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Abstract 20 

This study found that CoOx/Ti2O3 catalyst showed high activity, selectivity, and stability for 21 

hydrodeoxygenation (HDO) of anisole to benzene. Due to the reductivity of Ti2O3, redox reaction 22 

occurred between Ti2O3 and CoOx, forming cobalt species with low oxidation state such as CoO and 23 

metallic Co. These cobalt species on Ti2O3 enhanced catalytic performance for the HDO reaction. On 24 

the other hand, CoOx supported on other supports including TiO2, Al2O3, SiO2 and active carbon was 25 

in the form of Co3O4, and showed only low catalytic activity. H2-TPR and H2-TPD experiments 26 

demonstrated that CoOx supported on Ti2O3 was easily reduced to metallic Co, which had the ability 27 

to activate H2. CoOx/Ti2O3 and CoOx/TiO2 catalysts deactivated more or less by partial oxidation of 28 

the cobalt species during the HDO reaction. The reduction of the partially oxidized cobalt species 29 

was promoted by the redox reaction between the cobalt species and Ti2O3, and therefore CoOx/Ti2O3 30 

showed much longer catalyst life than CoOx/TiO2. 31 

 32 
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1. Introduction 39 

Hydrodeoxygenation (HDO) is a highly important chemical reaction for upgrading biomass 40 

feedstocks to chemicals and fuels. In particular, it is effective for the synthesis of aromatic and 41 

cycloaliphatic compounds by selectively or completely removing oxygen-containing functional 42 

groups from lignin-derived oxygenate compounds.1 43 

Having a Caryl-O-Calkyl moiety, which is common in lignin-derived oxygenates, anisole is a 44 

model compound for evaluating catalytic performance in HDO reactions.2 Despite its simple 45 

molecular structure, anisole undergoes various parallel and sequential reactions in the HDO reaction, 46 

resulting in very complex reaction pathways (Scheme 1).3,4 Direct demethoxylation of anisole 47 

produces benzene with methane and water (or methanol). Benzene is also produced through 48 

sequential demethylation and dehydroxylation via phenol as intermediate. Intramolecular methylation 49 

and transmethylation are more likely to occur over catalysts with strong acidity at high temperature, 50 

producing methylated aromatic compounds and benzene. When using a catalyst with high 51 

hydrogenation ability at high pressure of H2, ring hydrogenation occurs, producing cyclohexane as 52 

the final product. To selectively obtain a desired product from anisole through the HDO reaction, it 53 

is important to select a catalyst and reaction conditions so that only a specific reaction proceeds 54 

preferentially, while suppressing undesirable side reactions. For example, to selectively synthesize 55 

benzene from anisole, it is important to suppress methylation reactions and ring hydrogenation. 56 

 57 
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 58 

Scheme 1 Reaction pathway for hydrodeoxygenation of anisole to benzene and other side-reactions. 59 

 60 

In HDO reactions, catalysts take vital roles because they determine productivity and product 61 

selectivity of the reactions, and thus greatly affect the efficiency and feasibility of the reaction process. 62 

A wide variety of catalysts have been developed for HDO reactions including precious metal catalysts 63 

(e.g., Ru, Pd, and Pt) and non-precious metal catalysts (e.g., Co, Ni, and Mo).5 Since precious metals 64 

have several problems such as high cost and limited resources concentrated in specific regions, it is 65 

desirable to use effectively active species other than precious metals.6 66 

Cobalt species are known to be effective non-precious metal catalysts to promote HDO 67 

reactions and have been used in various forms including metallic Co,7–15 single oxide,16 and other 68 

forms.17–19 Cobalt species have several functions indispensable for HDO reactions. For example, 69 

metallic Co played a critical role of activating H2.
20 Mochizuki et al. reported that Co/SiO2 showed 70 

the highest activity and aromatic selectivity for the HDO reactions of guaiacol and woody tar among 71 

Co/SiO2, Ni/SiO2, Pd/SiO2, Pt/SiO2, and CoMo/Al2O3 catalysts.7 They proposed that the superior 72 

catalytic performance was due to the activation of H2 on metallic Co. However, metallic Co is more 73 
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easily oxidized than precious metals and cobalt catalysts would deactivate due to the oxidation. 74 

Conversely, since cobalt is difficult to reduce once it is oxidized, high temperature and/or high H2 75 

pressure is required for reducing the oxidized cobalt species. Liu et al. found that the unreduced cobalt 76 

catalyst showed no activity at all in HDO of eugenol and pointed out the importance to reduce cobalt 77 

species sufficiently. 11 The deactivation of cobalt catalysts caused by the oxidation has also been 78 

reported in Fischer-Tropsch synthesis.21 To maintain the high activity, it is necessary to keep cobalt 79 

species metallic state during the HDO reaction. 80 

Most of the catalysts reported so far are used in supported forms with diverse support 81 

materials in HDO reactions.22 It has been reported that the performance of cobalt catalysts was highly 82 

dependent on the supports.23–25 Liu et al. compared cobalt catalysts supported on various supports in 83 

