as intermediates for the formation of MeOH.  

 

 

Figure 3. Time-course plot of the hydrogenation of CO2 catalyzed by Re(1)/TiO2. Pre-treatment: H2 

(30 mL min-1), 500 ˚C, 0.5 h; reaction conditions: 0.0054 mmol Re, 1,4-dioxane (1 mL), CO2 (1 

MPa), H2 (5 MPa), 150 ˚C. 
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Scheme 1. Hydrogenation of model substrates over Re(1)/TiO2. (a) CO2, (b) CO, and (c) HCOOH. 

Pre-treatment: H2 (30 mL min-1), 500 ˚C, 0.5 h; reaction conditions: 0.0054 mmol Re, 1,4-dioxane 

(1 mL). 
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2.3.4 Structure-activity relationship 

Subsequently, the hydrogenation of CO2 was carried out using Re(x)/TiO2 (x = 

0.2, 1.0, 5.0, 10, and 20 wt%) in order to i) determine the optimal Re loading and ii) 

investigate the effect of the size of the Re species on the hydrogenation reaction. The 

corresponding HAADF-STEM images for Re(x)/TiO2 (x = 0.2, 1, 5, 10, and 20 wt%) are 

shown in Fig. 4. The highest formation rate and selectivity for MeOH was achieved 

using Re(1)/TiO2 (Fig. 5). With increasing Re loading, the MeOH selectivity is gradually 

shifting toward CH4. This could be attributed to the fact that larger clusters of Re 

nanoparticles favor the formation of CH4, while isolated atoms (single atoms) of Re 

mainly seen for Re(x)/TiO2 with low Re loadings favor the formation of CO. This notion 

is in accordance with the results of a previous study on the hydrogenation of CO2 over 

Rh/TiO2.64 Moreover, our results indicate that the formation of MeOH should be favored 

over Re/TiO2 given the sub-nanometer size of the Re species. These considerations 

could explain why Re(1)/TiO2 serves as the most effective catalyst for the formation of 

MeOH in this study. 

 

Figure 4. HAADF-STEM images of Re(x)/TiO2 (x = 0.2, 5, 10, and 20 wt%). 
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Figure 5. Effect of the Re loading on the hydrogenation of CO2 catalyzed by Re(x)/TiO2 (x = 0.2, 1, 

5, 10, and 20 wt%). Pre-treatment: H2 (30 mL min-1), 500 ˚C, 0.5 h; reaction conditions: 0.0054 

mmol of Re, 1,4-dioxane (1 mL), CO2 (1 MPa), H2 (5 MPa), 150 ˚C, 24 h. 

 

Finally, we tested Re(1)/TiO2 for the hydrogenation of CO2 after a reduction with 

H2 at different temperatures (200, 300, 500, 700, and 900 ˚C), as shown in Fig. 6. The 

results show that the best performance is observed for Re(1)/TiO2 pre-treated at 500 

˚C. X-ray absorption near edge structure (XANES) measurements were measured in 

order to determine the oxidation states of Re species, as given in Fig. 7. Note that the 

XANES spectra were collected at room temperature without exposure to air after the 

H2 reduction by sealing the samples in a glove bag filled with N2. Chemical shifts of the 

binding energy as a function of the reduction temperature are also plotted.65 The shifts 

for reference samples ReO3, ReO2, and Re metallic powder are shown with dotted 

lines. The obtained results suggest that the valence of the Re species decreases with 

increasing reduction temperature, which implies that the average oxidation state of the 

Re species responsible for the catalytic formation of MeOH should be higher than 0 

and below +4. It is well-known that Re often shows high dispersion on supports, that it 

is difficult to be reduced, and exhibits a variety of oxidation states.66-68 These features 

render research on catalytically active Re components highly challenging, and 

consequently, little is known about the chemical identity of such catalytically active Re 

species.69 The precise nature of the catalytically active Re species remains unknown 

and the catalyst may contain a variety of Re species in different oxidation states. At 

present, we cannot exclude the possibility that these mixtures of Re species in different 

oxidation states and the interfaces between them are necessary for the efficient 

progression of the reaction. HAADF-STEM measurements suggest that reduction 
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temperatures beyond 500 ˚C should lead to sintering of the Re species, which would 

prevent the formation of MeOH (Figs. 8 and 9).  

 

 

Figure 6. Effect of the pre-treatment reduction temperature on the CO2 hydrogenation catalyzed 

by Re(1)/TiO2 catalysts. Pre-treatment: H2 (30 mL min-1), 0.5 h; reaction conditions: 0.0054 mmol 

of Re, 1,4-dioxane (1 mL), CO2 (1 MPa), H2 (5 MPa), 150 ˚C, 24 h. 

 

Figure 7. Re L3-edge XANES spectra of Re(1)/TiO2 after temperature-dependent reductions (left) 

and the chemical shift of the binding energy as a function of the reduction temperature (right). The 

samples were treated at 200, 500, or 900 °C under a flow of H2. The XANES spectra were taken 

at room temperature without exposure to air after the reduction treatment by sealing the samples 

under N2. 
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Figure 8. HAADF-STEM images of Re(1)/TiO2 after reduction at 200 °C under a flow of H2. 

 

 

Figure 9. HAADF-STEM images of Re(1)/TiO2 after reduction at 900 °C under a flow of H2. 

  



39 

 

2.3.5 Low temperature hydrogenation of CO2 in fixed-bed flow reactor 

 The catalytic performance of Re(3)/TiO2 and commercial Cu/ZnO/Al2O3 were 

tested and compared using a fixed-bed continuous flow reactor at a H2/CO2 ratio of 3, 

150 °C and 360 bar for 24h (Figure 10). Initially, both catalysts showed higher CO2 

conversion that declined with time-on-stream, more prominently for Cu/ZnO/Al2O3. 

Re/TiO2 showed a comparable and higher CO2 conversion to Cu/ZnO/Al2O3 over time 

despite significantly lower metal loading. CH3OH selectivity displayed three 

distinguished stages within the 24 h experiment: activation (0-10 h), stable 

performance (10-20 h), and stabilization and deactivation (>20 h). During the activation 

period, methyl formate (HCOOCH3) is the main product over Cu/ZnO/Al2O3. After initial 

>60% selectivity followed by a decrease, methyl formate selectivity reaches ca. 47% 

at ca. 8 h before a rapid decline to less than 5%. Along with the decrease of methyl 

formate selectivity, CH3OH and CO selectivities gradually increase and become stable. 

On the other hand, Re/TiO2 shows a high initial CH4 selectivity (>40%) that rapidly 

declines within 5 h. HCOOCH3 selectivity over Re/TiO2 is lower than that of 

Cu/ZnO/Al2O3 during the first 10 h, but it becomes higher over time. Generally, the drop 

in HCOOCH3 selectivity is accompanied with counteracting increase of methanol 

selectivity, implying their close correlation and balance of the surface intermediates 

leading to the two products. 

 

Figure 10. Catalytic activity of Cu/ZnO/Al2O3 and Re(3)/TiO2 in CO2 hydrogenation. H2/CO2 = 3, T 

= 150 °C, P = 360 bar, and GHSV = 2,000 h-1. 
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2.3.6 Operando DRIFTS 

 CO2 hydrogenation over Re/TiO2 under working conditions of 150 °C and 10 bar 

was investigated using operando DRIFTS, which can provide insights into the temporal 

evolution of surface species during CO2 hydrogenation over the freshly reduced 

catalyst. The ν(C–H) bands in 2500-3200 cm-1 region are presented in Figure 11a, 

while ν(C–O) bands in 1000-1800 and 1800-2300 cm-1 are shown in Figure 11b and 

11c. The characteristic IR bands of rhenium hydride (Re–H, 1965 cm-1) and bridging 

or chelating bidentate formate on TiO2 (κ2-HCOO*, 2950, 2869, 1560, and 1357 cm-1) 

appear immediately after the reaction was initiated. Linear carbonyl species (μ1-CO*, 

2030 cm-1) appear after 0.5 min. Bridge carbonyls (μ2-CO*, 1936 and 1880 cm-1) 

appear after 2 min. However, we later confirm that the bands assigned μ1-CO* and μ2-

CO* are the parts of the rhenium tricarbonyls complex (Re(CO)3). The bands that 

appeared simultaneously at 2883, 2848, 2732, 1640, and 1405 cm-1 can be assigned 

to adsorbed methyl formate (HCOOCH3*) or adsorbed formic acid (HCOOH*). 

However, those adsorbed molecules were not usually observed under operando 

DRIFTS since they are prone to chemically adsorbed in form of κ2-HCOO*. These 

bands were later assigned as monodentate formate on Re (κ1-HCOO*) or bridging 

formate (μ2-HCOO*) over Re or Re-O-Ti interface. Methoxy species (CH3O*, 2829, and 

2927 cm-1) appear in the latest order after 10 min of reaction. 

 In summary, the surface species temporally evolved in the following orders: κ2-

HCOO* = Re-H (0.25 min) → μ1-CO* (0.5 min) →μ2-CO* (Re(CO)3 formation) = μ2-

HCOO* (2 min) → CH3O* (10 min). It should be highlighted that a faster spectral 

acquisition than 10s is required to distinguish the formation rate between κ2-HCOO* 

and Re-H.  

 The formation of carbonyl species over Re/TiO2 during the reaction (Figure 4b) 

indicates the reduction of the Re=O bond, which is generally required to form a 

coordination complex with CO. The tentatively assigned μ1-CO* and μ2-CO* form with 

distinct kinetics. However, the formation of bridged carbonyls is less favored or not 

possible on atomically dispersed Re due to the lack of adjacent Re atoms. At the 

reaction temperature, the adsorption of CO can lead to disruption and dispersion of Re 

crystallites, and eventually, lead to the formation of rhenium carbonyls complexes like 

Re(CO)3. Here, based on the spectral features, the carbonyl species are assigned to 
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Re(CO)3, although the number of carbonyls can fluctuate depending on the 

coordinating groups and environment around Re.  

