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Highlights 

 CoOx-CeO2 catalyst shows good performance and is stable in 5-HMF conversion. 

 No base is needed in the reaction. 

 100% of 5-HMF conversion and 86.3% of FDCA yield were achieved. 

 

Abstract 

Ce oxide-based catalysts with different molar ratio of Co/Ce (denoted as CoCe-x, x 

represents the Co to Ce ratio) were examined as the catalyst of 5-hydroxymethylfurfural 

(5-HMF) oxidation to 2,5-furandicarboxylic acid (FDCA). The Co to Ce ratio, catalyst 

amount and reaction temperature all have remarkable effects on yield and selectivity. 

Complete conversion of 5-HMF with 86.3% selectivity of FDCA has been achieved 

over the CoCe-0.15 catalyst at 130 oC with 0.6 MPa O2 pressure (gauge) for 4 h. The 

good performance is attributed to the high specific surface area and the high oxygen 
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vacancy concentration to promote the mobility and adsorption of oxygen species. In 

addition, the CoCe-0.15 catalyst is reused for five times without significant activity loss. 

Finally, the reaction mechanism over the CoCe-0.15 catalyst under base-free condition 

is discussed. 5-HMF is oxidized by the lattice oxygen via Mars-van Krevelen 

mechanism with the redox of Ce4+/Ce3+ and Co3+/Co2+, and the lattice oxygen is 

replenished by adsorbing and activating O2 molecules. 

Keywords: 5-Hydroxymethylfurfural; 2,5-Furandicarboxylic acid; Base-free; 

Selective oxidation; Co-Ce mixed oxide catalyst 

 

 

1. Introduction 

In recent decades, the conflict between the dwindling fossil fuel reserve and the 

growing resource consumption is more and more obvious, which rises an urgent 

demand for sustainable utilization of renewable energy, such as biomass [1-3]. It is 

possible to produce value-added chemicals and fuels from biomass and to fulfil the 

demand of humanity [4-8]. A significant process for the effective utilization of biomass 

is the direct conversion of 5-hydroxymethylfurfural (5-HMF), a versatile platform 

molecule from cellulose-derived C6 carbohydrates, to 2,5-furandicarboxylic acid 

(FDCA) [9-13]. FDCA can be used as a renewable alternative of terephthalic acid, a 

petroleum-based monomer, for the synthesis of bio-based polymers [9]. Moreover, 

FDCA is regarded as one of the top-12 high-valued chemicals from biomass by the U.S. 
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Department of Energy [14]. 

In the conversion of 5-HMF to FDCA, a number of by-products, including 2,5-

diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) and 5-

formyl-2-furancarboxylic acid (FFCA), should be avoided. Homogeneous catalysts 

such as Co(OAc)2/Mn(OAc)2/Zr(OAc)4/HBr in acid were employed in the selective 

oxidation of 5-HMF and achieved 76.8% conversion of 5-HMF with 60.9% selectivity 

of FDCA, but accompanied with difficulty in separation and suppressing environmental 

pollution [15]. 

Heterogeneous catalytic reaction brings advantages, such as easy to recycle and 

reuse. Supported noble-metal nanoparticles, such as Au, Pt, Pd, Ru and their alloys, 

were investigated for the oxidation of 5-HMF to FDCA [16-20]. With Au nanoparticles 

supported on CeO2, 100% 5-HMF conversion and 99.0% FDCA yield were obtained 

[21]. Gorbanev et al. [22] also reported that almost complete 5-HMF conversion and 

93.0% FDCA yield were achieved at 140 oC with 0.25 MPa oxygen pressure after 6 h 

over a Ru(OH)x/MgO catalyst. 

Metal oxide catalysts were also used in the selective 5-HMF oxidation reaction. 