HDO of eugenol, among which Co/TiO2 showed the best catalytic performance.11 They proposed that 84 

the strong metal-support interaction (SMSI) played an important role in Co/TiO2 to show the high 85 

activity despite the low dispersion of the cobalt species. SMSI was reported to be also effective for 86 

suppressing the leaching of cobalt species from the TiO2-supported catalyst in liquid-phase 87 

hydrogenation reactions.26 Hongkailers et al. compared cobalt catalysts supported on anatase and 88 

rutile TiO2. The rutile-supported catalyst showed higher initial activity due to the large amount of Ti3+ 89 

formed on the catalyst surface, whereas the anatase-supported one showed higher stability.15 90 

In this study, we focused on Ti2O3 as support for cobalt species. Ti2O3 is a metastable 91 

titanium suboxide composed of Ti3+. Ti2O3 has physical properties and chemical reactivities different 92 

from those of TiO2 owing to the difference in oxidation state of titanium.27–29 It has been reported that 93 
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Ti3+ on the surface of Ti2O3 was readily oxidized to Ti4+ when it was exposed to O2 or air.30,31 94 

Therefore, it is predicted that by combining Ti2O3 with a metal oxide that is more easily reduced than 95 

Ti2O3, such as Co3O4, redox reaction would occur to maintain the metal species in partially or 96 

completely reduced state. In this study, we applied Ti2O3 as catalyst support in expectation of reducing 97 

CoOx and demonstrated that CoOx/Ti2O3 was a highly active catalyst for HDO of anisole, verifying 98 

the above hypothesis. 99 

 100 

2. Experimental 101 

2.1. Synthesis of Ti2O3 102 

Ti2O3 was synthesized by solid-phase reduction of rutile TiO2 (STR-100N, Sakai Chemical 103 

Industry) with TiH2 (Alfa Aesar).31 TiO2 and TiH2 with a molar ratio of 2.1: 1 were ground together 104 

for 30 min using a mortar and a pestle to obtain a homogeneously mixed precursor. The precursor 105 

was put in a quartz glass tube connected to a vacuum line and heated at 670 °C (10 °C/min) under 106 

vacuum for 24 h by an electric furnace. Then, the sample was cooled to ambient temperature under 107 

vacuum and black powdery Ti2O3 product was taken out. The obtained sample was characterized by 108 

TG, XPS, and XRF (Figure S1 and S2, and Table S1, respectively), confirming that Ti2O3 (JCPDS 109 

43-1033) was obtained in high purity. 110 

 111 

2.2. Synthesis of Supported CoOx Samples 112 

Ti2O3-supported CoOx was synthesized by the precipitation-deposition method.32,33 First, 113 
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0.9861 g of Co(NO3)2·6H2O (FUJIFILM Wako Pure Chemical, 98%) was dissolved in 100 mL of 114 

Milli-Q water. 1.8 g of Ti2O3 was added to the solution with stirring. Then, 1 M NH3 aqueous solution 115 

(FUJIFILM Wako Pure Chemical) was added dropwise to the mixture to adjust pH of the solution at 116 

~9. After the mixture was aged at 80 ℃ for 4 h, the solid was recovered by filtration and washed with 117 

deionized water. The recovered solid was dried at 80 ℃ for 24 h in an oven and finally heated in He 118 

flow (10 mL/min) at 300 °C for 4 h. The loading amount of CoOx was 10 wt% as cobalt. In addition 119 

to Ti2O3, rutile TiO2 (STR-100N, Sakai Chemical Industry), SiO2 (AEROSIL 130, Nippon Aerosil), 120 

Al2O3 (AluC, Nippon Aerosil), and active carbon (FUJIFILM Wako Pure Chemical) were used as 121 

support material. 122 

As a comparison, 10 wt% MoOx/ZrO2 was synthesized following the reported procedure.34 123 

Aqueous solution of (NH4)6Mo7O24 (FUJIFILM Wako Pure Chemical) was impregnated on 124 

monoclinic ZrO2 (RC-100, Daiichi Kigenso Kagaku Kogyo) by the incipient wetness method. Finally, 125 

the obtained solid was calcined in air at 550 °C for 3 h. 126 

 127 

2.3. Characterization 128 

Structure of samples was examined by powder X-ray diffraction using a Bruker D2 PHASER 129 

diffractometer with monochromatic Cu Kα radiation (30 kV, 10 mA). Diffraction patterns were 130 

recorded in the 2θ range of 10° to 70° with a step of 0.05°. To measure XRD patterns of samples after 131 

reduction with H2, the reduced samples were cooled down to ambient temperature while H2 was 132 

flowing. To recover catalysts used in catalytic reaction runs, the gas flow was switched from the 133 
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reactant feed to N2 after the reaction and the catalyst was cooled down to ambient temperature while 134 

N2 was flowing. In both cases, the samples were taken out from the glass tube and diffraction patterns 135 

were recorded in ambient air. 136 

Loading amount of cobalt in supported CoOx samples was determined by ICP-AES using a 137 

Shimadzu ICPE-9000 analyzer. Due to the difficulty in dissolving Ti2O3 into aqueous solution, the 138 

concentration of cobalt residual in the filtrate was measured after the recovery of supported CoOx by 139 

filtration. The loading amount of cobalt was calculated by subtracting the amount of residual cobalt 140 

from that of initially added cobalt. 141 

Particle morphology of Ti2O3 and CoOx/Ti2O3 was observed by scanning electron 142 

microscopy (SEM) using a Hitachi S-4800 microscope. The acceleration voltage and emission current 143 

were 10 kV and 10 mA, respectively. CoOx/Ti2O3 and CoOx/TiO2 samples were also observed by 144 

transmission electron microscope (TEM) using a JEOL JEM-2100F microscope with an accelerating 145 

voltage of 200 kV. 146 

N2 adsorption isotherms of supported CoOx samples were measured on a MicrotracBEL 147 

