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Abstract
The activity and stability of supported metal catalysts, which exhibit high efficiency and activity, are 

significantly influenced by the interactions between the metal and the support, that is, metal–support 

interactions (MSIs). Here, we report an investigation of the MSIs between supported rhenium (Re) and 

oxide supports such as TiO2, SiO2, Al2O3, MgO, V2O5, and ZrO2 using experimental and computational 

approaches. The reducibility of the Re species was found to strongly depend on the oxide support. 

Experimental studies including temperature-programmed reduction by H2 as well as Re L3- and L1-edge 

X-ray absorption near edge structure (XANES) analysis revealed that the valency of the Re species started 

to decrease upon H2 reduction in the 200–400 °C range, except for Re on MgO, where the shift occurred 

at temperatures above 500 °C. The dependence of the Re L3- and L1-edge XANES spectra of the oxide-

supported Re catalysts on the size of Re was also examined.
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1. Introduction
Supported metals are efficient catalysts1,2 whose activity and stability can be significantly influenced by 

metal–support interactions (MSIs),3–5 which can alter the characteristics of the metals, their interfaces, and 

perimeter sites.6–8 The nature of the active sites created in these environments can be affected by the size, 

shape, and dispersion of the metal species.9–11 MSIs also affect the resistance of metals to sintering, which 

often leads to deactivation of the catalysts.12–15 Therefore, understanding the MSIs in oxide-supported 

metal catalysts by clarifying their behavior with respect to the type of metal and oxide is essential for 

tailoring their activity, stability, and selectivity.

Among the various supported metal catalysts, supported rhenium (Re) catalysts show remarkable 

technological potential in heterogeneous catalysis.16–25 In particular, supported Re catalysts promote 

several valuable reductive catalytic processes,26–31 including the hydrogenation of carboxylic acid 

derivatives32–36 and CO2.37–43 However, although previous studies have stimulated the development of 

highly active and selective catalysts for these processes, the precise nature of the catalytically active Re 

species has not been elucidated, despite them having been the subject of scientific investigations for 

years.44–53 This is primarily because Re, which is often highly dispersed on supports, is difficult to reduce 

and can exist in several oxidation states.54–63 To address this deficit, comprehensive studies on supported 

Re catalysts must be conducted to gain fundamental insight into the behavior of catalytically active Re 

species.

Systematic experimental and computational studies were previously conducted by our group to 

investigate the MSIs between supported Re and various oxide supports.64 The degree of dispersion and 

aggregation of the supported Re metal on oxide supports were found to be correlated with their electronic 

properties, namely the position of the conduction band minimum [CBM, that is, electron affinity (EA)] of the 

oxide support and the Fermi energy [EF, that is, work function (WF)] of Re. Metal oxides with an EA higher 

than the WF of Re, such as TiO2, V2O5, and CeO2, can accept electrons from Re to their CBs, inducing 

strong MSIs (high Eads of Re) that lead to a high degree of dispersion of the supported Re. In contrast, 

metal oxides with an EA lower than the WF of Re, such as MgO and Al2O3, cannot accept electrons from 

Re to their CBs, thereby inducing weak MSIs (low Eads of Re) that lead to a low degree of dispersion of the 

supported Re. Although the degree of dispersion and aggregation of the supported Re on various oxide 

supports have been investigated, the oxidation states of the supported Re are largely unknown. This 

necessitates comprehensive studies on the oxidation states of supported Re.