 

Figure 11. Temporal evolution of surface species obtained from in situ DRIFTS during reaction with 

H2 + CO2 over Re(3)/TiO2. Reduction condition: 300 °C under 10 mL min-1 of H2 for 1 h. (Pre-

reduced at 500 °C with H2 and passivated with 1%O2/N2). Reaction conditions: 10 mg catalyst, 

H2/CO = 3, T = 150 °C, P = 10 bar, Ftotal = 10 mL min-1. 

 The normalized IR bands of surface species and mass spectrometry (MS) 

signals of gaseous products are compared in Figure 12. During the CO2 hydrogenation, 
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CH3OH formation (Figure 12d) reaches a steady state within 20 min and its profile is 

similar to that of κ2-HCOO* formation (Figure 12a). In contrast, CH3O* formation has 

shown a significant delay in its increase on the catalyst surface. This suggests that the 

observed CH3O* is not required as the intermediate for CH3OH formation. 13CO2 

hydrogenation yielded similar temporal evolution of surface and gaseous species to 

the case of 12CO2 (Figures 12c and 12f). 

 

Figure 12. Temporal evolution of normalized absorbance of the main surface species obtained 

from operando DRIFTS during reaction with a H2 + CO2, b, D2+ CO2, c H2 + 13CO2 over pre-reduced 

Re(3)/TiO2. The corresponding normalized ion current signal of methanol and methane obtained 

from mass spectrometer is shown directly beneath. Wavenumber (cm-1): κ2-HCOO* (1565), μ1-CO* 

(2026), CH3O* (2830), κ2-DCOO* (2181), μ1-CO* (2026), CD3O* (2063), OD* (2704), κ2-H13COO* 

(1527), μ1-13CO* (1976), 13CH3O* (2827). The MS of CD4 at m/z = 18 is shown instead of m/z = 20 

because of overlapping with D2O and H2O contribution was assumed to be negligible. 

 

 Furthermore, an identical isotopic labeling experiment was performed using D2 

instead of H2. During the CO2 hydrogenation with D2, a similar κ2-DCOO* (2180 cm-1) 

formation profile to that of HCOO* is observed, suggesting that CO2 activation to κ2-

HCOO* is not affected by the KIE (Figure 12b). However, the CD3OD formation 

(Figure 12e) is much slower compared to CH3OH formation (Figure 12d) while CD4 is 

virtually unaffected (Figure 12e). This indicates completely different formation 

mechanisms and involved intermediates to form methanol and methane. The CD3OD 

signal shows a similar profile to that of CD3O* (2061 cm-1), which behaves oppositely 

to the terminal deuteroxyl group (OD*, 2704 cm-1). To understand the location and roles 
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of this CD3O* as well as the correlation between CD3O* and OD*, a CH3OH adsorption 

experiment was performed, followed by titration using D2 (Figure 13). After CH3OH 

was adsorbed as CH3O*, titration of CH3O* by D2 produced CH3OD and regenerated 

OD* similar to the inverted relationship between CD3O* and OD*. This suggested that 

the observed CH3O* species are located on TiO2 support and originated from CH3OH 

adsorption over the Ti-OH sites.  

 

Figure 13. Reaction of CH3O* adlayer on Re/TiO2 with D2 after flushing with He. Reduction 

condition: 300 ºC under 10 mL min-1 of H2 for 1 h. (pre-reduced at 500 °C with H2 and passivated 

with 1%O2/N2). Reaction conditions: ca. 10 mg catalyst, 2000 ppm CH3OH in N2, T = 150 °C, P = 

5 bar, Ftotal = 20 mL min-1. 

 

 A similar experiment is performed over TiO2 support (Figure 14). However, the 

Ti-OD at 2704 cm-1 was not observed, which indicates that the formation of the Ti-OH 

group via heterolytic dissociation of H2 is not possible over TiO2, at least at this 

temperature. This confirms the role of Re for H2 dissociation and hydride transfer over 

TiO2 via H-spillover. Moreover, the CD3O* is unreactive to D2 without Re. From the 

results above, it is clear that CD3OD produced during CO2 hydrogenation (with D2) re-

acted with OD* to form CD3O*. Therefore, the slower product formation rate due to 

CD3OD adsorption led to delayed detection of CD3OD compared to CD4. 
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Figure 14. Reaction of CH3O* adlayer on TiO2 with D2 after flushing with He. Reduction condition: 

300 ºC under 10 mL min-1 of H2 for 1 h. (pre-reduced at 500 °C with H2 and passivated with 

1%O2/N2). Reaction conditions: ca. 10 mg catalyst, 2000 ppm CH3OH in N2, T = 150 °C, P = 5 bar, 

Ftotal = 20 mL min-1. 

 

 The instantaneous formation of OD* during CO2 hydrogenation with D2 suggests 

that D-spillover from Re is rapid within the time scale of the experiment compared to 

the consumption of Re–H (produced during catalyst activation via reduction with H2) to 

form DCOO*. The gradual decline of the OD* concentration discarded the Ti-OH role 

in κ2-HCOO* formation via CO2 activation into HCO3* and its subsequent 

hydrogenation at low temperatures, since κ2-HCOO* saturation on the surface was 

significantly faster than OD* consumption. Notably, the quickly formed OD* on TiO2 is 

gradually replaced by CD3O*. 

 Additionally, CO hydrogenation was also carried out to understand the 

mechanistic differences to CO2 hydrogenation, as shown in Figure 15. Compared with 
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CO2 hydrogenation, similar Re(CO)3 (2029, 1915, and 1873 cm-1) are observed. The 

gaseous CO (2169 cm-1) and, additional peaks of Re2(CO)10 (2104 and 1995 cm-1) 

also appeared. Only a trace amount of adsorbed H2O, κ2-HCOO*, and CH3O* is 

observed, which indicated the lack of CH3OH formation. There is no indication of formyl 

(HCO*) and formaldehyde (H2CO*) produced via stepwise hydrogenation of carbonyls 

as the main intermediate for CO hydrogenation. The formate species which is a more 

natural intermediate in CO2 hydrogenation via hydride transfer to CO2 seems indeed 

the key intermediate in producing methanol over Re/TiO2. 

 

Figure 15 Temporal evolution of surface species obtained from in situ DRIFTS during reaction with 

H2 + CO over Re(3)/TiO2. Reduction condition: 300 °C under 10 mL min-1 of H2 for 1 h. (Pre-reduced 

at 500 °C with H2 and passivated with 1%O2/N2). Reaction conditions: 10 mg catalyst, H2/CO = 3, 

T = 150 °C, P = 10 bar, Ftotal = 10 mL min-1. 
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2.3.7 Transient experiment: concentration modulation 

 The transient experiment can utilize not only isotopes but also the drastic 

changes in the reactant concentration, e.g. passing only one of the reactants 

momentarily, allowing the detection of surface species responding to periodic 

perturbation. This technique can improve sensitivity and unveils spectral features that 

are not accessible by steady-state experiments. The transient experiment requires 

multiple modulation cycles for the system to reach a quasi-steady state. Such states 

include the oxidation state of active metal, local structure, surface species coverage, 

etc. The responses of those states after the quasi-steady state are similar in the 

following cycles, allowing cycle averaging to improve the signal-to-noise ratio. 

 The example of a quasi-steady state over Re/TiO2 is clearly shown in the 

transient experiment of the modulated flow of H2+CO2 vs. CO2. As shown in Figure 

16a, the reaction under H2+CO2 had reached a steady state (○1 ) before the transient 

experiment. Modulation with CO2 induced structural change of Re/TiO2, leading to an 

increase in the CH3OH signal in the gas phase. The structural change reached a quasi-

steady state after 3 cycles (○2 ) and remained irreversible after the transient experiment 

(○3 ). The Re L3-edge XANES showed a notable increase in the white line intensity 

compared to the previous steady-state (Figure 16b). During the quasi-steady state 

(○2 ) the change in response to the periodic concentration change was infinitesimal, but 

the subtle change was confirmed by the phase-resolved spectra obtained by phase 

sensitive detection (Figure 16c). The in-phase and out-of-phase positions are at 10537 

eV and 10543.5 eV, but they are assumed to be artificially created peaks to describe 

the shift of absorption peaks. Rather this study shows that the Re redox state does 

change, although the extent is small, around the peak around 10540 eV, which can be 

in the range of Re0-Re4+. 

 Representative HAADF-STEM images of reduced and spent Re/TiO2 (Figures 

17a and 17b) show that increased dispersion of Re clusters is responsible for the 

irreversible change until reaching the quasi-steady state (○1 ). As shown in Figures 17c 

and 17d, the particle size distribution of Re clusters becomes narrower toward single 

Re atoms and clusters containing a few Re atoms after the transient reaction. The 

decomposition and (re)dispersion of metal nanoparticles is often related to the 

concentration of defect sites that enthalpically stabilize adatoms. 
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Figure 16. Transient H2+CO2 and He+CO2 experiment. a Corresponding normalized ion current 

signal from a mass spectrometer. b operando Re L3-edge XANES spectra. c Phase-resolved 

amplitude spectra from Re L3-edge XANES: Spectra is within φPSD= 0-360° at steps of φPSD= 15°. 

He balances are used in the CO2 phase to maintain partial pressure. Reaction conditions: H2/CO2 

= 3, T = 150 °C, P = 10 bar, Ftotal = 10 mL min-1. 

 

 

Figure 17. Representative HAADF-STEM images of Re/TiO2: a after reduction (500 °C in H2) and 

b after transient experiment (150 °C and 10 bar). c Re cluster size distribution of Re/TiO2 was 

determined from HAADF-STEM: c after reduction (500 °C in H2) and d after the transient 

experiment (150 °C and 10 bar). 
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 To gain more precise insights into the redox state of Re, an AP-XPS study was 

performed (Figure 18). Re/TiO2 was reduced at 450 °C, which is lower than the 

standard reduction temperature for the pretreatment, due to a limitation of our 

experimental setup Re/TiO2 after reduction at 450 °C was found to contain multiple 

oxidation states of Re such as Re0, Re2+, and Re4+. Although Re2+ is not known to exist 

as a stable bulk oxide, it can exist as surface species. Note that other species including 

Re3+ and Re1+, which have been reported as surface species and/or in metal 

complexes, can also be present although the fitting with Re0, Re2+, and Re4+ gave a 

sufficient fit in the present study. The amount of surface cationic Re𝛿+ species 

increased under CO2 atmosphere at 150 °C, suggesting the Re0 oxidation by CO2 

(Table 2). Subsequent introduction of H2 reduced the formed cationic Re𝛿+ species, 

followed by reoxidation by CO2. These results indicate that CO2 oxidizes the supported 

Re and the oxidized Re is reduced by H2 reversibly, suggesting the participation of 

surface cationic Re𝛿+ species such as Re4+ and Re2+ in CO2 hydrogenation, while the 

remaining Re0 plays a role in H2 activation. We are aware that measurements at low 

pressures (millibar scale) may lead to different conclusions to identify catalytic species. 