BELSORP-mini analyzer at liquid nitrogen temperature. Specific surface area of the samples was 148 

calculated by the Brunauer–Emmett–Teller (BET) method. Before measurement, the samples were 149 

pretreated in N2 flow at 200 °C for 1h. 150 

Oxidation state of cobalt near the solid surface was examined by X-ray photoelectron 151 

spectroscopy using a JEOL JPS-9200 spectrometer. All the samples were stored overnight at 40 °C 152 

under vacuum. The samples were fixed on a carbon tape under ambient conditions and evacuated for 153 
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2 h in the chamber of the spectrometer. Al Kα radiation was used as X-ray source. The applied voltage 154 

and emission current were 10 kV and 10 mA, respectively. Narrow scan spectra were measured with 155 

pass energy of 10 eV. The measured spectra were analyzed using JEOL SPECSURF Analysis software. 156 

Charge correction was performed using C 1s peak of the carbon tape (284.5 eV). Baseline was drawn 157 

by the Shirley method, and curve fitting of spectra was performed using Gauss-Lorentz mixed 158 

function (0.5: 0.5) with the same full width at half maximum value. The samples identical to those 159 

for the XRD measurement after the reduction with H2 or catalytic reaction runs were used for the 160 

XPS measurement. 161 

Temperature-programmed reduction with H2 (H2-TPR) was conducted on supported CoOx 162 

samples using a MicrotracBEL BELCAT analyzer with a thermal conductivity detector (TCD). 163 

Samples (0.050 g) in a quartz glass tube were pretreated in 1% O2/He (25 mL/min) at 200 °C for 1 h 164 

to mimic the oxidation of cobalt species that occurs during catalytic reactions and cooled down to 165 

100 °C. The gas flow was switched to He to purge the samples for 1 h. Finally, the samples were 166 

heated to 800 °C at a rate of 10 °C/min in 1% H2/Ar flow (25 mL/min) and the consumption of H2 167 

was monitored by the TCD. The amount of consumed H2 was calculated using a calibration curve. 168 

Temperature-programmed desorption of H2 was measured on a home-made continuous gas 169 

flow reactor equipped with an ANELVA M-101QA quadrupole mass spectrometer (MS). Samples 170 

(0.10 g) in a quartz glass tube were pretreated in H2 flow (30 mL/min) at 250 ºC for 0.5 h. The samples 171 

were cooled down to 50 ºC, where H2 was adsorbed on the samples for 1 h. Then, the samples were 172 

purged in Ar flow at 50 ºC for 0.5 h. Finally, the samples were heated from 50 to 800 ºC at a rate of 173 
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10 ºC/min in Ar flow (25 mL/min) and MS signal for H2 (m/z = 2) was monitored at the outlet of the 174 

quartz tube. 175 

 176 

2.4. Hydrodeoxygenation of Anisole 177 

Vapor-phase hydrodeoxygenation of anisole was conducted at atmospheric pressure on a 178 

vertical fixed-bed gas flow reactor. Typical procedure is as follows. 0.20 g of catalyst particles sieved 179 

to 250 – 500 μm was placed in the center of a glass tube (ID: 8 mm). The catalyst was pretreated at 180 

250 °C for 1 h in H2 flow (30 mL/min). Liquid anisole was fed at a rate of 2.29 μL/min (0.020 181 

mmol/min), vaporized at 200 °C, and mixed with H2 to form anisole/H2 reactant feed. The anisole 182 

concentration was 1.0% and the total flow rate was 48 mL/min. The GHSV and W/F were 14.4 183 

L/gcat·h and 167 gcat·h/molanisole, respectively. Then, the catalyst was contacted with the reactant feed 184 

at 250 °C to start the reaction. Unreacted anisole and liquid products in effluent gas were collected 185 

with ethyl acetate solvent (10 mL) at ice bath temperature every 0.5 h and the obtained solution was 186 

analyzed on a SHIMADZU GC-2025 gas chromatograph equipped with a flame ionization detector 187 

and a Phenomenex ZB-1 capillary column (30 m × 0.25 mm × 0.25 μm). Products were identified on 188 

the basis of mass fragmentation profiles using a SHIMADZU GCMS-QP2010SE gas chromatograph-189 

mass spectrometer. Catalytic reactions were performed multiple times under the same conditions, and 190 

the errors in the conversion of anisole and product yields were within ±5%. 191 

 192 

 193 



11 

 

3. Results and Discussion 194 

3.1. Structure of Supported CoOx Samples 195 

Loading amount of cobalt was determined to be 10 ± 0.1 wt% for all the supported CoOx 196 

samples by ICP-AES. XRD patterns of supported CoOx samples synthesized by heating at 300 °C in 197 