Therefore, a systematic investigation was conducted in this study to characterize the reducibility 

and oxidation states of 5 wt.% Re supported on various oxide supports, including TiO2, SiO2, Al2O3, MgO, 

V2O5, and ZrO2. Temperature-programmed reduction by H2 (H2-TPR) as well as Re L3- and L1-edge X-ray 

absorption near edge structure (XANES) measurements were conducted, which indicated that the 

reducibility of Re species strongly depended on the oxide support. Additionally, XANES simulations were 

performed using the Finite difference method near edge structure (FDMNES) software,65,66 which revealed 

the structural dependence of the Re L3- and L1-edge XANES spectra.
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2. Methods
Materials and sample preparation
TiO2 (ST-01, 188 m2 g−1) and SiO2 (CARiACT Q-10, 300 m2 g−1) were purchased from Ishihara Sangyo 

and Fuji Silysia Chemicals, respectively. Al2O3 (74 m2 g−1) was prepared by calcining 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, whereas V2O5 (3 m2 g−1) was purchased from Sigma-

Aldrich. The specific surface area (SSA) for each support as provided by the supplier is shown in 

parentheses, except for the SSA of V2O5 which is measured in-house via N2 adsorption. Re2O7 (≥ 99%) 

and ReO2 (≥ 99%) were purchased from Strem Chemicals Inc. and Hydrus Chemical Inc., respectively. 

ReO3 (≥ 99%) was obtained from Alfa Aesar. NH4ReO4 (≥ 99%) and Re powder (≥ 99%, mesh = 100 μm) 

were purchased from Sigma Aldrich. All reagents and materials were used as received without further 

purification. He (≥ 99.995%), H2 (≥ 99.99%) and other gas mixture such as 10% CO/He and 5%H2/Ar were 

obtained from Air Water Inc.

Re/support catalysts with 5 wt.% Re [denoted as Re(5)/support] were prepared using a simple 

impregnation method by mixing the support material with an aqueous solution of NH4ReO4 (Sigma-Aldrich). 

Briefly, NH4ReO4 (0.36 g) was added to a glass vessel (500 mL) containing deionized water (400 mL). 

After completely dissolving the NH4ReO4 by stirring, the support material (4.75 g) was added to the solution, 

followed by stirring at 200 rpm for 30 min at 20 °C. Subsequently, water was removed from the reaction 

mixture via evaporation in vacuo, followed by drying at 110 °C for 12 h. The resulting powder was calcined 

for 3 h at 500 °C in air, except for Re(5)/V2O5, which was not calcined to prevent sublimation of the Re 

species. The final sample was obtained by reduction under flowing H2 (20 mL min−1) for 0.5 h.

Characterization
Scanning transmission electron microscopy (STEM) analysis was conducted using JEM-ARM200F and 

FEI Titan G2 electron microscopes. The samples were pre-treated under flowing H2 (20 mL min-1) at 500 °C 

for 0.5 h prior to STEM analysis, and were exposed to air during analysis due to the apparatus setup.

H2-TPR was performed using BELCAT II equipment (MicrotracBEL Corp., Japan). 40 mg of each sample 

were heated to 900 °C with a heating rate of 10 °C min-1 under 40 mL min-1 flow of 5% H2/Ar. 

FT-IR spectra for CO adsorption were measured on JASCO FT/IR-4200 equipped with a mercury-

cadmium-telluride (MCT) detector. Each sample (40 mg) were pressed into self-supporting disks (φ = 20 

mm) which was then placed in a quartz FT-IR cell with CaF2 windows connected to a gas flow setup. Each 

sample was pre-treated at 500 °C for 0.5 h under a flow of 10% H2/He (100 mL min-1), and then cooled to 

50 °C under He flow. After sufficient cooling, 1% CO/He (100 mL min-1) was introduced to the cell for at 

least 5 min and purged with He subsequently. Spectra were collected by accumulating 20 scans 

(resolution: 4 cm-1). Background spectrum was collected at 50 °C under He atmosphere.

