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A B S T R A C T   

A three-dimensional ordered macroporous Co3O4 (OM-Co3O4) supported Ru catalyst was developed for the 
efficient hydrodeoxygenation (HDO) of anisole. It is revealed that small-sized Ru nanoparticles evenly distributed 
over the surface of OM-Co3O4 with large quantities of oxygen vacancies could strongly capture Ru0 species, 
thereby resulting in strong Ru-Co3O4 interactions. Compared with commercial Co3O4 supported Ru catalyst, Ru/ 
OM-Co3O4 displays a better catalytic HDO performance, with a high cyclohexane yield of 92.4% at 250 ◦C and 
0.5 MPa hydrogen pressure after 5 h on stream. Such a significant efficiency of Ru/OM-Co3O4 is mainly 
attributed to both high dispersion of Ru0 species and an enhanced formation of surface defects, as well as the 
unique macroporous framework of OM-Co3O4 support.   

1. Introduction 

Nowadays, the increasing environmental pollution and emissions of 
greenhouse gases stemming from the fast depletion of fossil resources 
imposed an increasing attention for developing efficient transformations 
of abundant and renewable lignin-based biomass resources. In this re
gard, lignin derivatives can be converted into high value-added chem
icals and biofuels through the catalytic hydrodeoxygenation (HDO) 
process to partly replace at least non-renewable fossil resources [1–3]. 
For instance, anisole is often considered as a representative model 
substrate of lignin derivatives. For the catalytic HDO of anisole, due to 
their high catalytic activity, numerous metal oxides supported noble 
metal heterogeneous catalysts (e.g., Ru [4,5], Re [6], Pd [7], and Pt [8]) 
were widely explored. In addition, some transition metals and metal 
phosphides (e.g., Ni [9], Mo [10], CoMo [11], and Ni2P [12]) were 
investigated. Despite the high selectivities to deoxygenated products 
obtained, HDO processes are usually conducted under harsh reaction 
conditions, namely: high reaction temperatures (T > 250 ◦C), high 
hydrogen pressure (3–6 MPa), and high metal loading amounts. Addi
tionally, there exist some disadvantages of high catalyst cost and diffi
culty in catalyst reusability in some cases. Therefore, despite numerous 
research efforts, it is a huge challenge to develop highly efficient het
erogeneous catalysts for the HDO of lignin derivatives. 

On the other hand, reducible Co3O4 is often used as a heterogeneous 

catalytic material [13,14]. Specifically, surface defects on reducible 
Co3O4 may benefit the activation of oxygen-containing functional 
groups, thereby promoting the catalytic performance of Co3O4-based 
catalysts. Recently, metal oxide-based macroporous materials have been 
applied in the fields of adsorption and catalysis (e.g., environmentally 
benign oxidation of volatile organic compounds [15,16]), because of 
their higher porosity and mass transfer rates, and larger concentration of 
surface defects, in comparison to bulk materials. However, there have 
been no reports on the development of macroporous Co3O4 supported 
noble metal catalysts for catalytic hydrogenation applications. 

In this communication, we fabricated a new three-dimensional (3D) 
ordered macroporous Co3O4-supported Ru catalyst (Ru/OM-Co3O4). 
Subsequently, he latter catalytic structure was investigated in the HDO 
of anisole under mild reaction conditions (i.e., 250 ◦C and 0.5 MPa 
hydrogen pressure). For comparison, the HDO reaction was also per
formed over Ru supported on other 3D ordered macroporous NiO and 
Al2O3 structures (OM-NiO and OM-Al2O3). The results showed that the 
present Ru/OM-Co3O4 catalyst could attain a much higher cyclohexane 
selectivity of 92.4% at a complete anisole conversion, compared with 
the commercial Co3O4, OM-NiO and OM-Al2O3 supported catalysts. The 
high catalytic efficiency of Ru/OM-Co3O4 was associated with both the 
beneficial activation of oxygen-containing groups in anisole at the sur
face oxygen vacancies of the OM-Co3O4 support, and the presence of 
highly dispersed Ru NPs, as well as the full exposure of active reaction/ 
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adsorption sites and favorable mass transfer related to the ordered 
macroporous structure of OM-Co3O4 support. 