He flow are shown in Figure 1. Cobalt species was present in the form of Co3O4 (JCPDS 43-1003) 198 

on most of the supports. No clear diffraction line was observed for CoOx/SiO2, and cobalt species 199 

were assumed to be present in highly dispersed state forming cobalt silicate.10,35,36 For CoOx/AC, a 200 

weak and broad diffraction line of CoO (JCPDS 48-1719) was also observed in addition to those of 201 

Co3O4. Only for CoOx/Ti2O3, diffraction lines of CoO were mainly observed, and those of Co3O4 202 

were much less intense. Additionally, a diffraction line of rutile TiO2 (JCPDS 21-1276) was slightly 203 

observed at 27.5°.  204 

 205 
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 206 

Figure 1 XRD patterns of supported CoOx samples synthesized by heating in He flow at 300 °C and 207 

structural change of CoOx/Ti2O3 upon heating in He flow at different temperatures. 208 

 209 

A series of CoOx/Ti2O3 samples were synthesized by heating in He flow at different 210 

temperatures, and the structural changes were investigated by XRD (Figure 1). Without heating, 211 

cobalt species existed as Co(OH)2 (JCPDS 30-0443) and CoOOH (JCPDS 73-1213), in addition to 212 

Co3O4. Upon heating at 200 ºC, Co(OH)2 and CoOOH disappeared, and instead diffraction lines for 213 

Co3O4 became intense. A diffraction line of rutile TiO2 was also slightly observed. By further 214 

increasing the temperature, the intensity of the diffraction lines for Co3O4 decreased and that for CoO 215 

increased. Simultaneously, the intensity of the diffraction lines for Ti2O3 decreased and that for TiO2 216 

increased (Figure 2). These relevant changes indicated that Co3O4 was reduced to CoO, and Ti2O3 217 
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was partially oxidized to TiO2. Such oxidation of Ti2O3 was also observed as the decrease of Ti3+ 218 

species and the increase of Ti4+ species in Ti 2p X-ray photoelectron spectra (Figure S3a). Therefore, 219 

it is considered that Ti2O3 acted as reductant to reduce Co3O4 to CoO (eq. 1). 220 

Co3O4 + Ti2O3 → 3CoO + 2TiO2   (eq. 1) 221 

 222 

 223 

Figure 2 Variation curve for diffraction intensity of CoO (2θ = 42.5°), Co3O4 (2θ = 31.3°), Ti2O3 (2θ 224 

= 23.9°), and TiO2 (2θ = 27.5°). 225 

 226 

Figure 3 shows SEM images of Ti2O3 and CoOx/Ti2O3. Ti2O3 had smooth particles with the 227 

size of ~100 nm. On the other hand, for CoOx/Ti2O3, small CoOx particles of 20 – 30 nm were 228 

observed to be supported on Ti2O3 particles. Such small particles were also seen in TEM image of 229 

CoOx/Ti2O3_Reduced, which was prepared by reducing CoOx/Ti2O3 with H2 for catalytic reaction 230 

(Figure S4a). CoOx/TiO2_Reduced, which was also reduced with H2, showed much smaller fine 231 

particles of cobalt species of less than 10 nm (Figure S4b). 232 
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 234 

Figure 3 SEM images of (a) Ti2O3 and (b) CoOx/Ti2O3. 235 

 236 

Reducibility of the unsupported Co3O4 and supported CoOx samples were investigated by 237 

H2-TPR (Figure 4). Unsupported commercial Co3O4 (FUJIFILM Wako Pure Chemical) showed a 238 

single peak of H2 consumption at 470 ºC. The average valence of cobalt in Co3O4 calculated from 239 

this H2 consumption was +2.65 (Table 1), which was almost consistent with the theoretical value, 240 

+2.67. For this reason, it is considered that in the case of unsupported Co3O4, once reduction of Co3O4 241 

started, the reduction proceeded at once to metallic Co through CoO. 242 

On the other hand, two reduction peaks were observed for the supported CoOx samples. The 243 

low- and high-temperature peaks can be attributed to the reduction of Co3O4 to CoO and CoO to Co, 244 

respectively.10,37 CoOx/Ti2O3 showed these two peaks at lower temperature than the others, which 245 

suggested that cobalt species on Ti2O3 support were more easily reduced. The average valence of 246 

cobalt in CoOx/Ti2O3 was +0.99, which was smaller than the theoretical valence of cobalt (+2.0) in 247 

CoO, which was the main crystalline phase observed by XRD. The H2-TPR result for CoOx/Ti2O3 248 

suggested that actually a part of cobalt species existed in the metallic state, which might be generated 249 

by the reduction of CoO by Ti2O3 (eq. 2). 250 

CoO + Ti2O3 → Co + 2TiO2   (eq. 2) 251 
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It is considered that such metallic Co was amorphous or existed as fine particles, because no XRD 252 

pattern for such species was observed (Figure 1).  253 

 254 

 255 

Figure 4 H2-TPR profiles of supported CoOx samples and unsupported Co3O4. 256 

 257 

For the other supported CoOx samples, the reduction of cobalt species occurred at higher 258 

temperature. Particularly, CoO supported on the metal oxide supports (TiO2, Al2O3, and SiO2) was 259 

reduced above 600 ºC. The average valence of cobalt in CoOx/TiO2 was +2.51, close to that of Co3O4 260 

(+2.67), which was consistent with the observation by XRD. The average valence of cobalt in 261 