However, direct observations of the surface Re species under repeated reduction (H2) 

– oxidation (CO2) cycles with XPS techniques can give qualitative insights into redox 

behavior of the Re species. 
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Figure 18. a Experimental conditions during the AP-XPS study. b Re 4f AP-XPS spectra of Re/TiO2 

under exposure to (i) H2, (ii) CO2, (iii) H2, and (iv) CO2 at 150 °C. Blue dots: raw spectrum; black 

line: sum; green: Re4+; red: Re2+; light blue: Re0; yellow: Ti 3p. 

 

Table 2. Peak concentrations in the Re 4f AP-XPS spectra of Re/TiO2 at 150 °C under various gas 

conditions (Figure 10). 

Gas condition 
Peak concentration / %  

Re0 Re2+ Re4+ 

(i) 0.1 Torr H2
a 83.2  14.5  0  

(ii) 0.1 Torr CO2 73.9  20.4  4.4 

(iii) 0.1 Torr H2 (2nd) 76.8  22.8  0.4 

(iv) 0.1 Torr CO2 (2nd) 74.5  21.6  3.9 
aMeasured at 150 °C right after H2 reduction at 450 °C. 
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2.4 Conclusions 

The hydrogenation of CO2 was carried out under mild conditions (T < 150 

˚C; pCO2 = 1 MPa; pH2 = 5 MPa) using various heterogeneous Re/TiO2 catalysts 

and a series of other catalysts that includes TiO2-supported catalysts, oxide-

supported, and unsupported Re catalysts. The highest TON and selectivity for 

the formation of MeOH was observed for Re(1)/TiO2, i.e., a TiO2-supported Re 

catalyst with a Re loading of 1 wt%. Studies on structure-activity relationship 

indicates that Re species responsible for the catalytic formation of MeOH should 

be sub-nanometer size and have oxidation states higher than 0 and below +4. 

Metallic Re species act as H2 activator for H-spillover to cationic Re sites. The 

formation of Re-H is the first step in CO2 activation to monodentate formate over 

cationic Re species before its further hydrogenation to CH3OH or spillover onto 

TiO2 support, becoming less reactive bidentate formate (spectator).  
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Chapter 3 

Catalytic Methylation of Aromatic Hydrocarbons using CO2 and 

H2 over TiO2-Supported Re and Zeolite Catalysts: Machine 

Learning-Assisted Catalyst Optimization 
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3.1 Introduction 

 In recent years, because of increasing interest in carbon capture and utilization 

technology, the implementation of CO2 as a C1 source for the production of chemicals 

has garnered broad attention in both the academic and industrial sectors.1–7 The 

conversion of CO2 via hydrogenation to commodity chemicals such as methanol 

remains one of the most extensively studied topics because hydrogenation is 

considered one of the most practical methods of converting CO2; the process is 

essentially carbon neutral on the premise that H2 originates from renewable energy 

sources.8–14 The produced methanol is further upgraded to various chemicals such as 

olefins and hydrocarbons, including aromatics.15,16 Although methanol production from 

the hydrogenation of CO2 has recently been achieved industrially, this process suffers 

from a low equilibrium conversion of CO2 because of thermodynamic limitations.17–19 

In this regard, the direct conversion of CO2 to aromatics, most notably benzene, 

toluene, and xylenes (BTX), has been attracting attention because the one-pass 

equilibrium conversion of CO2 is higher for CO2-to-aromatics than for CO2-to-methanol 

and because BTX have higher added value.20–28 However, the direct conversion of CO2 

to aromatics requires harsh reaction conditions, typically involving temperatures 

greater than 300 °C. 

 The application of CO2 and H2 as a methylating agent has emerged as a 

promising strategy to achieving a higher equilibrium conversion of CO2. For instance, 

N-methylation of amines using CO2 for the synthesis of methylamines has been widely 

explored.29–36 However, reports on C-methylation using CO2 are relatively scarce 

compared with the volume of literature on N-methylation because C–C bond formation 

is generally more difficult than C–N bond formation as a consequence of the weaker 

nature of carbon nucleophiles. In 2014, Beller and coworkers reported the first ever 

direct catalytic C-methylation of heteroarenes using CO2 and H2 over Ru-based 

homogeneous catalysts.37 Although their work was groundbreaking and impactful, the 

reported substrate scope was limited to electron-rich arenes and the process required 

the addition of a Lewis acid. We have recently reported the methylation of benzene 

using CO2/H2 for the one-pot synthesis of methylated benzene derivatives over a mixed 

catalyst comprising TiO2-supported Re (Re(1)/TiO2; Re loading = 1 wt%) as a 

hydrogenation catalyst and H-MOR zeolite (SiO2/Al2O3 = 90) as a methylation 

catalyst.38 We have also carried out the one-pot methylation of naphthalene over 
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Re(1)/TiO2 and H-Beta (SiO2/Al2O3 = 40). Compared to the methylation of arenes using 

syngas (that is, a CO/H2 mixture),39–42 this process, which directly uses CO2, would be 

beneficial. In addition, our process shows greater productivity of methylated products 

than the methylation process using methane as a carbon source.43 More recently, Yuan 

and coworkers reported the selective methylation of toluene over ZnZrOx–ZSM-5 

catalyst at 360 °C and 3 MPa.44 Although these few reports on C-methylation using 

CO2/H2 as a methylation agent are available, the development of a catalyst system for 

the methylation of common aromatics under mild conditions is needed to efficiently 

upgrade them to higher value-added products. 

In present work, catalytic methylation of toluene and m-xylene using CO2 and H2 

was performed. Toluene and m-xylene were chosen as the main starting substrates 

because of their lower demand in the petrochemical industries. We sought to convert 

them into more methylated aromatic hydrocarbons using CO2 as a carbon source. The 

produced polymethyl benzenes can be further converted to p-xylene, which is widely 

used as a precursor for plastics,45 using a current petroleum industrial process based 

on disproportionation/transmethylation over zeolite catalysts.46,47 After a thorough 

screening of various combinations of catalysts, the combination of Re(1)/TiO2 and H-

Beta(40) was found to exhibit the best performance under the experimental reaction 

conditions (pCO2 = 1 MPa; pH2 = 5 MPa; T = 240 °C) because it achieved the highest 

yield of methylated products while generating the smallest amount of byproducts such 

as demethylated and dearomatized products as well as CO and CH4 in the gas phase 

when toluene or m-xylene was used as the substrate. In addition to the traditional 

catalysis research approach, we also demonstrate a data-science-based catalyst 

optimization process using machine learning (ML) techniques. 
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3.2 Experimental section 

3.2.1 Materials and catalyst preparation 

 Chemical reagents were obtained from commercial suppliers and were used as 

received (Tokyo Chemical Industry, Wako Pure Chemical Industries, and Sigma-

Aldrich). TiO2 (ST-01) was obtained from Ishihara Sangyo Co. ZrO2 (JRC-ZRO-5) was 

provided by the Catalysis Society of Japan. Al2O3 was prepared via calcination of 

boehmite (Catapal B Alumina, Sasol) for 3 h at 900 °C. CeO2 was prepared by 

calcination of CeO2 obtained from Daiichi Kigenso Kagaku Kogyo Co. (Type A) for 3 h 

at 600 °C in air. SiO2 (CARiACT Q-10) was purchased from Fuji Silysia Chemical. 

Activated carbon was obtained from Kishida Chemical Co. H-Beta (SiO2/Al2O3 = 40) 

and H-Beta (SiO2/Al2O3 = 510) were provided by TOSOH Corp. H-MOR (SiO2/Al2O3 = 

90) and H-Beta (SiO2/Al2O3 = 150) were obtained from Clariant Catalysts. H-CHA 

(SiO2/Al2O3 = 22) was prepared by calcination of NH4-CHA (SiO2/Al2O3 = 22, TOSOH 

Corp.) for 1 h at 600 °C in air. H-MFI (SiO2/Al2O3 = 150) was purchased from N. E. 

Chemcat Corp. Cu/ZnO/Al2O3 (MDC-7; 34 wt% Cu) was supplied by Clariant Catalysts. 

 M/TiO2 (M = 1 wt% Re, Pt, Ir, Rh, Ru, Pd, Ag, Au, Cu, Ni, Co) and Re/Support 

(1 wt% Re; Support = metal oxide or activated carbon) were prepared using a simple 

impregnation method in which the support material was mixed with an aqueous 

solution of the metal precursor (NH4ReO4; nitrate of Ag, Ni, Cu, or Co; RuCl3; 

IrCl3·nH2O; HAuCl4·4H2O; aqueous HNO3 solution of Pt(NH3)2(NO3)2, Rh(NO3)3, or 

Pd(NH3)2(NO3)2). As an example, for the preparation of Re(1)/TiO2, 0.072 g of 

NH4ReO4 was added to a glass vessel (500 mL) containing 400 mL of deionized water. 

After the NH4ReO4 was completely dissolved by stirring, 4.95 g of TiO2 (ST-01) was 

added to the solution, followed by stirring at 400 rpm for 30 min at room temperature. 