Re L3- and L1-edge XANES spectra were recorded in transmittance mode at the BL14B2 beamline 

of SPring-8 (proposals 2020A1695 and 2021A1615) using a Si (311) double-crystal monochromator. The 

samples were pressed into self-supporting pellets (φ = 10 mm) and introduced into a quartz cell equipped 

with Kapton film windows and gas lines with a dead volume of approximately 20 mL.67 Pelletized samples 
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were heated under a flow of 5% H2/He (100 mL min-1) at temperatures up to 700 °C with a heating rate of 

10 °C min-1. Data analysis was performed using the Athena software ver. 0.9.25, which is included in the 

Demeter package.68 Linear combination fitting (LCF) was performed over a fitting range of −20 to 30 eV 

relative to the absorption edge (E0) using Re powder (Re0), ReO2 (Re4+), ReO3 (Re6+), and NH4ReO4 

(Re7+) as standards.

Computational methods
All calculations were performed based on the spin-polarized density functional theory (DFT) using the 

Vienna ab initio simulation package (VASP.5.4.4).69,70 The revised Perdew–Burke–Ernzerhof functional for 

solids (PBEsol)71 was employed in combination with the projector-augmented wave (PAW) method.72 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 2 × 

2 × 1 Monkhorst–Pack grids. Van der Waals interactions were described using the dispersion-corrected 

DFT-D3 method (Becke–Johnson).73 The convergence of force on each atom was set to 0.03 eV Å−1.

The surface of anatase TiO2 (101) was simulated using a four-layer supercell slab model (Figure 
1 and S1). Re clusters of 1, 3, 13, and 20 atoms were placed on TiO2 (101); these configurations are 

denoted as Re1/TiO2, Re3/TiO2, Re13/TiO2, and Re20/TiO2, respectively. A 2 × 2 slab model (Ti48O96) was 

used for Re1/TiO2, Re3/TiO2, and Re13/TiO2, whereas a 2 × 4 slab model (Ti96O192) was used for Re20/TiO2 

owing to its large cluster size. The repeated slabs along the surface-normal direction were separated by a 

minimum vacuum-region thickness of 15 Å. The two bottom layers were fixed at their original bulk positions. 

The effective U value (denoted as Ueff) of U – J was set to 3 eV in Ti.74 The configuration with the most 

stable total energy after structural relaxation was selected as the model structure.

Re L1 and L3-edge XANES spectra were simulated for the DFT-optimized structures of Re36 

(0001) slab, Re1/TiO2, Re3/TiO2, Re13/TiO2, and Re20/TiO2 using the FDMNES software.65,66 The slab 

model with 36 Re atoms represented the fully aggregated Re species. The simulated XANES spectra were 

averaged and normalized based on the number of Re atoms in each supercell. The initial structure of bulk 

ReO2 was obtained from the Materials Project75 (MP ID:7228) and optimized for atomic positions and cell 

shape to permit Bader charge analysis.
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Figure 1. Top-view illustrations of the (a) Re1/TiO2(101), (b) Re3/TiO2(101), (c) Re13/TiO2(101), and (d) 
Re20/TiO2(101) slab models used for DFT calculations.
3. Results and discussion
H2-TPR, XANES, and IR studies
The H2-TPR profiles of the investigated catalysts are shown in Figure 2. The temperature at which the 

peaks representing H2 consumption appeared in the profiles increased as follows: Re(5)/ZrO2 < Re(5)/TiO2 

< Re(5)/SiO2 < Re(5)/Al2O3 < Re(5)/MgO. All investigated catalysts exhibited one distinct main peak, 

except Re(5)/V2O5, which showed several broad, asymmetrical peaks arising from the reduction of Re 

species, in addition to peaks originating from the reduction of V2O5 at approximately 600–700 °C. Overall, 

the H2-TPR profiles shows that for most catalysts, distinct peaks appeared at reduction temperature below 

500 °C with no obvious peaks above that temperature, with the exception of Re(5)/MgO which has a peak 

spanning from around 450 °C to 600 °C, and also peaks arising from the reduction of V2O5 at around 

600 °C.
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Figure 2. H2-TPR profiles of Re(5)/support catalysts (support = ZrO2, TiO2, SiO2, V2O5, Al2O3, and MgO; 
Re = 5 wt.%). The samples were heated using a temperature ramp rate of 10 °C min−1 under a flow of 5% 
H2/Ar (40 mL min−1).