CoOx/Al2O3 was lower than that expected from the XRD analysis , probably because the reduction of 262 

cobalt species did not proceed completely in the H2-TPR measurement, resulting in the small amount 263 

of H2 consumption. The reduction of cobalt species hardly proceeded on CoOx/SiO2. For CoOx/AC, 264 

reduction peaks appeared at 320 and 480 ºC. However, some gases emitted from the AC support 265 

during the heating process and overlapped with the detection of H2 consumption, making it difficult 266 
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to quantify the amount of H2 consumption correctly. 267 

From these results, we concluded that Ti2O3 support itself can reduce CoOx as reductant and 268 

retain cobalt species in the low oxidation state under inert atmosphere (Step 1 in Scheme 2). On the 269 

other hand, CoOx on the other supports was not reduced, and thus present as Co3O4. The redox 270 

interaction between CoOx and Ti2O3 support was a unique property of Ti2O3 derived from its strong 271 

reducing ability. 272 

 273 

Table 1 Specific surface area and reduction properties of supported CoOx samples. 274 

Sample 
SBET a 

(m2 g-1) 

Reduction peak b (°C) Vbulk 
c 

(‒) Low High 

CoOx/Ti2O3 18 280 360 0.99 

CoOx/TiO2 74 320 600 2.51 

CoOx/Al2O3 99 380 700 (0.83) 

CoOx/SiO2 180 n.d. n.d. n.d. 

CoOx/AC 1053 320 480 (1.53) 

Co3O4 n.d. 470 2.65 

a Specific surface area determined by the BET method. 275 

b Reduction peak temperature in H2-TPR. 276 

c Average valence of cobalt in the bulk estimated from the amount of consumed H2. 277 

 278 

 279 
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 280 

Scheme 2 Structure change of CoOx/Ti2O3 during synthesis and HDO of anisole. 281 

 282 

The oxidation state of cobalt near the surface was examined by XPS (Figure 5). CoOx/Ti2O3 283 

showed two broad peaks at around 780 and 795 eV, which are attributed to Co 2p3/2 and 2p1/2 peaks, 284 

respectively. The spectrum was deconvoluted into several peaks, among which the peaks at 779.6 and 285 

795.1 eV were assignable to 2p3/2 and 2p1/2 peaks of Co3+, respectively.38–40 Those peaks of Co2+ 286 

appeared at 781.3 and 796.9 eV, respectively. In addition to them, satellite peaks also appeared at 287 

around 787 and 802 eV. The average valence of cobalt near the surface was calculated to be 2.61 288 

based on the peak area ratio of the 2p3/2 peaks (Table 2), which was higher than that of cobalt in the 289 

bulk, 0.99 (Table 1). This is due to oxidation of cobalt near the surface when the sample was exposed 290 

and stored in air. CoOx/TiO2 showed a spectrum similar to that of CoOx/Ti2O3, and the average valence 291 

of surface cobalt was almost the same between these two samples. For CoOx/TiO2, the average 292 

valences of cobalt in the bulk and near the surface were almost the same, indicating that oxidation 293 

state of cobalt was uniform in whole the CoOx particle. 294 
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 296 

Figure 5 Co 2p X-ray photoelectron spectra of CoOx/Ti2O3 samples and CoOx/TiO2. 297 

CoOx/Ti2O3_Recuded and CoOx/Ti2O3_Spent were CoOx/Ti2O3 after treatment with H2 at 250 ºC and 298 

after used in the HDO reaction shown in Figure 10, respectively. 299 

 300 

Table 2 Proportion of Co0, Co2+, and Co3+ and average valence for CoOx samples estimated by XPS. 301 

Sample 
Proportion a (%) Vsurf 

b 

(‒) Co0 Co2+ Co3+ 

CoOx/Ti2O3 0 39 61 2.61 

CoOx/Ti2O3_Reduced 22 47 31 1.87 

CoOx/Ti2O3_Spent 11 48 41 2.19 

CoOx/TiO2 0 32 68 2.68 

a Proportion of Co 2p3/2 peak area for Co0, Co2+, and Co3+ species. 302 

b Average valence of surface cobalt estimated from the proportion of Co 2p3/2 peak area. 303 

 304 
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3.2. Hydrodeoxygenation of Anisole over Supported CoOx Catalysts. 306 

Results for HDO of anisole over supported CoOx catalysts are shown in Figure 6. CoOx/Ti2O3 307 

showed the highest activity with high selectivity to benzene. CoOx/TiO2 and CoOx/AC showed the 308 

second highest activity, while CoOx/Al2O3, and CoOx/SiO2 showed almost no activity. In addition to 309 

benzene, several products such as cyclohexane, methoxycyclohexane, and phenol were produced as 310 

by-products (Table 3). There were no unidentified by-products (Figure S5). For these catalysts, the 311 

carbon balance was ~90% or higher. From these results, it is considered that the difference in the 312 

catalytic performance was due to the difference in the physical and chemical properties of the 313 

catalysts. 314 

Generally, the larger specific surface area leads to higher activity. However, for the series of 315 

supported CoOx catalysts tested in this study, no clear correlation was observed between the specific 316 

surface area and catalytic activity (Table 1). Also, a catalyst with smaller particle size of cobalt species 317 

would show higher activity, but no such trend was observed between CoOx/Ti2O3 and CoOx/TiO2 318 