Water was subsequently removed from the reaction mixture by evaporation in vacuo, 

followed by drying at 110 °C under ambient pressure for at least 12 h. The resultant 

material was calcined for 3 h at 500 °C in air. Prior to each experiment, the active 

catalyst was prepared by reduction in a quartz tube for 0.5 h at 500 °C under flowing 

H2 (20 cm3 min−1). Other M/TiO2 and Re/Support catalysts were also synthesized in 

the same previously described manner unless otherwise specified. Cu/ZrO2 with Cu 

loading = 8 wt% was prepared using a method described elsewhere.48 
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3.2.2 Catalytic reactions 

 Reactions were carried out via the following procedure. Typically, 0.15 g of a 

supported metal catalyst (equivalent to 0.0081 mmol of loaded metal) and 0.10 g of 

zeolite catalyst were thoroughly pre-mixed physically in a quartz tube and then reduced 

under flowing H2 for 0.5 h at 500 °C. After the reduced catalyst had sufficiently cooled, 

1 mmol of substrate (m-xylene or toluene) was added to the tube without exposing the 

catalyst to air. The tube containing the catalyst/reactant mixture was then loaded into 

an autoclave, after which the vessel was charged with 1 MPa CO2 and 5 MPa H2. The 

batch reactor was subsequently heated to the desired temperature (240 °C), and the 

mixture was stirred magnetically at 500 rpm for 20 h. The autoclave was then removed 

from the heat source and cooled prior to product analysis. Liquid products were 

extracted using 1,4-dioxane and analyzed using a gas chromatograph equipped with 

a flame ionization detector (GC-FID; Shimadzu GC-2010; ULBON Xylene Master; 

Shinwa Chemical Industries). Quantitative analysis was conducted using the internal 

standard calibration method with n-decane as the internal standard. Gaseous products 

such as CO, CH4, and lower alkanes were analyzed by GC-FID (Shimadzu GC-2014; 

Porapak Q column) equipped with a methanizer (Shimadzu MTN-1). Quantitative 

analysis of gaseous products was conducted using an external standard calibration 

method. The yields were defined as follows: 

 

Substrate-based yield = 
Σ Amount of methylated product (mmol) 

Initial amount of substrate (mmol)
×100 

 

For the methylation of m-xylene, the methylated products include tri-, tetra-, penta-, 

and hexamethylbenzene; for the methylation of toluene, xylenes and onwards are 

included. 

 

CO2-based yield = 

Σ [Amount of benzene-derived product (mmol) × Coefficient] 

Initial amount of CO2 (mmol)
×100 

 

Coefficient = Number of methyl groups in product - Number of methyl group in substrate 
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Benzene-derived products include benzene, toluene, xylenes, and tri-, tetra-, penta-, 

and hexamethylbenzenes. The coefficient is the change in the number of methyl 

groups relative to the substrate. For example, for the methylation of m-xylene and 

toluene, the coefficient for benzene is −2 and −1, respectively, and for 

trimethylbenzene is +1 and +2, respectively. Dearomatized products include 

cyclohexane and methylcyclohexane. 
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3.2.3 Machine learning 

 A widely used package, scikit-learn (http://scikit-learn.org, version 0.23.2), was 

used for machine learning (ML) implementations.49 Gradient boosting regression with 

XGBoost (XGB)50 (version 0.23.2) was used. The default values of XGBoost were used 

for tuning hyperparameters except for n_estimators = 500. For evaluation of the 

predictive capability of the ML model, Monte Carlo cross-validation with 100 random 

leave-25%-out trials was used. The root-mean-square error (RMSE) between the 

predicted and true values (ground truth) was calculated for each trial, and the results 

were averaged to obtain the mean RMSE values. 
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3.3 Results and discussion 

3.3.1 Catalytic methylation of m-xylene 

 Initially, the catalytic methylation of m-xylene using CO2 and H2 was carried out 

over combinations of various supported metal catalysts and a fixed H-Beta(40) catalyst; 

the results are shown in Figure 1. Re(1)/TiO2 exhibited the highest yield of methylated 

products on the basis of both CO2 and m-xylene as a starting substrate among all the 

catalysts tested. Polymethylbenzenes, including trimethylbenzenes, 

tetramethylbenzenes, pentamethylbenzene, and hexamethylbenzene, were obtained 

as the main products. In addition, a small amount of toluene, as well as the other 

xylenes (o-xylene and p-xylene), was detected, suggesting that 

disproportionation/transmethylation/dealkylation processes also occurred during the 

reaction. Notably, benzene was not formed when Re(1)/TiO2 was used as the 

hydrogenation catalyst, whereas catalysts such as Pd(1)/TiO2 and Ni(1)/TiO2 produced 

relatively large amounts of benzene. In addition, dearomatized products were not 

observed over the catalytic system with Re(1)/TiO2, whereas Pd, Rh, and Ag catalysts 

promoted the dearomatization reaction to produce cyclohexane and 

methylcyclohexane. Note that Re(1)/Al2O3 and Re(1)/SiO2 produced dearomatized 

products even though their active metal was Re. Given that Re on TiO2 is highly 

dispersed compared with other supports such as Al2O3 and SiO2,51,52 the observed 

high selectivity toward the desired polymethylbenzenes rather than dearomatized 

products is attributable to the high dispersion of the Re species, which is achieved 

through combination with TiO2 as a support. This reaction was also attempted using 

Re/H-Beta(40), which was synthesized by directly depositing 1 wt% of Re on H-

Beta(40). The performance of Re/H-Beta(40) was poor, showing not only a mediocre 

yield, but also low selectivity from the formation of large amount of dearomatized 

products. For benchmarking purpose, the industrial methanol synthesis catalyst 

Cu/ZnO/Al2O3 was also employed for the reaction and was found to exhibit low activity. 

Since the Cu content of the Cu/ZnO/Al2O3 catalyst is 34 wt%, the amount of catalyst 

used in this experiment was merely 2 mg, which could be the reason why methylation 

reaction barely proceeded as the production of methanol was limited. Cu/ZrO2, another 

methanol synthesis catalyst,48 was also tested and showed a relatively high selectivity 

for methylated products with a yield second only to that of Re(1)/TiO2, which exhibited 

the best performance among the investigated catalysts. Cu/ZrO2 was also found to 
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promote the dearomatization process, although the amount of dearomatized products 

obtained was lower when compared with the amount obtained using Cu/ZnO/Al2O3. To 

ensure fairer comparisons, experiments using 0.15 g of Cu/ZnO/Al2O3 and Cu/ZrO2 

were also attempted. The results for both catalysts vastly improved, showing better 

yields and selectivity for methylated products, although the performance still lag behind 

that of Re(1)/TiO2. These results indicate that, although Cu is an active metal for the 

methanol synthesis process and is still a promising candidate as a catalyst component, 

a catalyst/reaction-condition optimization process that considers both the productivities 

of polymethylbenzenes and the selectivity is necessary to minimize unwanted 

reactions such as dearomatization. In the end, Re(1)/TiO2 was chosen as the preferred 

catalyst for the following reasons: a) Re(1)/TiO2 showed the highest overall yield and 

selectivity for methylated products, producing relatively low amount of byproducts while 

maintaining a high substrate conversion. b) Dearomatization of aromatic compounds 

and the formation of benzene via dealkylation can be prevented using Re(1)/TiO2. 

 Next, we proceeded with the catalyst screening by testing various combinations 

of zeolites with Re(1)/TiO2 for the methylation of m-xylene (Figure 2). H-Beta(40) 

exhibited the highest yield of methylated products. Irrespective of the SiO2/Al2O3 ratio, 

H-Beta in general produced relatively lower amount of byproducts than the other tested 

zeolites, likely because of efficient substrate diffusion. Again, neither the formation of 

dearomatized products nor total dealkylation of m-xylene to benzene was observed. 

On the basis of the results presented thus far, we concluded that Re(1)TiO2 and H-

Beta(40) constituted the best catalyst combination for the methylation of m-xylene 

using CO2 and H2.  

 The effect of Re loading on the catalytic performance was also studied to 

determine the optimal loading amount of Re. A series of Re/TiO2 catalysts with a wide 

range of Re loadings (0.2–20 wt%) and in combination with H-Beta(40) was tested for 

the methylation of m-xylene (Figure 3). Catalysts with a lower Re loading (Re < 1 wt%) 

were found to produce greater amount of CO, whereas a higher Re loading (Re > 1 

wt%) appeared to favor the formation of CH4. These phenomena are attributable to the 

fact that catalysts with a low Re loading but a large fraction of atomically dispersed Re 

species have been reported to favor the formation of CO, whereas catalysts with a high 

Re loading have a higher fraction of large Re clusters/nanoparticles, which enhances 

the formation of CH4. The highest yield of methylated products, together with the lowest 
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amount of byproducts, was achieved when 1 wt% of Re was used. Therefore, among 

the investigated catalysts, Re(1)/TiO2 was found to be the most suitable catalyst for 

our system.  

 We next investigated the effect of reaction temperature on the methylation 

reaction catalyzed by Re(1)/TiO2 and H-Beta(40) (Figure 4). The methylation reaction 

barely proceeded at lower temperatures such as 150 °C. With increasing temperature, 

yields of methylated products, as determined on the basis of both m-xylene and CO2, 

increased within the investigated temperature range (to 280 °C). However, the amount 

of unwanted byproducts such as CH4 also increased with increasing reaction 

temperature. Therefore, given the aforementioned issue and our desire to use a milder 

reaction temperature, we selected 240 °C as the standard reaction temperature for the 

present study. The effect of the amount of H-Beta(40) was also studied using 

Re(1)/TiO2 on the catalytic methylation of m-xylene (Figure 5). Although higher amount 

of H-Beta(40) was found to increase the substrate-based yield, the differences in CO2-

based yield and the selectivity to methylated products were minimal. Since lesser 

amount of catalyst is preferable for actual application, 0.1 g of H-Beta was thus chosen 

as the standard for this study.  

 Control experiments for the catalytic methylation of m-xylene were conducted 

using Re(1)/TiO2 and/or H-Beta(40) under different reaction conditions (Figure 6), 

labeled as A–F. The standard reaction condition (A) is included for ease of comparison. 