2. Experimental 

2.1. Catalysts synthesis 

Polymethyl methacrylate (PMMA) template beads were prepared by 
emulsion polymerization [17]. OM-Co3O4 support was fabricated by a 
sacrificial hard template method, and the resulting OM-Co3O4 supported 
Ru sample having a Ru loading of about 1.1 wt% was synthesized by the 
liquid-phase reduction process using sodium borohydride as reductant 
(see details in the Electronic Supporting Information, ESI). Other 3D 
ordered macroporous NiO and Al2O3 (denoted as OM-NiO or OM-Al2O3) 
and resulting supported Ru catalyst samples were synthesized according 
to identical procedures to those for OM-Co3O4 and Ru/OM-Co3O4 
samples. 

2.2. Sample characterizations 

Samples were characterized by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X- 
ray photoelectron spectroscopy (XPS), H2 temperature programmed 
desorption (H2-TPD), H2 temperature programmed reduction (H2-TPR), 
and Raman spectroscopy (see details in the Electronic Supporting In
formation, ESI). 

2.3. Catalytic HDO tests 

Details of catalytic HDO tests are included in the Electronic Sup
porting Information (ESI). 

3. Results and discussion 

3.1. Sample characterization 

As presented in Fig. S1 (ESI), XRD patterns for Ru/OM-Co3O4 sample 
exhibit several diffraction peaks, which match well those of the cubic 
Co3O4 spinel phase (JCPDS 42–1467). No diffractions corresponding to 
metallic Ru0 phase were observed, mainly owing to the small size (< 4 
nm) of Ru0 particles and the low Ru loading used (~ 1.1 wt%) deter
mined by ICP-AES analysis. The results reflect the good dispersion of Ru 
species on the surface of OM-Co3O4 support. As shown in Fig. S2 (ESI), 
Ru/OM-Co3O4 displays a 3D honeycomb-like ordered macroporous 
structure, in which hollow spheres are interconnected together through 
walls. TEM images of Ru/OM-Co3O4 (Fig. 1) depict that the large 
quantities of small Ru NPs with an average diameter of ~2.53 nm are 
uniformly attached on the surface of a nearly uniform OM-Co3O4 

support, thereby forming the close interface between them. This is well 
consistent with the powder XRD results. Meanwhile, one can discern the 
lattice fringes of the (101) and (511) crystal facets of Ru0 and Co3O4 
phases with facet spacing of 0.206 and 0.155 nm, respectively. In this 
case, both the ordered macroporous framework of OM-Co3O4 and the 
high dispersion of Ru NPs may favor full exposure of the adsorption and 
reaction active sites. In contrast, in addition to a few aggregates of 
particles, larger Ru particles with the size of ~15–20 nm are found to be 
distributed over the surface of the commercial Co3O4- supported Ru 
sample (Fig. S3, ESI). The above results illustrate that OM-Co3O4 support 
shows a promotional effect on the improvement of the dispersion of Ru 
and the formation of smaller Ru NPs. 