Furthermore, the addition of bases, such as NaHCO3, NaOH, Na2CO3, KHCO3 and 

K2CO3, promotes the conversion of 5-HMF and increases the yield of FDCA. Typically, 

as high as 91.0% yield of FDCA was observed over a MnOx-CeO2 catalyst under 2.0 

MPa oxygen pressure, in the presence of a high concentration base (KHCO3/5-HMF = 

4 mol/mol) [23]. Verma et al. [24] obtained 83.0% yield of FDCA with a porous 

nitrogen-enriched carbon nitride catalyst with the presence of base at 70 oC for 36 h. 
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From economic and environmental standpoint, using non-noble metal catalyst 

under base-free condition for the conversion of 5-HMF to FDCA is highly desired. With 

a Ce0.5Fe0.15Zr0.35O2 solid solution catalyst, almost complete 5-HMF conversion and 

44.2% FDCA yield were obtained at 160 oC under 2.0 MPa oxygen pressure and base-

free condition for 24 h [25]. Ventura et al. [26] achieved 99.0% conversion of 5-HMF 

and 70.8% selectivity of FDCA under base-free reaction in dimethylsulfoxide (DMSO) 

using a ternary mixed oxide of Mn/Ce/Cu under 1.0 MPa of oxygen for 12 h. Yan et al. 

[27] showed that a 99.9% 5-HMF conversion and 60.6% FDCA yield can be obtained 

over a Fe0.6Zr0.4O2 catalyst after 24 h under 2.0 MPa O2 and base-free condition. 

Herein, we report that Co and Ce mixed oxide is an efficient non-noble metal oxide 

catalyst for the catalytic oxidation of 5-HMF to FDCA under a low oxygen pressure 

and base-free condition. 

 

2. Materials and methods 

2.1. Materials 

5-HMF (98.0%), DFF (98.0%), FDCA (97.0%) and Poly (ethylene glycol)-block-

Poly (propylene glycol)-block-Poly (ethylene glycol) PEO20-PPO70-PEO20 (Pluronic 

P123) were purchased from the J&K Chemical Co. Ltd. (Beijing, China). Cobalt (Ⅱ) 

nitrate hexahydrate (Co(NO3)2·6H2O, 98.0%), cerium (Ⅲ) nitrate hexahydrate 

(Ce(NO3)3·6H2O, 98.0%) and N, N-dimethylformamide (DMF, 99.0%) were purchased 

from Aladdin Chemical Reagent Co. Ltd. 1-Butanol (anhydrous, 99.8%), concentrated 
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nitric acid (HNO3, 68.0-70.0%) and ethanol (C2H5OH, 98.0%) were purchased from 

Sigma-Aldrich. Deionized water, resistivity > 18.0 MΩ/cm, was prepared from a 

Barnstead Ulupure purifier. 

2.2. Catalyst preparation 

All the catalysts were synthesized with a sol-gel method [28]. A typical synthesis 

procedure is as follows: 8.68 g Ce(NO3)3·6H2O was dissolved in a solution containing 

14 g 1-butanol, 3 g P123 and 2 g HNO3 in a 120 mL beaker under stirring. An aqueous 

solution containing 0.873 g Co(NO3)2·6H2O was also added into the slurry, then stirred 

at room temperature for 1 h, kept in a dryer at 120 oC for 5 h to evaporate the solvents. 

Afterwards, the product was grinded, washed with ethanol for 3 times, centrifuged, and 

dried in an oven overnight. Subsequently, the dried material was subjected to heating 

cycles to obtain desired crystal and mesopore structure [28]. It was heated to 150 oC for 

12 h, 250 oC for 4 h, 350 oC for 3 h, 450 oC for 1 h, 550 oC for 1 h, and finally 600 oC 

for 1 h, with a heating rate of 5 oC/min. The powder was cooled down to room 

temperature after each step. Finally, the obtained oxide material was denoted as CoCe-

x. The x represents the molar ratio of Co and Ce. CeO2, Co3O4, CoCe-0.05, CoCe-0.1 

and CoCe-0.2 catalyst samples were obtained by changing the amount of added 

Co(NO3)2·6H2O. 