When only Re(1)/TiO2 was used as a catalyst without H-Beta(40) (B), the major 

products were CO, CH4, and CH3OH, which was expected because Re(1)/TiO2 is 

known to catalyze the CO2 hydrogenation of methanol.52 However, when Re(1)/TiO2 

was absent and only H-Beta(40) was used (C), various aromatic methylated 

compounds were detected, indicating that disproportionation/transalkylation of m-

xylene occurred on H-Beta(40). Control experiments in the absence of CO2/H2, which 

was used as the alkylating agent, were also conducted. In these experiments, the 

reactor was filled with 1 MPa of N2 to create a pressurized environment and provide 

an inert atmosphere. In the absence of H-Beta(40) and the CO2/H2 mixture, the 

methylation reaction barely proceeded, as evident from the extremely low conversion 

of m-xylene (D), demonstrating that CO2/H2 was indeed the source of the methyl group 

for the synthesis of methylated aromatics. When only H-Beta(40) and m-xylene were 

present (E), results similar to those of experiment C were observed, further 
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demonstrating that the transalkylation occurred on H-Beta(40). Finally, a control 

experiment in the presence of Re(1)/TiO2, H-Beta(40) and m-xylene (F) showed a 

nearly identical result to those of experiment C and E, once again proving that a certain 

degree of disproportionation/transalkylation is bound to occur even in the absence of 

CO2. Based on the results above, it can be inferred that irrespective of the availability 

of CO2, disproportionation/transalkylation of m-xylene is catalyzed by H-Beta(40), thus 

always forming a fixed ratio of products. The presence of Re(1)/TiO2 and CO2/H2 is 

needed for the methylation reaction to proceed as Re(1)/TiO2 is essential for the 

activation of CO2. It is worthwhile to highlight the fact that while a rough estimate of 

product formation via disproportionation/transalkylation can be obtained based on the 

results of control experiments, determination of the exact ratio for product formation 

between methylation and disproportionation/transalkylation under the standard 

reaction condition (i.e. in the presence of CO2/H2) is a difficult task. 

 

 

Figure 1. Screening of hydrogenation catalysts for the catalytic methylation of m-xylene using CO2 

and H2. Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min−1); reaction conditions: 1 wt% of 

supported metal catalyst (mass adjusted to contain 0.0081 mmol of loaded metal per experiment) 

with 0.10 g of H-Beta(40), 1.0 mmol of m-xylene, CO2 (1 MPa), H2 (5 MPa), 240 °C, 20 h. aThe 

reaction was performed without H-Beta(40) as a methylation catalyst. b0.15 g of catalyst. 
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Figure 2. Screening of zeolite catalysts for the catalytic methylation of m-xylene using CO2 and H2. 
Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min−1); reaction conditions: 0.15 g of 

Re(1)/TiO2 with 0.10 g of zeolite, 1.0 mmol of m-xylene, CO2 (1 MPa), H2 (5 MPa), 240 °C, 20 h. 

 

 

Figure 3. Effect of Re loading on the catalytic methylation of m-xylene using CO2 and H2. Pre-

treatment: 500 °C, 0.5 h under flowing H2 (20 mL min-1); reaction conditions: 0.0081 mmol of loaded 

Re with 0.10 g of H-Beta(40), 1.0 mmol of m-xylene, CO2 (1 MPa), H2 (5 MPa), 240 °C, 20 h. 
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Figure 4. Effect of reaction temperature on the methylation of m-xylene using CO2 and H2 catalyzed 

by Re(1)/TiO2 and H-Beta(40). Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min-1); reaction 

conditions: 0.0081 mmol of loaded metal with 0.10 g of H-Beta(40), 1.0 mmol of benzene, CO2 (1 

MPa), H2 (5 MPa), 20h.  

 

 

Figure 5. Effect of amount of H-Beta(40) on the catalytic methylation of m-xylene using CO2 and 

H2 over Re(1)/TiO2. Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min−1); reaction conditions: 

0.15 g of Re(1)/TiO2 with x mg of H-Beta(40) (x = 50, 100 or 200), 1.0 mmol of m-xylene, CO2 (1 

MPa), H2 (5 MPa), 240 °C, 1 h. 
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Figure 6. Control experiment for the catalytic methylation of m-xylene. Reaction conditions for each 

run are shown as follows. (A) 0.15 g of Re(1)/TiO2 with 0.10 g of H-Beta(40), 1.0 mmol of m-xylene, 

CO2 (1 MPa), H2 (5 MPa). (B) 0.15 g of Re(1)/TiO2, 1.0 mmol of m-xylene, CO2 (1 MPa), H2 (5 

MPa). (C) 0.10 g of H-Beta(40), 1.0 mmol of m-xylene, CO2 (1 MPa), H2 (5 MPa). (D) 0.15 g of 

Re(1)/TiO2, 1.0 mmol of m-xylene, N2 (1 MPa). (E) 0.10 g of H-Beta(40), 1.0 mmol of m-xylene, N2 

(1 MPa). (F) 0.15 g of Re(1)/TiO2 with 0.10 g of H-Beta(40), 1.0 mmol of m-xylene, N2 (1 MPa). 

Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min-1). All reactions are carried out at 240 °C 

for 20 h. 
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3.3.2 Catalytic methylation of toluene 

 With the optimized catalyst system in hand, we proceeded with the methylation 

reaction by substituting m-xylene with toluene. Several selected hydrogenation 

catalysts combined with H-Beta(40) were tested for the methylation of toluene using 

CO2 and H2. The results generally follow the same trend as those for the methylation 

of m-xylene, with Re(1)/TiO2 exhibiting the best performance (Figure 7). The 

performance of other catalysts was underwhelming, with low product yields and strong 

tendencies to form byproducts, as evident for Pd(1)/TiO2 with its high yield of 

dearomatized product. Benchmark experiments identical to those of methylation of m-

xylene were also conducted using Cu/ZnO/Al2O3 and Cu/ZrO2. The methylation barely 

proceeded when lesser amount of catalysts (the same amount of loaded metal) was 

used, showing only limited conversion of toluene. When the amount of catalyst was 

increased to 0.15 g, high catalytic performances were observed in both catalysts. 

However, similar to the methylation of m-xylene, both of these benchmark catalysts 

were found to promote dearomatization. On the other hand, neither the formation of 

dearomatized product nor complete dealkylation to benzene was observed when 

Re(1)/TiO2 was used, further cementing its position as a highly selective catalyst for 

this reaction.  

 The screening of zeolites was also conducted by pairing Re(1)/TiO2 with various 

zeolite catalysts, as shown in Figure 8. H-Beta(40) exhibited the best performance, 

showing a high yield of methylated product with a relatively low amount of byproducts 

compared with the other zeolite catalysts. However, comparisons of H-Beta with 

different SiO2/Al2O3 ratios showed that, in the kinetic region (reaction time = 1 h), H-

Beta(510) displayed the greatest product formation rate when normalized by the 

number of protonic sites, as shown in Figure 9. This result is attributable to the fact 

that increasing the SiO2/Al2O3 ratio enhanced the hydrophobic reaction between the 

zeolite pore surfaces and the substrate (in this case, toluene), thereby leading to a 

higher product formation rate when adjusted for the number of protonic sites.53 The 

same trend was observed for the methylation of benzene using Re(1)/TiO2 and H-MOR 

in our previous report.38 
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Figure 7. Evaluation of selected hydrogenation catalysts for the catalytic methylation of toluene 

using CO2 and H2. Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min−1); reaction conditions: 

1 wt% of supported metal catalyst (mass adjusted to contain 0.0081 mmol of loaded metal per 

experiment) with 0.10 g of H-Beta(40), 1.0 mmol of toluene, CO2 (1 MPa), H2 (5 MPa), 240 °C, 20 

h. a0.15 g of catalyst. 

 

Figure 8. Screening of zeolite catalysts for the catalytic methylation of toluene using CO2 and H2. 
Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min-1); reaction conditions: 0.15 g of 

Re(1)/TiO2 with 0.10 g of zeolite, 1.0 mmol of toluene, CO2 (1 MPa), H2 (5 MPa), 240 °C, 20 h. 
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Figure 9. Effect of the SiO2/Al2O3 ratio of H-Beta on the catalytic methylation of toluene using CO2 

and H2. Pre-treatment: 500 °C, 0.5 h under flowing H2 (20 mL min−1); reaction conditions: 0.15 g of 

Re(1)/TiO2 with 0.10 g of H-Beta, 1.0 mmol of toluene, CO2 (1 MPa), H2 (5 MPa), 240 °C, 1 h. 
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3.3.3 ML-assisted catalyst optimization 

 In recent years, ML has been gaining popularity in the molecular, materials 

science, and catalysis communities for use in high-throughput screening or for 

predicting various physical properties whose mathematical modeling involves complex 

principles.54–59 ML methods can not only provide platforms for predictions but also aid 

in identifying input variables (descriptors) that are important for making predictions. 

However, despite the overwhelming expectations and future potential of ML, its use in 

heterogeneous catalysis research is still limited because of the complexity arising from 

the fact that catalysis is a multidimensional, multiscale, and dynamic event. Most of the 

previous ML research on heterogeneous catalysis has involved either literature data 

or theoretical values calculated using density functional theory. Because theoretical 

models for heterogeneous catalysis with reasonable computational costs are not 

currently available,57,60 ML approaches using “real-world” experimental catalysis data, 

rather than models based on computationally derived (i.e., well-behaved) datasets, 

would be much more useful. Moreover, although literature data can serve as a rich 

resource of insightful information for catalyst discovery and design, such an approach 

is often difficult because sufficient information to describe the whole process has not 

always been reported. In this regard, statistical analysis based on ML should be carried 

out using experimental data obtained using the same (or comparable) experimental 

setup. 

In the present study, we used ML techniques to analyze our experimental data 

related to the methylation of aromatic hydrocarbons using CO2 and H2. The data 

include not only results related to the methylation of m-xylene and toluene performed 

in the present study but also results of our previous work on the methylation of benzene 

and naphthalene.38 The total number of datapoints was 328. The CO2-based 

methylation rate (mmol g−1 h−1) was predicted using descriptors such as the types of 

supported metals and supports for the hydrogenation catalysts, zeolite type, and 

various experimental conditions. Note that only controllable input variables were used 

as descriptors because we aimed to incorporate the obtained insights into our actual 

experiments. Our ML model based on XGB could predict the target value (CO2-based 

methylation rate) with RMSE values of 0.013 mmol g−1 h−1 (training error) and 0.047 

mmol g−1 h−1 (test error). 
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Feature importance scores represent the relative impact of an input value on the 

output value and thus provide useful insights into the underlying chemistry of a system. 

The feature scores were computed from the XGB model and are shown in Figure 10A. 