Figure 3A, B show Re L3-edge XANES spectra of Re(5)/V2O5 and Re(5)/MgO, which were 

recorded under a flow of 5% H2/He (100 mL min−1) at temperatures between 100 and 700 °C; spectra of 

reference compounds were recorded at room temperature. A Re metallic powder was also analyzed ex 

situ using a sample that was sealed in a N2-filled glove bag after the H2 reduction at 900 °C to prevent the 

formation of surface ReOx. The edge positions and shapes of the XANES spectra of the catalysts 

pretreated with H2 at temperatures up to 200 °C were consistent with those of the Re2O7 reference. This 

observation indicates that the Re species in these samples existed in highly oxidized states. The intensities 

of the XANES signals decreased and the edge positions shifted to lower energies following the H2 

reduction at 400 °C. Because the observed variation was a consequence of a change in the energy of the 

2p orbital caused by a decrease in the valency of Re,48 these results indicate that the valency of Re in all 

the investigated catalysts began to decrease at ~400 °C. Similar trends have been observed in the XANES 

spectra of other supported Re samples, such as Re(5)/TiO2, Re(5)/Al2O3, Re(5)/SiO2, and Re(5)/carbon 

that were subjected to H2 reduction at ~300–400 °C, as reported in our previous study.76 Note that 

Re(5)/ZrO2 was excluded from the aforementioned list because of the contribution of hafnium, an element 

that is present in almost all Zr oxides, whose L2-edge absorption (at ~10,739 eV) interferes with the 

analysis of Re L3-edge XANES spectra (at ~10,535 eV). The XANES spectra of Re on different supports, 

including those reported in our previous study,76 were compared (Figure 3C). High-angle annular dark-

field STEM (HAADF-STEM) images are shown in Figures S2-S7. The XANES results showed that the 

edge positions of Re(5)/TiO2, Re(5)/Al2O3, and Re(5)/SiO2 were nearly identical and lay between those of 
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the metallic Re and ReO2 references. However, the edge position and white-line intensity of Re(5)/MgO 

were higher and those of Re(5)/V2O5 were lower. All the in situ XANES spectra showed considerably 

higher white-line intensities than that of the Re metal powder, suggesting that all the Re species on the 

oxide supports had valences greater than 0. This is somewhat contrary to the results obtained from the 

STEM and X-ray diffraction (XRD) measurements as well as the extended X-ray absorption fine structure 

(EXAFS) analysis, which revealed Re–Re contributions that suggested the formation of metallic Re 

particles; essentially, all these characterization results indicate the presence of metallic Re 

clusters/particles to a certain extent, especially in Re/SiO2 and Re/Al2O3, which exhibited distinct XRD 

peaks corresponding to Re. Additionally, although the fraction of oxidized Re species estimated from the 

XANES spectra did not significantly differ among the studied catalysts, the aforementioned 

characterization data indicate that the Re dispersion was strongly dependent on the support as indicated 

in previous studies that the origins of the observed XANES spectra are presumably related to both the 

valence states and complex structures of Re.64,77 Although the effect of various properties of the support 

including morphologies and defects cannot be ignored, we reported In our previous study64 that the effect 

of the intrinsic properties of each support is more significant on the dispersion of Re species. For instance, 

we have prepared the low-specific-surface-area rutile TiO2 (JRC-TIO-5) supported Re sample (Re(5)/TiO2 

(JRC-TIO-5)). Even though the specific surface area of rutile TiO2 (JRC-TIO-5) was 3 m2 g-1, which is 

significantly smaller than that of the anatase TiO2 (ST-01, 188 m2 g-1) used as the standard support, Re 

species were present in a highly dispersed and aggregated species >2 nm were not detected. 