2.3. Catalyst characterization 

X-ray diffraction (XRD) patterns of the samples were measured at a scanning rate 

of 10 o/min with a D8 Focus diffractometer (Bruker Corp., Germany), with Cu-Kα 
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radiation, 40 kV and 200 mA at room temperature. Nitrogen adsorption isotherms were 

recorded at -196 oC with an analyzer (QUA211007, Quantachrome, USA). The samples 

were degassed at 200 oC under a vacuum environment for 8 h before measurement. The 

specific surface area was calculated by the Brunauer-Emmett-Teller (BET) correlation. 

The pore size was determined by the Barrett-Joyner-Halenda method and the total pore 

volume was calculated from the adsorption amount at the relative pressure of 0.99. The 

morphology of the as-prepared materials was observed with a scanning electron 

microscope (SEM, S-4800, Hitachi). The surface property of the materials was 

measured with X-ray photoelectron spectroscopy (XPS, 250xi, Thermo ESCALAB) 

and the XPS results were calibrated using the C 1s peak at 284.8 eV as the internal 

standard. 

2.4. Catalytic activity measurement 

The selective oxidation of 5-HMF was carried out in a 150 mL batch-type Teflon-

lined stainless-steel autoclave purchased from TAIKANG Co. Ltd. and the reactor setup 

is displayed in Scheme 1. In a typical experiment, 0.063 g of 5-HMF and 0.05 g of 

catalyst were added into the autoclave containing 20 mL DMF. Afterwards, the reactor 

was sealed, purged 3 times with O2, pressurized at desired oxygen pressure and then 

heated up to the required temperature. The reaction was initiated by vigorous stirring 

with a magneton at displayed 500 rpm. After the reactor cooled down, the reaction 

mixture was taken out from the reactor with droppers and filtrated with 0.2 μm 

polytetrafluoroethylene filters. Subsequently, the products were analyzed with a high-

performance liquid chromatograph (HPLC), and the furan products were separated 
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from the initial product by C18 column (200×4.6 mm). A mixture of acetonitrile and 

water with a volume ratio 3:7 at 25 oC (1 mL/min) was used as the mobile phase. The 

corresponding peaks of separated product were determined by injecting known 

composition solutions as the standard reference, and the molecules are quantified with 

the external standard curve method. In the recyclability experiment, the catalyst was 

recovered after the reaction by washing with deionized water and dried overnight at 80 

oC in a dryer. In this work, all experiments of catalytic activity measurement were 

repeated for 3 times. The conversion of 5-HMF, selectivity and yield of products are 

calculated according to the following equations. 

Conversion (%) = nHMF,0-nHMF,t

nHMF,0
                                           (1) 

Selectivity (%) = nproduct

nHMF,0-nHMF,t
                                            (2) 

Yield (%) = nproduct

nHMF,0
                                                    (3) 

nHMF,0: the initial molar amount of 5-HMF 

nHMF,t: the molar amount of 5-HMF after the reaction 

nproduct: the molar amount of product after the reaction 

 

3. Results 

3.1. The catalyst 

The XRD patterns of the catalyst samples are displayed in Fig. 1. The CoCe-x 

samples show the structure of CeO2, i.e. a face-centered cubic asymmetry (CeO2: 

JCPDS#65-5923), with slight right shift of peak locations compared to those of the pure 
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CeO2 and without any peak of Co3O4. The pattern of Co3O4 also shows a face-centered 

cubic asymmetry structure (Co3O4: JCPDS#65-3103). 

The texture data are summarized in Table 1. CoCe-0.05 gives a relatively low 

specific surface area of 61.7 m2·g-1, while CoCe-0.15 shows a relatively high value of 

180.8 m2·g-1. When Co is introduced into Ce to form CoCe-x, the specific surface area 

of the material becomes higher than that of the pure CeO2, except for CoCe-0.05, while 

the pore volumes of CoCe-x are lower than those of CeO2. 

The morphology of the fresh CoCe-0.15 nanoparticles was examined with the 

SEM. As shown in Fig. 2, CoCe-0.15 catalyst has a sponge-like mesoporous network 

structure showing the aggregation of interconnected nanoparticles. Furthermore, the 

diameters of CoCe-0.15 nanoparticles are in the range of 5-10 nm. 