(Figure S4). Rather, a correlation was observed between the oxidation state of cobalt and catalytic 319 

activity; CoOx/Ti2O3, which contained metallic Co, showed the highest activity, while CoOx/Al2O3, 320 

and CoOx/SiO2, on which CoOx was less susceptible to reduction, showed the lowest activity. 321 

MoOx/ZrO2, which has been reported to show the high activity for HDO of anisole at 322 

relatively low temperatures and atmospheric pressure of H2, was also used for comparison.34 323 

MoOx/ZrO2 was active only at 300 ºC or higher (Figure 6) and gave a large amount of by-products 324 

such as toluene and cresol (Table S2). This is because side reactions such as intramolecular 325 
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methylation and/or transmethylation were more likely to occur over acid sites of the catalyst at high 326 

temperature. To selectively promote the HDO of anisole to benzene, low temperature reaction using 327 

a highly active catalyst is desired. In fact, when the reaction was conducted at higher temperatures 328 

using CoOx/Ti2O3, the selectivity to benzene was significantly decreased, while the conversion of 329 

anisole was increased (Figure S6). Compared with the results reported so far on the vapor-phase HDO 330 

of anisole, CoOx/Ti2O3 showed relatively high conversion and high selectivity to benzene under mild 331 

conditions such as less than 300 °C and 0.1 MPa of H2 pressure (Table S3). 332 

 333 

 334 

Figure 6 Hydrodeoxygenation of anisole over supported CoOx catalysts at 250 ºC or MoOx/ZrO2 335 

catalyst at 250 – 350 ºC.  336 

Pretreatment conditions: H2 flow (30 mL min-1) at 250 ºC for 1 h. Reaction conditions: Catalyst, 0.20 337 

g; Anisole, 0.020 mmol min-1; Total flow rate (H2 balance), 48 mL min-1; Temperature, 250 ºC for 338 

supported CoOx catalysts or 250 – 350 ºC for MoOx/ZrO2 catalyst; Time on stream, 1 h.  339 
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 340 

Table 3 Detailed results for hydrodeoxygenation of anisole over supported CoOx catalysts at 250 ºC. 341 

 CoOx/Support 

 Ti2O3 TiO2 Al2O3 SiO2 AC 

Conversion (%) 68.5 28.7 10.1 8.5 29.0 

      

Products yield (%)      

Benzene 55.0 20.1 0.0 0.3 15.1 

Cyclohexane 1.1 0.0 0.0 0.0 0.6 

Methoxycyclohexane 0.0 0.0 0.0 0.0 2.3 

Phenol 0.0 0.0 3.4 0.0 0.0 

Cresol 0.0 0.0 1.1 0.0 0.0 

Toluene 1.0 0.0 0.0 0.0 0.0 

Methylanisole 0.0 0.0 0.4 0.0 0.0 

Dimethylanisole  0.0 0.0 0.6 0.0 0.0 

 342 

3.3. Support Effect on Co Speciation and Catalytic Properties of Supported CoOx 343 

To emphasize the support effect on the oxidation state of the cobalt species and on the 344 

catalytic performance, CoOx/Ti2O3 and CoOx/TiO2 were pretreated under different conditions and 345 

used for the HDO of anisole (Figure 7). Regardless of the pretreatment conditions, CoOx/Ti2O3 always 346 

showed higher activity than CoOx/TiO2, when they were pretreated under the same conditions. 347 

Commonly to both catalysts, the conversion of anisole and the yield of benzene increased with 348 

increase of the temperature for reduction pretreatment with H2. In particular, the activity of CoOx/TiO2 349 

was significantly increased by increasing the reduction temperature. Increasing the reduction 350 

temperature from 350 to 450 °C had no significant effect on the catalytic performance of CoOx/Ti2O3. 351 

When pretreated with N2 instead of H2 at 250 °C, CoOx/Ti2O3 showed only slight decrease in the 352 

activity, while CoOx/TiO2 was no longer active for the reaction. These results indicated that CoOx was 353 
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already reduced by Ti2O3 during the synthesis by heating in He flow at 300 °C, providing catalytically 354 

active state. 355 

 356 

 357 

Figure 7 Effect of pretreatment conditions on the catalytic performance of CoOx/Ti2O3 and CoOx/TiO2 358 

for hydrodeoxygenation of anisole. 359 

Pretreatment conditions: N2 or H2 flow (30 mL min-1) at 250 – 450 ºC for 1 h. Reaction conditions: 360 

CoOx/Ti2O3 or CoOx/TiO2, 0.20 g; Anisole, 0.20 mmol min-1; Total flow rate (H2 balance), 48 mL min-361 

1-1; Temperature, 250 ºC; TOS, 1 h. 362 

 363 

Figure 8 shows XRD patterns of the samples pretreated under different conditions, which 364 

were the same as those in Figure 7. For CoOx/Ti2O3, a part of CoO was reduced to metallic Co by the 365 

reduction with H2 at 250 °C, and only metallic Co existed at 350 °C or higher. The crystallite size of 366 
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metallic Co for the sample reduced at 250 °C (identical to CoOx/Ti2O3_Reduced) was estimated to be 367 

34 nm by the Scherrer equation, which was in good agreement with the particle sizes observed by 368 