The structural defects can be easily generated through calcination or 
reduction treatments during the synthesis of supported catalysts, and 
further promote their catalytic performance of catalysts [18,19]. 
Therefore, XPS characterization was performed to identify surface 
electronic states of metal and oxygen species on Ru-based samples 
(Fig. 2). In the XPS of Ru 3d5/2 region for the Ru/OM-Co3O4 and Ru/ 
Co3O4 samples, a peak with a binding energy at ~280.3 eV is observed, 
minoring the presence of metallic Ru0 species (Fig. S4, ESI). In the 
deconvoluted Co 2p region, Co 2p3/2 and Co 2p1/2 core levels appear at 
777–785 and 792.5–801 eV, respectively, indicative of the presence of 
Co2+ and Co3+ species [20]. Notably, the surface fraction of Co2+ in the 
total Co species on the Ru/OM-Co3O4 (0.51) is larger than that on Ru/ 
Co3O4 (0.42), reflecting the formation of more defective Co2+ sites. 
Meanwhile, XPS of the O 1 s region depicts the existence of three kinds of 
oxygen species at ~529.6, 531.3 and 532.8 eV, respectively, which 
correspond to lattice oxygen (OI), oxygen species adsorbed on defects (e. 
g., oxygen vacancies) or hydroxyl species (OII), and surface carbonate 
ions (OIII) [21]. Noticeably, the surface OII/(OI + OII + OIII) fraction on 
the Ru/OM-Co3O4 (0.48) is higher than that on the Ru/Co3O4 (0.41), 
likely suggestive of the generation of more oxygen vacancies. 

Raman spectra provide insight into the defective crystal structures. 
As illustrated in Fig. S5 (ESI), compared with those for Ru/Co3O4, five 
characteristic Raman peaks (F2g

1 , E2g, F2g
2 , F2g

3 , and A1g) of Co3O4 phase 
for the Ru/OM-Co3O4 solid all shift to low frequencies at the 532-nm 
laser wavelength, despite the reduced peak intensities. These results 
demonstrate the presence of lattice distortion/strain of Co3O4 spinel 
phase, and thus the formation of more Co2+-Ov-Co2+ like structural 
defects (Ov: oxygen vacancies) in the vicinity of Co2+ species on the Ru/ 
OM-Co3O4 [22,23], mainly thanks to the multiple calcination processes 
conducted during the synthesis of OM-Co3O4. 

3.2. Catalytic HDO performance of supported Ru catalysts 

Fig. 3 shows the variation of anisole conversion and product distri
bution with reaction time after HDO reaction at 250 ◦C and 0.5 MPa over 
the Ru/OM-Co3O4 catalyst. The main deoxygenated products are 

Fig. 1. TEM (a) and high-resolution TEM (b) images of Ru/OM-Co3O4 catalyst sample. Insets in (a) and (b) show the macroporous network structure and the lattice 
fringes of Ru0 and Co3O4 phases, respectively. 
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benzene (BEN) and cyclohexane (CHA), along with the formation of 
small amounts of methoxycyclohexane (MCHA) and cyclohexanol 
(CHOL) by-products, and trace amounts of cyclohexanone (CNON) and 
phenol. With prolonged reaction time, the benzene selectivity gradually 
decreases, whereas the cyclohexane selectivity progressively increases. 
Besides a small amount of benzene with a yield of 4.2%, a large amount 
of cyclohexane with a high yield of 92.4% is obtained at complete 
conversion after 5 h of reaction. Over the pure OM-Co3O4 support, 
almost no conversion of anisole was obtained. As shown in Table 1 
(entry 1), Ru/Co3O4 exhibits a low catalytic activity for the HDO reac
tion with a much lower conversion, ca. 38.3% and a lower selectivity to 

deoxygenated products (ca. 66.3%) after 1 h. Notably, compared to Ru/ 
Co3O4, the catalytic HDO performance of Ru/OM-Co3O4 is significantly 
improved, along with high conversion (90.2%) and selectivity to deox
ygenated products (87.7%) (Table 1, entry 2). Compared with Ru/OM- 
Co3O4, the other two Ru/OM-NiO and Ru/OM-Al2O3 reference catalysts 
deliver lower conversions and selectivity to deoxygenated products 
(Table 1, entries 3 and 4). 