The surface binding energies of the fresh CeO2, CoCe-0.05, CoCe-0.15 and used 

CoCe-0.15 catalyst samples were measured with the XPS and the spectra of O 1s, Ce 

3d and Co 2p are given in Fig. 3. Different oxygen species were identified by the 

deconvoluted O 1s spectra (Fig. 3(a)). Specifically, the O 1s spectra display 3 major 

oxygen species with the corresponding peaks at 528.8, 531.4 and 532.8 eV. They are 

assigned to lattice oxygen (OLattice), oxygen vacancies, surface adsorbed oxygen ions or 

OH groups (OVacancies), adsorbed molecular water (OAdsorbed), respectively [29, 30]. The 

fresh CoCe-0.15 has the highest oxygen vacancy content (27.7%) among the fresh 

catalysts. The lattice oxygen content (40.9%) of the used CoCe-0.15 is lower than that 

(72.3%) of the fresh CoCe-0.15. Through deconvolution of Ce 3d signal (Fig. 3(b)), the 

peaks at 882.1, 885.2, 888.2 and 898.0 eV are assigned to Ce 3d5/2, while the peaks at 
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about 900.3, 903.2, 907.1 and 916.2 eV are ascribed to Ce 3d3/2. According to previous 

reports [31, 32], the peaks reveal the presence of Ce4+ species on the surface of the 

catalysts, and the contents of Ce4+ are estimated to be 79.1%, 80.2% and 75.8% for the 

fresh CeO2, fresh CoCe-0.05 and fresh CoCe-0.15, respectively. That is, CeO2 species 

is the main cerium oxides on the surface of the composite oxides. The content of Ce4+ 

(65.5%) in the used CoCe-0.15 is lower than that (75.8%) in the fresh CoCe-0.15. As 

shown in Fig. 3(c), the characteristic peaks of 2p3/2 and 2p1/2 that appeared at 779.8, 

782.4 eV and 795.9, 796.9 eV are responsible for the coexistence of Co2+ and Co3+. The 

content of Co3+ (57.5%) in the fresh CoCe-0.15 is higher than that (53.2%) in the fresh 

CoCe-0.05, and also higher than that (50.1%) in the used CoCe-0.15. 

3.2. The effect of doping 

Fig. 4 presents the reaction results of 5-HMF oxidation to FDCA over the pure 

CeO2, the pure Co3O4 and CoCe-x samples under same conditions. The Co/Ce molar 

ratio of the pure CeO2 and the pure Co3O4 are 0% and 100%, respectively. With the 

increase of the Co/Ce molar ratio from 0% to 100%, the conversion of 5-HMF increased 

first, and then reduced after 15%. Both the selectivity and yield of FDCA exhibit almost 

a same tendency with the 5-HMF conversion. When the Co/Ce molar ratio is 15%, the 

highest conversion of 100%, the selectivity and yield of FDCA of 86.3% were achieved. 

The selectivity of DFF decreased from 89.2% at Co/Ce molar ratio of 0% to 9.28% at 

that of 20%, and increased to 24.1% at that of 100% finally. The yield of DFF decreased 

from 33.8% at Co/Ce molar ratio of 0% to 7.65% at that of 20%, and slightly increased 

to 16.1% at that of 100%. 
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3.3. The effect of reaction conditions 

The amount of catalyst used shows a significant effect on the reaction rate and the 

results are illustrated in Fig. 5(a). When no catalyst was used, the conversion, and the 

FDCA and DFF selectivities were 15.9%, 71.7% and 12.0%, respectively, which means 

the reaction happens without the input of catalyst. The presence of 0.01 g catalyst 

greatly boosted the conversion, but the FDCA selectivity increased moderately and the 

DFF selectivity was low. In the range of the catalyst amount 0.01-0.04 g, the conversion 

and the selectivities of the two products all show only small increase. The selectivity of 

FDCA reached 84.8%, but the selectivity of DFF was stable. The yields of FDCA and 

DFF also increased from 67.7% to 79.0% and from 11.5% to 12.1%. When the amount 

of the catalyst increased from 0.04 to 0.05 g, the conversion increased, indicating a 

mechanism change, however, the selectivities towards FDCA and DFF were stable. 