TEM (Figure S4a). On the other hand, for CoOx/TiO2, only CoO was produced by the reduction at 369 

250 °C, and metallic Co formed in the reduction at 350 °C or higher. For CoOx/Ti2O3, the diffraction 370 

line intensity of metallic Co increased with increase of the reduction temperature and simultaneously, 371 

that of Ti2O3 decreased (Figure S7a). This indicated that redox reaction occurred between Ti2O3 and 372 

CoOx, as in the case of heating in He flow (Figure 2). In other words, even in the reductive atmosphere 373 

with H2, CoOx was reduced not only by H2 but also by Ti2O3. For CoOx/TiO2, no such redox reaction 374 

occurred between cobalt species and the support (Figure S7b).  375 

The average valence of cobalt in CoOx/Ti2O3 and CoOx/TiO2 pretreated with H2 or N2 at 250 376 

and 350 °C was estimated by the H2-TPR, and the relationship between the average valence of cobalt 377 

and the activity was examined (Figure S8). A clear correlation was found between the decrease in the 378 

average valence of cobalt and the increase in the activity. Therefore, it is reasonable to conclude that 379 

the difference in the activity of the supported CoOx catalysts was due to the difference in the oxidation 380 

state of cobalt in the CoOx on each support and that the highest activity of CoOx/Ti2O3 was due to the 381 

reduction of cobalt species by Ti2O3 with the strong reducing ability. 382 

 383 
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 384 

Figure 8 XRD patterns of (a) CoOx/Ti2O3 and (b) CoOx/TiO2 after treatment with H2 or N2 at 250 – 450 ºC. 385 

 386 

 387 

As shown above, the activity increased as the valence of cobalt decreased. Similar tendency 388 

was found by other research groups in the HDO reactions using cobalt catalysts and it was proposed 389 

that the reason for such tendency was that metallic Co had the ability to adsorb and activate H2.
7,11,20 390 

To confirm whether the same phenomenon occurred with our catalysts, H2-TPD measurements were 391 

performed on CoOx/Ti2O3 and CoOx/TiO2. As Figure 9 clearly shows, desorption of H2 was observed 392 

at ~400 °C for CoOx/Ti2O3, while no H2 was desorbed from CoOx/TiO2, meaning that no H2 was 393 

adsorbed on CoOx/TiO2. It is presumable that effective adsorption and activation of H2 on metallic 394 

Co brought about the high catalytic activity of CoOx/Ti2O3. In fact, when HDO of anisole was 395 

performed using CoOx/Ti2O3 and CoOx/TiO2 at different H2 partial pressures, CoOx/Ti2O3 had lower 396 

dependence on the H2 partial pressure than CoOx/TiO2 did (Figure S9). Ti2O3 support was effective 397 

for facilitating the reduction of CoOx and maintaining metallic Co to adsorb and activate H2 during 398 

the HDO of anisole. 399 
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 400 

 401 

Figure 9 H2-TPD profiles of CoOx/Ti2O3 and CoOx/TiO2. 402 

 403 

Influence of the synthesis temperature on the state of cobalt species and catalytic 404 

performance of CoOx/Ti2O3 was examined. By increasing the temperature for heating CoOx/Ti2O3 in 405 

He flow from 300 °C to 400 or 500 °C, the reduction of cobalt species proceeded more deeply, and 406 

CoO was reduced to metallic Co according to eq. 2 (Figure S10a). However, the catalytic activity 407 

decreased with increasing the synthesis temperature (Figure S10b). As the dispersion of metallic Co 408 

estimated from CO adsorption measurement decreased with increasing synthesis temperature, the 409 

activity decrease was due to the significant particle aggregation of cobalt species that occurred at the 410 

high temperature. From these results, it was determined that 300 °C was the optimal synthesis 411 

temperature for CoOx/Ti2O3. 412 

Influence of cobalt loading was also investigated on CoOx/Ti2O3. In addition to the standard 413 

loading of 10 wt%, which has been described so far, the loadings of 2.5, 5, and 20 wt% were also 414 

investigated. Up to 10 wt% loading, CoO was the predominant cobalt species (Figure S11a), 415 

indicating that most or all of Co3O4 was reduced to CoO by Ti2O3 (eq. 1). Meanwhile, Co3O4 was 416 
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present significantly for 20 wt% loading. Presumably, for 20 wt% loading, a part of Co3O4 particles 417 

did not contact with Ti2O3, and therefore such Co3O4 particles remained without being reduced. Up 418 

to 10 wt% loading, the catalytic activity and benzene yield increased with the loading, but the benzene 419 

yield did not increase upon further increasing the cobalt loading to 20 wt%, (Figure S11b). This is 420 

because, for 20 wt% loading, the insufficiently reduced cobalt species had only poor activity for the 421 

HDO reaction. 422 

 423 

3.4. Effect of Ti2O3 Support on Stability of Co Species. 424 

The stability and life of catalysts are important catalytic performance, hence, those of 425 

CoOx/Ti2O3 and CoOx/TiO2 for the HDO of anisole were evaluated (Figure 10). For CoOx/Ti2O3, the 426 

conversion of anisole dropped from 70% to 60% in the first 3 h, but then decreased only slowly to 427 

~50% until 48 h. Total yield of products including benzene and cyclohexane also decreased slowly. 428 