While the L3-edge X-ray absorption white line of transition metals directly reflects the electronic 

states of the vacant d orbitals of the absorbing atom because it shows p → d transitions, the parallel use 

of L1-edge X-ray absorption, which exhibits s → p transitions, can provide additional information for 

determining the electronic state and geometry of the absorbing atom. Therefore, Re L1-edge XANES 

spectra were acquired under the aforementioned conditions. The Re L1-edge XANES spectra of the 

examined catalysts during the H2 reduction were collected, along with those of reference compounds 

(Figure 4). Only NH4ReO4 was used as the reference compound for Re7+ because of its ease of handling. 

The pre-edge peak of the Re L1-edge XANES spectra was observed at approximately 12,527 eV in the 

spectra of NH4ReO4 and the supported Re samples treated at low temperatures (<200 °C), which was 

predominantly attributed to the forbidden 2s → 5d electronic transition due to the mixing of Re and ligand 

p-orbitals into vacant d-orbitals caused by the less symmetric nature of Re (i.e., distortion from Oh 

symmetry). The edge positions and shapes of these spectra were identical, which indicated that the Re in 

these samples existed in a Re7+
 form; this is consistent with the Re L3-edge XANES measurements. The 

absorption edge positions for Re(5)/TiO2, Re(5)/SiO2, Re(5)/ZrO2, and Re(5)/V2O5 shifted to lower 

energies upon H2 reduction at 300 °C, whereas those of the other Re species decreased at higher 

temperatures. These results indicate that the valency of the Re species decreased at 200–400 °C, except 

that of Re on MgO, where the shift was observed at temperatures above 500 °C.

LCF was performed on the set of XANES spectra to better illustrate the variations in the oxidation 

state following the H2 reduction at a glance (Figure 5). Numerical data for the LCF results are available in 
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Supporting Information (Table S1-S6). The representative fitted data for Re(5)/TiO2 treated at 100 °C, 500 

°C, and 700 °C are also included in Figure S12. It is worth noting that the LCF results are not absolute 

and should only be considered as a qualitative approximation of the changes in the oxidation state. All the 

investigated catalysts underwent reduction at temperatures as low as 300 °C, as indicated by the increase 

in the fraction of Re0 species at 300 °C, except for Re(5)/MgO, whose reduction occurred at temperatures 

higher than 400 °C. These results are consistent with the reducibility trend of the Re species observed in 

the H2-TPR profiles (Figure 2). Re(5)/ZrO2 exhibited high reducibility of the Re species, showing a 

relatively lower fraction of Re7+ even at 100 °C. A sharp decrease in the Re7+ fraction, followed by an 

increase in the Re4+ and Re0 fractions, was observed at 300 °C. From 300 °C onwards, a gradual increase 

was observed in the Re0 fraction, which was accompanied by a gradual decrease in the Re4+ fraction, 

thereby confirming the occurrence of the reduction. A similar tendency was observed for Re(5)/TiO2, 

Re(5)/SiO2, and —to a lesser extent— for Re(5)/Al2O3 and Re(5)/V2O5, where a drastic decrease in the 

Re7+ fraction did not occur until 400 °C. Although Re(5)/MgO also showed a relatively low Re7+ fraction, 

the fraction of this high-valence species decreased slowly as the temperature increased, without the sharp 

decline observed for the other catalysts; this can be explained by the low reducibility of the Re species 

supported on MgO. Overall, the reducibility trends of the catalysts are in line with the H2-TPR results 

presented in Figure 2. Although there can be several mechanisms to reduce the supported Re with H2, 

the present study focusses on investigation of the states of the supported Re species made by the same 

experimental protocol. Note that some support materials can also be reduced during the H2 reduction 