With 0.05 g catalyst, the yield of FDCA reached 86.3% with a conversion of 100%. Fig. 

5(b) shows the dependence on the reaction temperature of the measured conversion and 

yields. The conversion and the selectivities of FDCA and DFF show the maximum 

values as 100%, 86.3% and 13.7%, respectively at 130 oC. Fig. 5(c) gives the effect of 

reaction time on the reaction rate. The conversion of 5-HMF and the selectivity of 

FDCA kept a monotonic increase from 78.4% and 57.5% at 2 h to 100% and 86.3% at 

4 h, respectively. The yield of FDCA has a similar tendency with the formers, from 

45.1% at 2 h to 86.3% at 4 h. DFF selectivity and yield take a maximum of 36.2% and 

32.5%, respectively at 3 h. After that, DFF selectivity and yield decreased 

monotonically and approaches 13.7% at 4 h. In the time period of 4-6 h, the selectivities 
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and yields of FDCA and DFF were constant. 

Fig. 6 gives the variation curve of reaction rate constant of 5-HMF and FDCA with 

the change of the temperature, supposing that the volume of DMF is invariable during 

the reaction process. A linear relationship between the logarithm of reaction rate 

constant ln k and 1/(T+273) was observed in the variation curve only when the 

temperature is lower than 130 oC. Arrhenius equation is as following: 

kproduct,temperature = Ae- Ea
R(T+273)                                           (4) 

or ln kproduct,temperature = ln A - Ea

R(T+273)
                                    (5) 

In the equations, kproduct,temperature is the reaction rate constant, kproduct,temperature = 

cHMF,0-cHMF,t

t
, cHMF,0 the initial molar concentration of 5-HMF, cHMF,t the molar 

concentration of 5-HMF after the reaction, t the reaction time, A the pre-exponential 

factor, Ea the activation energy, R the molar gas constant, T is the degree centigrade. 

3.4. Recyclability 

The recycle experiment with CoCe-0.15 catalyst was carried out with successive 

reuse under the identical optimal conditions selected, i.e. 0.05 g catalyst at 130 °C and 

0.6 MPa O2 pressure (gauge) for 4 h in DMF. As shown in Fig. 7, the conversion and 

FDCA selectivity and yield take values as 100%, 86.3% and 86.3%, respectively, in the 

first run. In the fifth run, they were still maintained at 97.1%, 87.9% and 85.4%, 

respectively. It was measured that the catalyst amount was 0.05 g, 0.0448 g, 0.0421 g, 

0.0388 g and 0.0302 g, respectively, in the 1st, 2nd, 3rd, 4th and 5th runs. 

4. Discussion 

With the addition of Co, no diffraction peaks of Co oxide phase and slight right 
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shifts of the peaks of CeO2 phase were observed, compared with those of CeO2. It is 

because the ionic radius of Co3+ (0.055 nm) is smaller than that of Ce4+ (0.087 nm) [33], 

resulting in the decrease of lattice parameters and the shrinkage of unit cells when Co 

is introduced into the lattice of CeO2, to form solid solution [34, 35]. The shrinkage of 

unit cells may bring the increase of the specific surface area. With the further increase 

of Co/Ce to 0.02, the specific surface area is reduced maybe the aggregation of the 

nanoparticles happened. Therefore, CoCe-0.15 shows the highest specific surface area 

in the examined oxides. Generally, high special surface area improves the contact area 

between the catalyst and reactant to improve the catalytic activity. However, in addition 

to the physical parameters, chemical factors should be more important in influencing 

the catalytic activity. The doping of the Co3+ into the CeO2 lattice results in the 

generation of the oxygen vacancies to maintain the charge balance [36]. The oxygen 

vacancies promote the mobility and adsorption of oxygen species, enhancing the 

catalytic activity of the catalyst during the oxidation reaction [25, 37]. According to the 

XPS results, CoCe-0.15 has the highest oxygen vacancies, corresponding to the highest 

conversion and selectivity towards FDCA over CoCe-0.15. 