On the other hand, for CoOx/TiO2, the conversion of anisole dropped from 60% to 30% in just 2 h 429 

and continued to decrease to 20% by 25 h. These results indicated that CoOx/Ti2O3 was more stable 430 

against deactivation, leading to the longer catalyst life. 431 

 432 
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 433 

Figure 10 Catalyst life of CoOx/Ti2O3 (filled) and CoOx/TiO2 (blank) for HDO of anisole. 434 

Pretreatment conditions: H2 flow (30 mL min-1) at 250 ºC for 1 h. Reaction conditions: CoOx/Ti2O3 435 

or CoOx/TiO2, 0.40 g; Anisole, 0.020 mmol min-1; Total flow rate (H2 balance), 48 mL min-1; 436 

Temperature, 200 ºC. 437 

 438 

To understand the cause of deactivation, the structure of CoOx/Ti2O3 was examined by XRD 439 

after the reaction, but no clear difference was observed between the sample after the pretreatment 440 

with H2 and the spent catalyst (Figure S12). There was no clear change in the particle size of cobalt 441 

species for CoOx/Ti2O3 and CoOx/TiO2, either (Figure S4). Furthermore, almost no or only a slight 442 

organic compound was deposited on these two spent catalysts, implying that the deactivation was not 443 

caused by the deposition of organic compounds (Figure S13). Then, the oxidation state of cobalt in 444 

the spent CoOx/Ti2O3 was analyzed by XPS (Figure 5 and Table 2). Compared with the sample after 445 

the pretreatment with H2, the proportion of Co0 decreased, while that of Co3+ increased after the 446 

reaction. Therefore, the oxidation of cobalt during the reaction was assumed to cause the deactivation. 447 

To demonstrate this assumption, the supply of anisole was stopped with H2 flow continued in the 448 
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middle of the reaction using CoOx/Ti2O3 and CoOx/TiO2. By this operation, the spent catalysts would 449 

be reduced in H2 flow. Then, the supply of anisole was resumed, and the activity was evaluated again 450 

(Figure S14). The results of repeating this procedure showed that the activity was restored repeatedly 451 

by the reduction with H2, demonstrating that the oxidation of cobalt species was the cause of the 452 

deactivation.  Probably, oxygen derived from anisole oxidized the cobalt species as oxo or hydroxide 453 

species (Step 3 in Scheme 2). 454 

The slow deactivation and long catalyst life of CoOx/Ti2O3 implied that the reduction of 455 

oxidized cobalt species during the reaction was likely to occur on this catalyst. Indeed, the reduction 456 

of CoOx proceeded on CoOx/Ti2O3 at low temperature in H2 atmosphere (Figures 4 and 8). Under 457 

these conditions, not only H2 but also Ti2O3 support was responsible for the reduction of the oxidized 458 

cobalt species CoOx. This reductive function was unique to Ti2O3, which contributed to the enhanced 459 

catalytic activity at low temperature and extended catalyst life for the HDO reaction. 460 

 461 

3.5. Role of Ti2O3 Support in HDO Reaction of Anisole. 462 

From the results so far, it was found that the redox reaction occurred between CoOx and 463 

Ti2O3, and Ti2O3 had the ability to reduce CoOx. The reducing property of Ti2O3 not only functioned 464 

in the synthesis in inert atmosphere (Step 1 in Scheme 2), but also played a vital role in the reduction 465 

of CoOx in H2 atmosphere (Step 2). CoOx was reduced to the metallic state on Ti2O3 by the combined 466 

reducing action of H2 and Ti2O3, whereas CoOx was mainly reduced only to CoO on the other supports. 467 

H2 adsorbed and activated on the metallic Co reductively cleaved the C-O bonds of anisole, and the 468 
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HDO reaction proceeded. The oxidation of cobalt species caused by oxygen remaining on the catalyst 469 

caused the deactivation of the supported CoOx catalysts (Step 3). Over CoOx/Ti2O3 with the redox 470 

interaction, CoOx was reduced by not only H2 but also Ti2O3, which made it easier for the oxidized 471 

cobalt species to be reduced (Step 4). Maintaining the cobalt species in the metallic state in this 472 

manner helped maintain high catalytic activity over time. 473 

 474 

Conclusions 475 

In this study, we demonstrated the redox interaction between cobalt species and Ti2O3 476 

support. CoOx supported on Ti2O3 was reduced to metallic state by Ti2O3 in inert atmosphere. Metallic 477 

Co had the ability to activate H2 and thus, CoOx/Ti2O3 showed the highest activity for the HDO of 478 

anisole among the supported CoOx catalysts. CoOx/Ti2O3 gave 69% conversion of anisole and 79% 479 

selectivity to benzene at 250 °C and atmospheric pressure of H2. Partial oxidation of cobalt species 480 

occurred during the HDO reaction and caused the deactivation of the supported CoOx catalysts. Over 481 

CoOx/Ti2O3, the oxidized cobalt species were reduced by Ti2O3 support as well as H2, which 482 

facilitated keeping cobalt in the low oxidation state and maintained the high activity for a long period 483 

without serious deactivation. 484 

 485 

Supporting Information 486 

 Detailed data on product distribution, influence of reaction temperature, H2 pressure 487 
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