The reaction time, amount of hydrogenation catalyst, toluene as a starting substrate, 

and Re loading were identified as the most influential descriptors. In addition, the 

SHapley Additive exPlanations (SHAP: version 0.36.0) values61,62 were also calculated 

and compared with the feature importance scores (Figure 10B). The SHAP approach, 

which is another method for identifying important variables, enables the identification 

and prioritization of descriptors and thus can be used to explain the contribution of a 

given input feature to the target (CO2-based methylation rate) response. The most 

important descriptors were the reaction time, amount of hydrogenation catalyst, Re 

loading, and reaction temperature. The results are similar to those obtained using the 

feature importance score analysis, confirming the high reliability of the method. 

We can also interpret the impact of each descriptor value on the predictions from 

the SHAP analysis. The most important descriptor, reaction time, negatively influences 

the CO2-based methylation rate when it is increased. By contrast, the CO2-based 

methylation rate increases with increasing amount of hydrogenation catalyst to some 

extent. Note that, although H-CHA(22) ranked relatively high, especially in the feature 

importance score analysis, it was found to negatively affect the methylation yield by 

the SHAP analysis. In-depth analyses using multiple approaches are necessary to 

avoid misinterpretations. 

To visualize the marginal effect of the descriptor values on the predicted target 

(CO2-based methylation rate) response, partial dependence plots (PDPs) were 

computed for the loading amount of Re, which is an important and controllable 

descriptor related to catalyst development, as shown in Figure 11. The obtained results 

show that the identified optimal loading amount of Re is in the range 1.2–1.8 wt%. On 

the basis of this ML analysis, Re/TiO2 catalysts with an Re loading of 1.3 and 1.8 wt% 

were prepared (see Figure 12 for STEM images of Re(1.8)/TiO2 obtained using FEI 

Titan Cubed G2 60-300) and a series of Re/TiO2 catalysts were tested for the 

methylation of benzene using CO2 and H2, as shown in Figure 13. H-MOR(90), which 

was found to be the best methylation catalyst for the benzene methylation in our 

previous study,38 was used for this purpose. The newly prepared Re(1.8)/TiO2 catalyst 

exhibited the highest activity among the investigated catalysts, substantially 
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surpassing the activity of the previously reported Re(1)/TiO2 catalyst. The catalytic 

systems using Re/TiO2 catalysts with a lower loading amount did not exhibit a high 

product formation rate. However, systems based on Re/TiO2 catalysts with a higher Re 

loading were ineffective as hydrogenation catalysts because they generated more CH4 

as a byproduct. Therefore, 1.8 wt% was found to be the optimum Re loading for the 

current system. To further verify that Re(1.8)/TiO2 is the superior catalyst, the 

performance of Re(1)/TiO2 and Re(1.8)/TiO2 for both catalytic methylation of m-xylene 

and toluene were investigated. As shown in Figure 14, Re(1.8)/TiO2 outperforms 

Re(1)/TiO2, showing overall improved yield and product selectivity, which is consistent 

with the prediction via ML. These results indicate that analyses such as feature 

importance analysis and PDPs as well as SHAP can serve as useful tools to identify 

and quantify important factors (descriptors) to unravel underlying chemical/physical 

principles and can be used in an efficient catalyst optimization procedure. 

 

Figure 10. (A) Feature importance scores and (B) SHAP values of the 20 descriptors with the 

greatest contributions in predicting CO2-based methylation rate using XGB. 
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Figure 11. Partial dependence plot (PDP) showing the marginal effect of the loading amount of Re 

on the CO2-based methylation rate for the XGB model. The lines correspond to PDPs; scatter plots 

of the actual values are also shown in the same figure. The inset shows an enlarged figure (Re 

loading of 1–3 wt%). 

 

 

Figure 12. HAADF-STEM images of Re(1.8)/TiO2. 
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Figure 13. ML-directed optimization of the Re loading for the catalytic methylation of benzene. Pre-

treatment: 500 °C, 0.5 h under flowing H2 (20 mL min−1); reaction conditions: 0.15 g of Re(x)/TiO2 

with 0.10 g of H-MOR(90), 1.0 mmol of benzene, CO2 (1 MPa), H2 (5 MPa), 250 °C, 1 h. 

 

 

Figure 14. Comparisons of the performance of Re(1)/TiO2 and Re(1.8)/TiO2 for the catalytic 

methylation of (A) m-xylene, and (B) toluene using CO2 and H2. Pre-treatment: 500 °C, 0.5 h under 

flowing H2 (20 mL min−1); reaction conditions: 0.15 g of Re/TiO2 with 0.10 g of H-Beta(40), 1.0 mmol 

of substrate, CO2 (1 MPa), H2 (5 MPa), 240 °C, 1 h. 
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3.4 Conclusion 

 In this work, the synthesis of methylated benzene derivatives via catalytic 

methylation of m-xylene using CO2 and H2 was demonstrated. Various combinations 

of hydrogenation catalysts and zeolites were tested and evaluated for this reaction. 

The combination of Re(1)/TiO2 and H-Beta(40) exhibited the best performance, giving 

a relatively high yield and selectivity of methylated products. This catalyst system was 

also found to be compatible with the methylation of toluene under completely identical 

reaction conditions. In addition, ML approaches were used to analyze 328 

experimental datapoints on the methylation of benzene, toluene, m-xylene, and 

naphthalene and to improve the performance of the catalytic methylation process. 

According to the PDP analysis based on the XGB prediction, among the investigated 

catalysts, the Re/TiO2 catalyst with a Re loading amount of 1.8 wt% exhibited the best 

activity toward the methylation of benzene using CO2/H2. 
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Chapter 4 

Experimental and Theoretical Investigation of Metal−Support 

Interactions in Metal-Oxide-Supported Rhenium Materials 
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4.1 Introduction 

 The interactions between metals and oxide supports have been extensively 

studied, but the nature of such interactions often remain a matter of debate in the field 

of heterogeneous catalysis.1–5 Metal−support interactions (MSIs) influence the 

behavior of a catalyst by changing the properties of the metal, its interface, and its 

perimeter sites.6–10 The nature of the active sites created by the metal−support 

environment can be affected by the size, shape, and degree of dispersion of the metal 

species.11–15 The MSI also affects the resistance of the metal to sintering, a process 

that often leads to the deactivation of a catalyst.16–20 Therefore, understanding how 

MSIs behave depending on the metal and oxide used is essential for tailoring the 

activity, selectivity, and stability of oxide-supported metal catalysts.21–25 

 Recent efforts that take advantage of both experimental and computational 

approaches have shown that the degree of dispersion of a supported metal is governed 

by the binding energy of the metal atom to the oxide surface.26–31 Metals that bind 

strongly to oxide supports are less likely to diffuse over the support surface, and as a 

consequence, show a high degree of dispersion. Likewise, oxides that bind strongly to 

the supported metals tend to have dispersed metal species on their surfaces. In order 

to better understand MSIs, a few simple descriptors based on the fundamental physical 

properties of the metal atoms and their supports need to be identified. It has been 

demonstrated that a linear scaling relationship exists between the metal adsorption 

energy (Eads) and metal−support pair properties, such as the chemical potential of the 

metal,32,33 the metal oxidation enthalpy,34 the heat of formation of metal oxide,35 the 

reducibility of the support,36,37 and the oxide support band gaps.38 Janik, Senftle, and 

co-workers employed density functional theory (DFT) to investigate the properties of 

single adatoms and oxide supports that influence MSIs. They confirmed that the 

interfacial binding strength is correlated to the physical properties of both the supported 

metal (e.g., the oxophilicity as measured via the oxide-formation energy) and the oxide 

support (e.g., the reducibility as measured via the oxygen-vacancy-formation 

energy).39 However, despite much research and intensive efforts to elucidate MSIs, a 

comprehensive understanding of the interaction strength between metal–support pairs 

is still yet to be obtained. In particular, there are insufficient studies that analyze the 

trends between electronic structures and experimental observations. 
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 In the present study, a systematic investigation is conducted with the aim of 

describing the MSIs between Re and oxide supports such as TiO2, SiO2, Al2O3, MgO, 

V2O5, ZrO2, Nb2O5, and CeO2. Re was chosen because supported Re catalysts 

efficiently promote a number of valuable reductive catalytic processes,40–47 including 

the hydrogenation of both carboxylic-acid derivatives48–53 and CO2.54–59 Additionally, 

the excellent catalytic properties of supported Re catalysts are often ascribed to the 

high dispersion of Re on its oxide support.60–64 Re (5 wt%) was supported on the oxides 

listed above and the degree of dispersion of the Re species was compared. In addition 

to the experimental investigation, computational approaches based on DFT were 

employed to further understand the origin of the MSIs. 

  



89 

 

4.2 Experimental section 

4.2.1 Materials and catalyst preparation 

 Anatase TiO2 (ST-01, 188 m2 g-1), also known as JRC-TIO-8, was obtained from 

Ishihara Sangyo, while rutile TiO2 (JRC-TIO-5: 3 m2 g-1) was obtained from the 

Catalysis Society of Japan. SiO2 (CARiACT Q-10, 300 m2 g-1) was purchased from Fuji 

Silysia Chemicals. Al2O3 (74 m2 g-1) was prepared by calcination of boehmite (Catapal 

B Alumina, Sasol) for 3 h at 900 °C. MgO (JRC-MGO-3-500A, 24 m2 g-1) and ZrO2 

(JRC-ZRO-5, 194 m2 g-1) were provided by the Catalysis Society of Japan. V2O5 (3 m2 

g-1) was purchased from Sigma-Aldrich. Nb2O5 (83 m2 g-1) was prepared by calcination 

(500 °C, 3 h) of niobic acid (Nb2O5∙nH2O, HY-340) obtained from Companhia Brasileira 

de Metalurgia e Mineração (CBMM). CeO2 (69 m2 g-1) was prepared by calcination (3 

h at 600 °C in air) of CeO2 (Type A) obtained from Daiichi Kigenso Kagaku. 