With the increase of the catalyst amount from 0.00 g to 0.01 g, the 5-HMF 

conversion and FDCA yield increased sharply, demonstrating that the oxidation 

reaction is strongly dependent on the catalyst and CoCe-0.15 accelerates the first step 

(from 5-HMF to DFF) and the second step (from DFF to FDCA) of the reaction. 

However, further increase of the catalyst amount only induced a moderate further 

increase of the conversion and yield of FDCA while the yield of DFF was constant. 
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This may be explained as if that the partial oxidation of 5-HMF to DFF is slower than 

the second step, i.e. DFF to FDCA, and when the amount of the catalyst is enough, the 

conversion and product distribution is controlled by thermodynamics. The slight 

increase of the conversion and the yields from the increase of the catalyst amount of 

0.04 to 0.05 g, is due to the decrease of the other byproducts in addition to DFF. 

In general, Arrhenius plot is applicable to the reactions for the temperature effect. 

According to Arrhenius equation ln k = ln A - 
Ea

R(T+273)
, a linear relationship between the 

logarithm of reaction rate constant ln k and the 1/(T+273) was observed in the variation 

curve only before 130 oC. However, after this temperature, the conversion of 5-HMF 

reaches 100% and the FDCA yield exhibits a moderate decrease along with the further 

increase of the temperature, indicating the growth of the reaction rate of the undesired 

side reactions. Previously, researchers reported that the high temperature leads to the 

formation of ring-opening and decomposition products [19, 38, 39]. 

The consumption of 5-HMF reaches 100% at around 4 h. During the period of 3 - 

4 h, FDCA yield increased greatly but the DFF yield decreased almost with the same 

amount. After 4 h, both the yield of FDCA and DFF becomes quite stable until 6 h, 

indicating that DFF is an intermediate and is converted into FDCA mainly before 4 h 

of reaction time. 

In the recycle experiment, the catalyst is used five times under identical reaction 

conditions with a moderate loss of activity, indicating that the CoCe-0.15 catalyst has 

excellent stability. The decreases of conversion and selectivity were observed in the 

first 3 runs, likely due to the aggregation of the nanoparticles. Interestingly to note, a 
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slight increase of FDCA selectivity and a decrease of DFF selectivity in the 4th run 

were measured, which may be due to the exposure of the active sites during the washing 

process and the promoting of the conversion of DFF to FDCA. In the 5th run, the 

amount of the catalyst is decreased too much, resulting in a slight decrease of FDCA 

yield. 

As seen from the XPS results, the lattice oxygen is consumed and the oxygen 

vacancies are created after the CoCe-0.15 used, indicating that the lattice oxygen 

participates in 5-HMF oxidation. After the reaction, the contents of Ce4+ and Co3+ are 

both decreased and that of Ce3+ and Co2+ are both increased, demonstrating that Ce4+ 

and Co3+ are converted and reduced to Ce3+ and Co2+, respectively. Therefore, the redox 

of Ce4+/Ce3+ and Co3+/Co2+ are both involved in the oxidation reaction. A high 

selectivity towards DFF is obtained over the pure CeO2, indicating that the redox of 

Ce4+/Ce3+ occurs during the oxidation of 5-HMF to DFF. Nevertheless, the pure Co3O4 

promotes the deep oxidation of 5-HMF obtaining higher selectivity of FDCA. This 

implies that the redox of Co3+/Co2+ occurs during the whole oxidation of 5-HMF to 

FDCA. Thus, the reaction follows the Mars-van Krevelen mechanism. The reaction 

pathway over CoCe-0.15 catalyst under base-free condition is proposed as Scheme 2. 

5-HMF is absorbed on the surface of CoCe-0.15 firstly, then converted to DFF by the 

lattice oxygen along with oxidizing -OH to -CHO, leaving oxygen vacancy on the 

surface and transforming Ce4+ to Ce3+ and Co3+ to Co2+, respectively. Subsequently, 

oxygen vacancy is replenished by adsorbing O2 molecule, resulting in that Ce3+ and 

Co2+ are oxidized to Ce4+ and Co3+, respectively to endure the catalytic cycle. 
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Afterwards, one -CHO group of DFF is transformed into -COOH group by 

incorporating a lattice oxygen to form FFCA, along with the reduction of Co3+ to Co2+. 