treatment as reported on a similar Re/TiO2 system.78

Figure 3. In situ Re L3-edge XANES spectra of (A) Re(5)/MgO and (B) Re(5)/V2O5. Samples were heated 
under a flow of 5% H2/He (100 mL min−1) up to 700 °C at a heating rate of 10 °C min−1. (C) Comparison of 
XANES spectra of Re on different supports that were acquired at 500 °C under a flow of 5% H2/He (100 
mL min−1). XANES spectra of reference samples were recorded at room temperature. Spectra for 
Re(5)/TiO2, Re(5)/Al2O3, Re(5)/SiO2, and Re(5)/carbon are available in our previous work.74
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Figure 4. In situ Re L1-edge XANES spectra of Re(5)/support catalysts. Samples were heated under a 
flow of 5% H2/He (100 mL min−1) up to 700 °C at a heating rate of 10 °C/min. XANES spectra of reference 
samples were recorded at room temperature.
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Figure 5. Linear combination fitting (LCF) results showing the component fraction of in situ Re L1-edge 
XANES spectra of Re(5)/support catalysts. LCF was performed on spectra available in Figure 4 over a 
fitting range of −20 to 30 eV relative to the absorption edge (E0) using Re powder (Re0), ReO2 (Re4+), 
ReO3 (Re6+), and NH4ReO4 (Re7+) as standards. 
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The FTIR spectra of CO adsorbed on the different Re(5)/support catalysts are shown in Figure 
6. The assignments for the CO adsorption bands are listed in Table 1. Among all the investigated catalysts, 

the CO adsorption spectrum of Re(5)/TiO2 showed the highest number of peaks with seven distinctive 

adsorption bands. The CO adsorption band with the highest intensity at 2038 cm−1 was present in the 

spectra of both Re(5)/ZrO2 and Re(5)/TiO2, which was assigned to linearly bonded CO on Re or 

Re(CO)3.79–82 Moreover, the bands at 1945 and 1880 cm−1 were ascribed to bridged CO adsorbed on Re 

or Re(CO)3;79–82 Re(CO)3 is presumably a more appropriate assignment, given the prevalence of highly 

dispersed Re species in both the samples. Interestingly, the bands in the Re(5)/Al2O3 and Re(5)/MgO 

spectra shifted slightly to lower frequencies; these bands were assumed to represent linear and bridged 

CO on Re, respectively, because large Re nanoparticles (up to 4 nm in size) were present on both the 

catalysts (Figure S4). However, the possibility of these bands being derived from Re(CO)3 species cannot 

be discounted, and the slight difference in peak position might stem from the influence of different support 

materials, as reported by Komiyama et al.80 Peaks representing CO adsorbed on Re species were absent 

from the Re(5)/V2O5 and Re(5)/SiO2 spectra. In the Re(5)/TiO2 spectrum, the band at 2158 cm−1 was 

assigned to CO bonded on reduced TiO2, as reported by Liao et al,83 whereas those at 2116, 2056, and 

2003 cm−1 were ascribed to Re2(CO)10 based on studies on the Re/Al2O3 catalyst conducted by Solymosi 

et al.79 and Anderson et al.84 

CO adsorption was also performed on Re(5)/TiO2 pre-treated at different temperatures (See 

Figures S8-S11 for HAADF-STEM images), and the corresponding FTIR spectra were acquired (Figure 
7). The unreduced sample showed no CO adsorption bands, suggesting that CO adsorption only occurred 

on the reduced surface species. Minor CO adsorption bands with weak intensities appeared at 2116 and 

~2035 cm−1 in the spectrum of the sample reduced at 300 °C. The samples pretreated at 700 °C showed 

multiple prominent absorption bands similar to those of the samples pretreated at 500 °C, albeit with 

considerably weaker intensities. However, as the pretreatment temperature increased to 900 °C, most of 

the adsorption bands disappeared, except for a weak band at 2116 cm−1. This phenomenon can be 

attributed to the strong MSIs8 at elevated temperatures that limit the access to surface species, thereby 

preventing CO adsorption. Additional CO adsorption experiment was performed for Re(5)/ZrO2 and 