The Re(5)/support (5 wt% Re) samples were prepared using a simple wet 

impregnation method by mixing the support material with an aqueous solution of 

NH4ReO4 (Sigma-Aldrich). Typically, 0.36 g of NH4ReO4 was added to a glass vessel 

(500 mL) containing 400 mL of deionized water. After complete dissolution of the 

NH4ReO4 was accomplished via stirring, 4.75 g of the support material was added to 

the solution, followed by stirring at 200 rpm for 30 min at room temperature. 

Subsequently, the water was removed from the reaction mixture via evaporation in 

vacuo, followed by drying at 110 °C under ambient pressure for 12 h. The resulting 

material was calcined for 3 h at 500 °C in air, except for Re(5)/V2O5, where the 

calcination step was omitted to prevent sublimation of the Re species. The amount of 

Re species contained in the samples were quantified by x-ray fluorescence 

spectroscopy (XRF; Shimadzu EDX-700 instrument) measurements, and it was 

confirmed that the amount of Re species supported was almost equal to the amount 

used for the preparation. Finally, the sample for analysis was prepared via reduction 

under a flow of H2 (20 mL min-1) at 500 °C for 0.5 h. 
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4.2.2 Catalyst characterization and computational methods 

 X-ray diffraction (XRD) measurements were carried out using a Miniflex 300 

(Rigaku) with CuKα radiation. Scanning transmission electron microscopy (STEM) 

observations were conducted using JEM-ARM200F and FEI Titan G2 electron 

microscopes. 

 Periodic DFT calculations were performed using the Vienna ab initio simulation 

package (VASP, version 5.4.4).65,66 The Perdew-Burke-Ernzerhof functional revised for 

solids (PBEsol)67 was employed in combination with the projector-augmented wave 

(PAW) method.68 A kinetic energy cutoff of 400 eV was set for the plane-wave basis 

sets. Gaussian smearing with a width of 0.2 eV was applied for the occupation of the 

electronic levels. The Brillouin zone was sampled using Monkhorst-Pack grids of 

2×2×1. Van der Waals interactions were described using the dispersion-corrected DFT-

D3 (BJ) function.69 The convergence of force on each atom was set to 0.03 eV Å-1.  

 The surfaces of the metal oxides including MgO(010), θ-Al2O3(100), ZrO2(111̅), 

CeO2(111), β-Ga2O3(100), anatase TiO2(101), and V2O5(010), were simulated using 

supercell slab models (Figure 1). The repeated slabs along the surface normal 

direction were separated by a minimum vacuum region thickness of 15 Å. The bottom 

two layers were fixed at their original bulk positions. The effect of adding Hubbard U 

was additionally considered based on Dudarev’s formulation.70 The effective U value 

(denoted as Ueff) of U – J was set to be 5 eV for Ce, and 3 eV for Ti, Zr, and V.71 

Moreover, energy calculations using the one-shot HSE06 (Heyd–Scuseria–Ernzerhof) 

hybrid functional72,73 were performed with the structure optimized at the GGA(+U) level. 

The adsorption energy (Eads) of a Re atom on a metal oxide surface is defined as:  

Eads = EA/S – EA – ES 

where EA/S, EA, and ES are the electronic energies of the adsorption complex, the free-

state adsorbate, and the bare metal-oxide surface, respectively. Also, the differential 

charge density (Δρ) of the supported Re is defined as: 

Δρ = ρA/S – ρA – ρS 

where ρA/S, ρA, and ρS are the charge density of the adsorption complex, the free-state 

adsorbate, and the bare metal-oxide surface, respectively. A Bader-charge analysis 

was also performed to evaluate the valence state of Re on the surfaces of the metal 

oxides. 
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Figure 1. Top views of the slab models used for DFT calculations of the Re adatom on the metal 

oxide surfaces of (a) MgO(010), (b) θ-Al2O3(100), (c) ZrO2(111̅), (d) CeO2(111), (e) β-Ga2O3(100), 

(f) anatase TiO2(101), and (g) V2O5(010). 
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4.3 Results and discussion 

4.3.1 XRD and STEM studies 

 A series of supported Re samples were characterized using XRD and STEM 

analysis. It should be noted that the samples were exposed to air before the 

measurements due to the experimental setup. The XRD patterns measured for each 

sample after H2 reduction at 500 °C are shown in Figure 2. Peaks arising from the 

metallic Re species, represented using dots, were detected in all samples with the 

exception of Re(5)/CeO2, Re(5)/Nb2O5, and Re(5)/V2O5. This possibly indicates that 

large Re crystallites that can be detected via XRD are present in Re(5)/SiO2, 

Re(5)/TiO2, Re(5)/Al2O3, Re(5)/MgO, and Re(5)/ZrO2. Peaks arising from the Re 

species were most pronounced in the Re(5)/SiO2 XRD pattern, indicating the presence 

of large Re crystallites. In contrast, only a single Re peak with a significantly lower 

intensity was observed in the XRD patterns of Re(5)/TiO2, Re(5)/Al2O3, Re(5)/MgO, 

and Re(5)/ZrO2, suggesting that the Re in these samples is present in a quantity small 

enough that it can barely be detected using XRD. It should also be noted here that 

interference arising from peaks associated with the supports makes identification of 

the Re peaks difficult and this could be another reason that peaks for the Re species 

were not observed in patterns for some of the samples. For instance, the most intense 

peak observed for the crystalline metallic Re at ~43° overlaps with the peaks that arise 

from supports such as Al2O3, V2O5, and MgO. In contrast, SiO2 is amorphous and there 

was no interference from peaks associated with SiO2, thus the Re peaks are easily 

distinguishable. It is furthermore noteworthy that, even though the samples had been 

exposed to air prior to the measurements, only peaks arising from metallic Re were 

observed in the XRD patterns and that peaks that could potentially be ascribed to the 

presence of Re-oxide species were not observed. 

 High-angle annular dark-field STEM (HAADF-STEM) images and the 

corresponding particle-size distributions for each sample are shown in Figures 3 and 

4, respectively. Herein, we will henceforth refer to atomically dispersed Re atoms as a 

single Re atom74,75 and to Re species that consist of two to nine Re atoms as sub-

nanoclusters. Re clusters/nanoparticles that consist of more than ten atoms were 

categorized according to their sizes: 0.5-2 nm, 2-4 nm, and >4 nm. Please note that 

this classification is based on the number of such species including 

nanoclusters/nanoparticles, and thus, for example, one single Re atom is counted 
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equally often as one large nanoparticle although the numbers of each constituent Re 

atom are significantly different. Single-atom Re species were observed in every sample, 

where they often are the dominant species with the highest fraction in terms of their 

number. The particle-size distributions show that the presence of larger Re particles 

(>2 nm) was most prevalent in the Re(5)/SiO2, Re(5)/Al2O3, and Re(5)/MgO samples 

(Figure 4). The Re species on SiO2 are the most highly aggregated, showing a 

significantly higher fraction, higher than any other sample, of Re nanoparticles larger 

than 2 nm. Re(5)/MgO shows a relatively high fraction of single atoms according to the 

classification employed, i.e., based on the number of the species. However, 

significantly aggregated Re species with a particle size of >4 nm was also present. 

Although it is difficult to quantify the number of Re atoms in the aggregated 

nanoparticles, this result suggests that most of the Re atoms in the sample are 

aggregated to form large particles. Although no large Re species were observed (>2 

nm) in either the Re(5)/TiO2 or the Re(5)/ZrO2 samples, these samples have a slightly 

lower fraction of single-atom Re species. The formation of these relatively large Re 

nanoparticles on TiO2 and ZrO2 can be detected in their XRD patterns via the presence 

of a Re peak. These findings are consistent with our previous STEM and (in situ) XRD 

and X-ray absorption spectroscopy (XAS) studies on these Re(5)/support (support = 

TiO2, Al2O3, and SiO2) samples.57,64 In those previous studies, Re(5)/SiO2 was found 

to have the most highly aggregated Re species of the three samples with a 

coordination number (CN) of 10.4 for the Re–Re shell.64 We also found that the 

extended X-ray absorption fine structures (EXAFS) of Re(5)/TiO2 and Re(5)/Al2O3 

contain features associated with both Re–O and Re–Re bonds.64 The CNs of the Re–

O and Re–Re bonds in Re(5)/TiO2 were determined to be 2.7 and 3.4, respectively, 

while the CNs of the Re–O and Re–Re bonds in Re(5)/Al2O3 were determined to be 

2.0 and 8.6, respectively.64 However, the Re species on the CeO2, Nb2O5, and V2O5 

supports are among the most highly dispersed, where they are mainly present as either 

single-atom or sub-nanocluster species, which could be the reason why Re peaks were 

not observed in their XRD patterns. In order to investigate the effect of the specific 

surface area of the support materials on the dispersion of Re species, low-specific-

surface-area rutile TiO2 (JRC-TIO-5) supported Re samples (Re(5)/TiO2 (JRC-TIO-5)) 

were prepared. Rutile TiO2 has a different bulk structure from anatase TiO2, but both 

exhibit a similar electronic structure, e.g., the EA values for anatase and rutile are 5.20 
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and 5.45, respectively. These experimental observations indicate that Re dispersed on 

wide-gap non-reducible oxides76–78 such as SiO2, Al2O3, and MgO tends to be 

aggregated whereas Re dispersed on reducible oxide semiconductors such as TiO2, 

V2O5, ZrO2, Nb2O5, and CeO2 exhibits a high degree of dispersion without the presence 

of aggregated species.  

 

Figure 2. XRD patterns of the Re(5)/support samples (support = TiO2, SiO2, Al2O3, MgO, V2O5, 

ZrO2, Nb2O5, and CeO2); Re = 5 wt%. 
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Figure 3. HAADF-STEM images of the Re(5)/support samples (support = TiO2, SiO2, Al2O3, MgO, 

V2O5, ZrO2, Nb2O5, and CeO2); Re = 5 wt%. 