O2 molecule is subsequently converted into the lattice oxygen to fill in the oxygen 

vacancy, leading to the oxidation of Co2+ to Co3+. Similarly, another -CHO group of 

FFCA is oxidized to -COOH group to form FDCA, and the rest of this step is same as 

that of the previous step. The next catalytic cycle continues after the desorption of 

FDCA. 

 

5. Conclusion 

Cobalt and cerium mixed oxide catalysts were employed in the catalytic oxidation 

of 5-HMF to FDCA in DMF under base-free condition. The complete 5-HMF 

conversion and high FDCA selectivity of 86.3% were achieved over 0.05 g CoCe-0.15 

catalyst in the presence of DMF at 130 °C and 0.6 MPa O2 pressure (gauge) for 4 h. It 

can be observed clearly that the addition of Co remarkably enhanced both the 5-HMF 

conversion and the FDCA selectivity for the oxidation of 5-HMF, compared with those 

of the pure CeO2. The high specific surface area of CoCe-0.15 is one of the reasons for 

the enhanced activity of CoCe-0.15. The high density of oxygen vacancies facilitates 

the mobility and adsorption of oxygen species, thus is the major reason for the 

improvement of the catalytic activity. The oxidation reaction is catalyzed with the 

consumption of the lattice oxygen, via the redox of Ce4+/Ce3+ and Co3+/Co2+ couples. 

In addition, CoCe-0.15 catalyst shows a good catalytic recyclability, and the catalyst 

can be used five times without obvious loss of activity. 
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Table 1 

Texture properties of CeO2 and CoCe-xa. 

No. Sample Specific surface 

area (m2/g) 

Pore size 

(nm) 

Pore volume 

(cm3/g) 

1 CeO2 63.5 3.8 0.10 

2 CoCe-0.05 61.7 3.5 0.06 

3 CoCe-0.1 107.6 3.7 0.04 

4 CoCe-0.15 180.8 2.6 0.04 

5 CoCe-0.2 78.8 3.8 0.05 

 a CoCe-x: Co-Ce mixed oxide material, and the number represents the molar ratio of 

Co and Ce. 

 

 

 

 

 

 

 

 

 

Jo
urn

al 
Pre-

pro
of



 

Fig. 1. XRD patterns of CeO2, Co3O4 and CoCe-x. 
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Fig. 2. SEM images of the fresh CoCe-0.15 catalyst. 
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 Fig. 3. Deconvoluted XPS spectra of the (a) O 1s, (b) Ce 3d and (c) Co 2p from the 

fresh CeO2, fresh CoCe-0.05, fresh CoCe-0.15 and used CoCe-0.15 samples. OLattice: 

lattice oxygen (O2
2-), OVacancies: oxygen vacancies, surface adsorbed oxygen ions (O2

- or 

O-) or OH groups, OAdsorbed: adsorbed molecular water.
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Fig. 4. The effect of the doping amount of Co on the oxidation of 5-HMF in 20 mL 

DMF at 130 °C and 0.6 MPa O2 pressure (gauge) for 4 h. 
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Fig. 5. The effect of (a) catalyst amount, (b) reaction temperature and (c) reaction time. 
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Fig. 6. The variation curve of the logarithm of reaction rate constant ln k and 1/(T+273). 

k: reaction rate constant. A: pre-exponential factor, Ea: activation energy, R: molar gas 

constant, T: degree centigrade. 
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Fig. 7. The recyclability of CoCe-0.15 catalyst for the oxidation of 5-HMF in 20 mL 

DMF at 130 °C and 0.6 MPa O2 pressure (gauge) for 4 h. 
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Scheme 1. The reaction and analysis setup. 
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Scheme 2. Reaction mechanism of 5-HMF oxidation. 
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