Re(5)/Al2O3 pre-treated at different temperatures, as shown in Figure S13. Similar trend of reduction 

temperatures on the CO adsorption as for the Re(5)/TiO2 system were observed.
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Figure 6. FTIR spectra of CO adsorbed on Re(5)/support catalysts after H2 reduction. Each sample was 
pretreated at 500 °C under a flow 10% H2/He (100 mL min−1) for 30 min, exposed to a flow of 1% CO/He 
(100 mL min−1) for 5 min, and purged with He for 5 min.
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Table 1. Assignment of peaks appearing in the IR spectra of CO adsorbed on the Re(5)/support catalysts.
Wavenumber (cm−1) Assignment Reference
2158 CO on Ti3+ 83

2116 Re2(CO)10
79,84

2056 Re2(CO)10
79,84

2038 Linear CO, Re(CO)3, Re2(CO)10
79–82

2003 Re(CO)3, Re2(CO)10
79,84

1945 Bridged CO, Re(CO)3, Re2(CO)10
79–82

1880 Bridged CO, Re(CO)3
79–82
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DFT calculations and XANES simulations
To clarify the effects of the Re cluster structure on the XANES spectra, XANES simulations were performed 

using the model structures obtained by DFT calculations with the FDMNES software.85 Figure 8(a) shows 

the simulated Re L3-edge XANES spectra of the supported Re clusters and the Re slab model that 

represents large nanoparticles. The white-line intensity of the catalysts decreased with increasing cluster 

size, although their formal oxidation states were all zero. This result indicates that the Re L3-edge XANES 

spectra were related not only to the valence states but also to the size of Re, which is consistent with our 

experimental data76 and the simulation results of a Re/Al2O3 system reported by Bare et al.77

Figure 8(b) shows the simulated Re L1-edge XANES spectra of the different catalyst 

configurations. The absorption-edge positions of all the supported Re clusters, except for Re1/TiO2, were 

similar to those of the metallic Re(0001) model. The simulated Re L1-edge spectrum of Re1/TiO2 showed 

a pre-edge shoulder peak, and its absorption shifted to a higher energy. Bader charge analysis was also 

performed to determine the valence state of Re in the simulated structures, with bulk ReO2 used as the 

reference compound. The average Bader charges of Re(0001), Re20/TiO2, Re13/TiO2, Re3/TiO2, Re1/TiO2, 

and ReO2 were calculated to be 0.00, 0.13, 0.14, 0.40, 0.79, and 1.85, respectively (Table S7). Although 

the formal oxidation states for the Re species were considered, except that of ReO2, the Bader charge 

values were positive up to 0.79, indicating that the Re clusters were electron deficient owing to their highly 

dispersed nature, especially those with fewer Re atoms. This is reflected more strongly in the Re L3-edge 

XANES spectra than in the Re L1-edge XANES spectra because the white-line intensity depends directly 

on the 5d occupation number. Although there are limitations to the computational accuracy and the variety 

of metal-oxide surfaces, the level of theory should be sufficient to qualitatively capture the trends discussed 

in this study. The presented systematic investigation can nevertheless be expected to be a helpful guide 

for designing heterogeneous metal-oxide catalysts.

Figure 8. Simulated (a) Re L3-edge and (b) Re L1-edge XANES spectra of the DFT-optimized Re(0001) 
slab, Re1/TiO2, Re3/TiO2, Re13/TiO2, and Re20/TiO2 structures constructed using FDMNES software.
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Conclusion
The reducibility and oxidation states of 5 wt.% Re supported on various oxide supports, including TiO2, 

SiO2, Al2O3, MgO, V2O5, and ZrO2, were investigated in this study using experimental and computational 

approaches. The Re species started to exhibit lower valency at 200–400 ˚C upon H2 reduction, except the 

Re on MgO, where the shift was observed at temperatures above 400 °C. Additionally, the dependence of 

the Re L3- and L1-edge XANES spectra on the Re size was investigated, which revealed that the L3-edge 

was more sensitive than the L1-edge to the size of the Re clusters because of the direct dependence of 

the white-line intensity on the 5d occupation number. 
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