 

 

Figure 4. Particle-size distributions of the Re(5)/support samples (support = TiO2, SiO2, Al2O3, MgO, 

V2O5, ZrO2, Nb2O5, and CeO2) derived from the STEM observations. Atomically dispersed Re 

atoms were counted as a single atom, while Re species consisting of two to nine Re atoms were 

counted as sub-nanoclusters. Re clusters/nanoparticles consisting of more than ten atoms were 

categorized by their sizes (0.5-2 nm, 2-4 nm, and >4 nm). n.d. denotes “not detected”. 
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4.3.2 Interactions between Re and oxide supports 

 Identifying correlations between the degree of dispersion of Re on various 

supports and the physicochemical properties of both Re and the supports may enable 

to rationalize the observed degree of Re dispersion and to estimate this for as-yet 

prepared materials. This would be beneficial for screening of catalyst supports for use 

in specific applications without incurring significant experimental and/or computational 

costs. In the computational section of this study, we began by calculating the Eads of a 

Re atom on the surface of each metal-oxide support using a representative surface 

model for each individual support. The SiO2 and Nb2O5 surfaces were not modelled 

due to the uncertainty of their bulk structures (T-phase or TT-phase Nb2O5
79 and 

amorphous SiO2) and the uncertainty in the surface termination, even for alpha-quartz 

SiO2. Instead, Ga2O3, another common support, was analyzed. The Eads values of a 

Re atom on MgO(100), θ-Al2O3(100), ZrO2(111̅), CeO2(111), β-Ga2O3(100), anatase 

TiO2(101), and V2O5(010) were calculated to be -0.42, -1.80, -4.40, -3.61, -4.52, -4.11, 

and -6.34 eV, respectively. We found that the supports with less negative Eads values, 

such as MgO and Al2O3, show a low degree of experimentally observed Re dispersion, 

whereas supports with more negative Eads values, such as ZrO2, CeO2, TiO2, and V2O5 

show a high degree of experimentally observed Re dispersion. This result is in good 

agreement with previous computational assessments that the degree to which a metal 

is anchored to a support is governed by the binding energy of the metal atom; metals 

that exhibit strong exothermic binding to a support are less likely to diffuse across the 

support and agglomerate.80 However, it should be noted that the specific surface area 

of each support is different and can affect the degree of Re dispersion. The trends 

observed between the physical properties of the oxide supports, including the O-

vacancy-formation energy (EOvac), electron affinity (EA), ionization potential (IP), 

bandgap (BG), surface energy (Esurf), and electronegativity (EN), were analyzed further. 

From our previous study, we obtained the values for these properties, which were 

calculated at the same computational level of theory.71 It is noteworthy that the EA is 

the negative of the conduction band minimum (CBM) with respect to the vacuum level, 

while the IP is the negative of the valence band maximum (VBM) with respect to the 

vacuum level.71 The EN was obtained according to the Sanderson definition,81 which 

is the geometric mean of Pauling’s EN of atoms in the system. The Bader charge of 

the supported Re was also calculated in this study. These quantities are plotted as a 
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function of Eads in Figure 5. A correlation map of these properties and Eads is shown in 

Figure 6 because these physical quantities are highly related to one other, and thus, 

this is an effective way to understand these very important correlations. The obtained 

coefficients of determination (R2 values) for the correlation of Eads with the EA and IP 

values as well as the Bader charges were greater than 0.8 (Figure 5), indicating a 

strong correlation between these properties and the Eads of a Re adatom. The EA 

shows the highest R2 (0.84), suggesting the presence of an electronic interaction 

between the Re adatom and the conduction band (CB) of the support oxide because 

the EA essentially corresponds to the position of the CBM with respect to the vacuum 

level. 
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Figure 5. Eads of a Re adatom on various support-oxide surfaces as a function of (a) O-vacancy-

formation energy (EOvac), (b) electron affinity (EA), (c) ionization potential (IP), (d) band gap (BG), 

(e) surface energy (Esurf), (f) electronegativity (EN), and (g) Bader charge.  
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Figure 6. Correlation map of Eads and other physical properties. The correlation coefficients (R) are 

given by the numbers in the circles. 

 

To obtain further chemical insights into the electronic interactions between Re 

and the support oxides, a schematic energy diagram of the EA and IP of each metal-

oxide support and the work function (WF) of the Re atom is shown in Figure 7. Note 

that the WF value of a Re atom is smaller (the Fermi energy, EF, is shallower with 

respect to the vacuum level) than the value obtained in our previous study, at the same 

computational level of theory, for the most stable surface, i.e. (0001).84 This is 

consistent with previous studies on the modelling of WFs where the surface energy is 

inversely proportional to the WFs via the broken-bond surface density.85–87 Specifically, 

the higher coordination to which unsaturated metals are exposed, the smaller the WFs 

become. In this study, there is a group of support metal oxides that have both an EA 

that is larger than the WF of the Re atoms, which results in a high Eads of Re (CeO2, 

Ga2O3, TiO2, and V2O5). As a result, these metal oxides can incorporate electrons from 

the Re atoms into their conduction bands (CBs) because their CBM are located below 

the EF of the Re atom. This suggests that the charge is transferred from Re to the oxide 

support and therefore these oxides can act as electron scavengers that negatively 



100 

 

increase the Eads by inducing interactions between the Re adatom and the surface. In 

contrast, there is a second group of metal oxides that have an EA that is smaller than 

the WF of the Re atoms, which results in a low Eads of Re (MgO and Al2O3). These 

support oxides cannot receive electrons from Re as their CBM positions are far above 

the EF of the Re atom and therefore, these metal oxides cannot act as electron 

scavengers, which results in a low Eads of Re. This is supported by the observation that 

the Bader charge of a supported Re adatom also shows high correlation with the Re 

Eads (R2 = 0.82). 

In addition, the differential charge densities of Re supported on two 

representative surfaces (anatase TiO2 (101) and MgO(100)) and the Bader charge of 

the Re adatom, the adjacent Ti center, and O for these systems were calculated using  

the GGA/PBEsol(+U) functional (Figure 8). The Eads of Re on TiO2(101) and MgO(100) 

were calculated to be -4.11 and -0.42 eV, respectively. These Eads values follow the 

trends described above: TiO2(101) exhibits a larger Eads on account of its larger EA 

(lower position of the CBM), whereas MgO(100) exhibits a smaller Eads due to its 

smaller EA (higher position of the CBM). A visual representation of the charge transfer 

upon adsorption of Re on the anatase TiO2(101) surface demonstrates that the 

adsorption of Re causes significant charge transfer from the Re adatom to the surface. 

Charge that initially surrounds the Re adatom redistributes toward the neighboring O 

and Ti atoms. In contrast, there is almost no donation of charge from the Re adatom 

to the MgO(100) surface. Similarly, the Bader charge analysis showed that, for Re 

supported on anatase TiO2 (110), the Re adatom donates electrons to the adjacent Ti 

center. On the other hand, for Re supported on MgO (100), the electrons are donated 

from the adjacent O atom to the Re adatom. 
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Figure 7. Valance-band maxima and conduction-band minima with respect to the vacuum level 

(the negatives of the IP and EA, respectively) for the support-oxide surfaces. Also shown is the 

work function with respect to the vacuum level (the negative of the EF) for the Re atom (red line) 

obtained from DFT calculations using the PBEsol functional.  

 

 

Figure 8. Differential charge densities of Re supported on (a) anatase TiO2 (110) and (b) MgO(100) 

surfaces calculated by using the GGA/PBEsol(+U) functional. The charge density represented in 

yellow and blue shows the positive and negative phases, respectively. The numbers represent the 

Bader charge. The isosurface was set to 0.01 |e|/Bohr3; light blue: Ti; red: O; orange: Mg; gray: Re. 
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4.4 Conclusions 

 We have used a combined experimental and computational approach to 

investigate the metal−support interactions (MSIs) of Re adsorbed on a series of metal-

oxide supports (TiO2, SiO2, Al2O3, MgO, V2O5, ZrO2, Nb2O5, and CeO2). In their entirety, 

our investigations suggest that the degree of dispersion and aggregation of the Re 

atoms on the surface of the oxide supports is correlated to the electronic properties of 

both species. The position of the conduction band minimum (CBM) of the oxide support, 

which serves as a proxy for the electron affinity (EA), and the Fermi energy (EF) of the 

supported Re, which serves as a proxy for the work function (WF), are of particular 

importance. Metal-oxide supports that exhibit an EA that is higher than the WF of Re 

(TiO2, V2O5, and CeO2) accept electrons from Re into their CB, which induces strong 

MSIs and results in a relatively high Re-adsorption energy (Eads) that leads to a high 

degree of dispersion of the supported Re metal. Conversely, metal oxides that exhibit 

an EA smaller than the WF of Re (MgO and Al2O3) do not incorporate electrons from 

Re into their CB, which induces merely weak MSIs and a correspondingly small Eads 

for Re. Ultimately, this leads to low degrees of dispersion of the supported Re metal. 

These fundamental insights into the electronic interactions that govern the degree of 

dispersion of Re on various metal-oxide supports will most likely be also applicable to 

other combinations of metals and supports. Our results rationalize experimental 

observations, elucidate the underlying physics of MSIs, and can thus be expected to 

guide future studies to create fine-tuned supported metal materials.  
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General conclusion 
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 In this work, TiO2-supported Re catalyst was found to be highly active and 

selective for low-temperature hydrogenation of CO2 to methanol reaction, which 

exceeded the activity of performance of the industrial Cu-based methanol synthesis 

catalyst tested under the reaction condition in this study. The applicability of this 

methanol synthesis system was further expanded by using one-pot reaction approach 

which combines methanol synthesis and subsequent methylation of aromatic 

hydrocarbons for the synthesis of value-added arenes. In the case of catalytic 

methylation of aromatic hydrocarbons, Re/TiO2 performed the best by showing the 

highest yield and selectivity for methylated products, while preventing the 

dearomatization of aromatic rings. Driven by the desire of utilizing large datasets that 

we have accumulated over time, optimization of catalyst for above methylation reaction 

using machine-learning methods was also carried out, where a better performing 

catalyst in the form of 1.8 wt% Re/TiO2 was discovered. The origin of the high activity 

and selectivity of Re/TiO2 was also found to be partly attributed to the strong metal-

support interactions (MSIs) between Re species and TiO2, particularly the high electron 

affinity between the two, which enabled high dispersion of Re species loaded on TiO2. 

The presence of atomically dispersed Re and Re nanoclusters are believed to be 

crucial for the catalysis of both reactions. We believe that our findings  can facilitate a 

deeper understanding of supported rhenium catalysts and potentially utilize them in 

various hydrogenation reaction in real world. 