Since the activity and selectivity to deoxygenation products over the 
Ru/Co3O4 are much inferior to those over the Ru/OM-Co3O4 catalyst in 
the HDO process, one can confirm that surface Ru species and OM-Co3O4 
support should play important roles in controlling the HDO process of 
anisole. In the present Ru/OM-Co3O4 catalyst, OM-Co3O4 support with a 
higher surface area of 24.3 m2/g can effectively serve as a support for 
achieving higher dispersion of small-sized Ru NPs, compared with the 
commercial Co3O4 with smaller specific surface area, ca. 4.5 m2/g. 
Further, TEM observations reveal the formation of highly dispersed and 
small-sized Ru NPs on the OM-Co3O4, which greatly facilitate the 
accessibility of active metallic Ru sites to substrates, and thus the 
dissociation of molecular hydrogen. Meanwhile, XPS and Raman results 
demonstrate the presence of more defects on Ru/OM-Co3O4, in com
parison to Ru/Co3O4. Furthermore, the present Co3O4-supported Ru 
catalysts should be activated by H2 at high temperature before testing, 
and correspondingly the Co3O4 support could be reduced partly, as 
evidenced by the XPS analysis of the used catalysts (Fig. S6, ESI), thus 
leading to the increased surface Co2+/(Co2++Co3+) ratio (0.56 for Ru/ 
OM-Co3O4 and 0.47 for Ru/Co3O4), and the OII fraction (0.65 for Ru/ 
OM-Co3O4 and 0.5 for Ru/Co3O4) after the HDO reaction. Such abun
dant surface defective structures probably lead to the easier activation of 
methoxy group in anisole through the interaction between defective 
Co2+ species and oxygen atom of the methoxy group, and thus direct 
deoxygenation process to form benzene [5]. Subsequently, a further 
ring‑hydrogenation of benzene can produce cyclohexane. 

In this work, we further carried out H2-TPD experiments to deter
mine the ability of H2 dissociation and the occurrence of hydrogen 

Fig. 2. XPS of Co 2p and O 1 s regions of Ru/Co3O4 (a) and Ru/OM-Co3O4 (b) catalyst samples.  

Fig. 3. Conversion and product selectivities profiles with reaction time over the 
Ru/OM-Co3O4 catalyst. Reaction conditions: 0.5 MPa hydrogen pres
sure; 250 ◦C. 

Table 1 
Comparison of different catalysts for HDO of anisole. a  

Catalysts Conv. (%) Selectivity (%) 

Phenol CHON CHOL MOCHN Benzene CHA 

Ru/OM-Co3O4 90.2 0.1 0.9 3.4 7.9 43.8 43.9 
Ru/Co3O4 38.3 0 2.4 12.4 18.9 47.4 18.9 
Ru/OM-NiO 85.4 0 0.9 3.7 33.5 24.3 37.6 
Ru/OM-Al2O3 11.3 2.4 8.5 19.8 23.8 39.1 6.4  

a Reaction conditions: 20 mg catalyst, 0.22 mL anisole, 250 ◦C, 0.5 MPa hydrogen pressure, and 1 h reaction time. 
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spillover on Ru-based catalyst samples. As presented in Fig. S7 (ESI), in 
the case of Ru/OM-Co3O4 sample, two desorption peaks located at ~92 
and 300 ◦C correspond to desorption of hydrogen from Ru particles and 
highly dispersed Ru species strongly interacting with the support, 
respectively. The desorption peak at 535 ◦C is assigned to spillover 
hydrogen adsorbed on the support [24,25]. In contrast, no hydrogen 
spillover occurs on the Ru/Co3O4, besides a remarkably reduced 
desorption originating from the absence of highly dispersed Ru species. 
What’s more, H2-TPR traces display that compared to pure OM-Co3O4 
(386 and 501 ◦C, respectively), Ru/OM-Co3O4 exhibits lower reduction 
temperatures for Co3+ to Co2+ and Co2+ to Co0 species (360 and 489 ◦C, 
respectively, Fig. S8, ESI), confirming the occurrence of a much stronger 
hydrogen spillover from highly dispersed Ru0 species on the Co3O4 
surface of the Ru/OM-Co3O4 catalyst. 

Therefore, thanks to the highly dispersive character of Ru species on 
the OM-Co3O4 support, and its abundant defective structure, both H2 
dissociation and hydrogen spillover take place more easily on the Ru/ 
OM-Co3O4 than on the Ru/Co3O4, thereby, significantly improving the 
catalytic HDO performance of Ru/OM-Co3O4. Also, the unique macro
porous structure of OM-Co3O4 support provide a large number of open 
channels, which may likely favor the exposure of active reaction/ 
adsorption sites and the facile diffusion of reactants and products, 
thereby promoting the catalytic HDO performance of Ru/OM-Co3O4 to 
some extent. It can be concluded that the higher catalytic performance 
of Ru/OM-Co3O4 should be closely associated with the surface cooper
ation between highly dispersed Ru NPs and defective sites present in the 
OM-Co3O4 support, as well as the unique macroporous framework of 
OM-Co3O4 support. 

The influence of reaction temperature and hydrogen pressure on the 
HDO of anisole was also investigated over the Ru/OM-Co3O4 catalytic 
system. As presented in Fig. S9 (ESI), with the elevated reaction tem
perature from 200 to 275 ◦C, the anisole conversion gradually increases 
from 42.5 to 98.6%, while the selectivity to deoxygenated products 
(benzene and cyclohexane) progressively increases from 44.7 to 94.7%. 
These results demonstrate that the high reaction temperature can pro
mote the HDO of anisole. Fig. S10 (ESI) shows that benzene selectivity 
becomes quite low (<1.0%) above 1.0 MPa of hydrogen pressure. This is 
because the high hydrogen pressure favors the hydrogenation of ben
zene ring to form methoxycyclohexane and cyclohexane, thus inhibiting 
the direct cleavage of the methoxy group to form benzene. As summa
rized in Table S1 (ESI), compared to Ru-based catalysts previously re
ported, the present Ru/OM-Co3O4 catalytic system possesses better or at 
least comparative catalytic performance in the anisole HDO under mild 
reaction conditions. 

The stability of heterogeneous catalysts is one of the key indexes for 
their practical application. As displayed in Fig. 4, the selectivity to each 
product is almost unchanged, and the conversion is only decreased by 
~1.3% after five successive HDO tests using the Ru/OM-Co3O4 catalytic 
system. Further, SEM and TEM images of the used catalyst (Fig. S11, ESI) 
reveal that the macroporous structure of OM-Co3O4 is kept unchanged, 
and no structural collapse occurs. It is indicated that Ru/OM-Co3O4 
catalyst has good structural stability and reusability, mainly thanks to 
the strong interactions developed between Ru NPs and OM-Co3O4 
support. 

4. Conclusions 

In summary, we synthesized a new supported Ru catalyst on the OM- 
Co3O4 carrier, and utilized the OM-Co3O4 with appropriate surface de
fects to enhance the dispersion of small-sized Ru nanoparticles and 
create strong metal-support interactions. The Ru/OM-Co3O4 could 
afford a 92.4% yield of cyclohexane in the anisole HDO under mild re
action conditions (0.5 MPa hydrogen pressure and 250 ◦C), indicative of 
high activity and selectivity to deoxygenated products (benzene and 
cyclohexane). The formation of highly dispersed Ru species and more 
surface defects could favor the adsorption and activation of reactants on 

the catalyst surface. A significant diffusion behavior of reactants and 
products originating from the unique macroporous framework structure 
of OM-Co3O4 is very likely to account for the high catalytic efficiency of 
Ru/OM-Co3O4. It is expected that the present reported approach using 
OM-Co3O4 as catalyst support is novel and reproducible, and would be a 
promising approach for designing other high-performance supported 
catalysts applied in several other heterogeneous catalytic processes. 
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