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A series of Zr-doped Co3O4 catalysts (x% Zr-Co3O4), prepared by citrate sol-gel method with a low doping amount of zirconium, was applied in the catalytic oxidation of 1000 ppm propane at a weight hourly space velocity of 40,000 mL g -1 h -1 . Different techniques were used to characterize the catalysts. The results showed that the physicochemical properties and catalytic performances of the x% Zr-Co3O4 catalysts were significantly influenced by the addition of zirconium. Only a small part of Zr could be doped into the Co3O4 lattice and the spare Zr would prefer to aggregate on the surface to form zirconium oxide. In the x% Zr-Co3O4 catalysts, Zr disordered Co3O4 spinel is formed by entering into the Co3O4 lattice and forming Co-O-Zr species, resulting in smaller Co3O4 crystallite size, larger specific surface area, better low-temperature reducibility, higher surface Co 2+ concentration, and higher content of surface oxygen vacancies and active oxygen species. The best performance was achieved on 1% Zr-Co3O4 for propane oxidation, with 90% propane conversion at 241 °C. The most active catalyst showed excellent performance in toluene and propene oxidation as well. Propane reaction tests, carried out without oxygen in the gas stream, indicated the promoting effect of the low amount of Zr on the oxygen mobility of x% Zr-Co3O4 catalysts. Durability tests of propane oxidation showed that stable conversion could be achieved over 1% Zr-Co3O4, thus being a potential active catalyst for practical application.

Introduction

Volatile organic compounds (VOCs), as the main exhausts from industrial processes and transportation activities, can cause serious problems to the environment and human health [START_REF] Guo | Recent advances in VOC elimination by catalytic oxidation technology onto various nanoparticles catalysts : a critical review[END_REF][START_REF] Lin | How to achieve complete elimination of Cl-VOCs : A critical review on byproducts formation and inhibition strategies during catalytic oxidation[END_REF][START_REF] He | Recent Advances in the Catalytic Oxidation of Volatile Organic Compounds : A Review Based on Pollutant Sorts and Sources[END_REF]. Over the past decades, researchers have developed several different technologies to abate VOCs, including adsorption, photocatalysis, thermal combustion, biological degradation, catalytic oxidation and so forth [START_REF] Zou | Integrated adsorption and photocatalytic degradation of volatile organic compounds (VOCs) using carbon-based nanocomposites : A critical review[END_REF][START_REF] Yang | Abatement of various types of VOCs by adsorption/catalytic oxidation : A review[END_REF][START_REF] Meena | Biological-based methods for the removal of volatile organic compounds (VOCs) and heavy metals[END_REF]. Among them, catalytic oxidation has been regarded as a promising method to reduce the emissions of VOCs due to its high efficiency and low cost under relatively moderate operation conditions [START_REF] Zhang | Effect of the precipitation pH on the characteristics and performance of Co3O4 catalysts in the total oxidation of toluene and propane[END_REF][START_REF] Jian | Efficient propane low-temperature destruction by Co3O4 crystal facets engineering : Unveiling the decisive role of lattice and oxygen defects and surface acid-base pairs[END_REF][START_REF] Ma | Reaction mechanism of propane oxidation over Co3O4 nanorods as rivals of platinum catalysts[END_REF]. The catalysts based on noble metal and transition metal oxides are mainly investigated for the oxidation of VOCs. Noble metal catalysts [START_REF] Hu | Total Oxidation of Propane over a Ru/CeO2 Catalyst at Low Temperature[END_REF][START_REF] Cao | Bimodal mesoporous TiO2 supported Pt, Pd and Ru catalysts and their catalytic performance and deactivation mechanism for catalytic combustion of Dichloromethane (CH2Cl2)[END_REF][START_REF] Wang | A simple strategy to improve Pd dispersion and enhance Pd/TiO2 catalytic activity for formaldehyde oxidation : The roles of surface defects[END_REF] usually exhibit excellent catalytic activity. However, the high cost and easiness of deactivation limit their practical application. Therefore, transition metal oxides, such as 3Mn1Ce [START_REF] Chen | Homogeneous introduction of CeOy into MnOx-based catalyst for oxidation of aromatic VOCs[END_REF], CoCeOx [START_REF] Li | Performance of an aliovalent-substituted CoCeOx catalyst from bimetallic MOF for VOC oxidation in air[END_REF] and MnCu [START_REF] Li | Insight into the catalytic performance and reaction routes for toluene total oxidation over facilely prepared Mn-Cu bimetallic oxide catalysts[END_REF], are attracting increasing attentions for VOCs removal. Their low cost, high thermal stability, easy availability and noticeable low-temperature activity have made them potential catalysts for emission treatment in industrial manufacture.

Cobalt oxide (Co3O4) is one of the most extensively used transition metal oxides for propane oxidation [START_REF] Jian | Efficient propane low-temperature destruction by Co3O4 crystal facets engineering : Unveiling the decisive role of lattice and oxygen defects and surface acid-base pairs[END_REF][START_REF] Yao | Facet-Dependent Activity of Co3O4 Catalyst for C3H8 Combustion[END_REF][START_REF] Lin | Highly stable Co3O4 nanoparticles-assembled microrods derived from MOF for efficient total propane oxidation[END_REF]. Ma and co-workers [START_REF] Ma | Reaction mechanism of propane oxidation over Co3O4 nanorods as rivals of platinum catalysts[END_REF] tested Co3O4 nanorods in the catalytic oxidation of propane and compared the activity with that of Pt/Al2O3 catalysts. It was shown that the Co3O4 nanorods were more active for propane oxidation than Pt/Al2O3 due to the poor ability towards propane activation of the latter.

Zhang and co-workers [START_REF] Zhang | Effect of the precipitation pH on the characteristics and performance of Co3O4 catalysts in the total oxidation of toluene and propane[END_REF][START_REF] Zhang | Nanocrystalline Co3O4 catalysts for toluene and propane oxidation : Effect of the precipitation agent[END_REF] prepared a set of cobalt oxide catalysts via precipitation using various precipitants and evaluated them in the total oxidation of propane.

Co-CO3, obtained through carbonate-precipitation, was found to be the optimal catalyst, which was attributed to the highly strained nanocrystalline structure, high Co 2+ concentration and superior reducibility. Further studies revealed that the precipitation pH during the synthesis process significantly influenced the composition of the cobalt precursors and the catalytic performance of Co3O4 for propane oxidation.

Moreover, the catalytic performance of Co3O4 for propane oxidation could be further improved by incorporation of other non-noble metal oxides. Liao and co-workers [START_REF] Liao | Co-Cr-O mixed oxides for low-temperature total oxidation of propane : Structural effects, kinetics, and spectroscopic investigation[END_REF] investigated a series of Co-Cr-O mixed oxides with different Co/Cr molar ratios in the total oxidation of propane. The catalyst with a Co/Cr content of 1:2 (1Co2Cr) had the best activity, which was assigned to the synergistic roles of its high surface acidity and good low-temperature reducibility. Zhu and co-workers [START_REF] Zhu | Insight into catalytic properties of Co3O4-CeO2 binary oxides for propane total oxidation[END_REF] studied the Co3O4-CeO2 binary oxides for propane total oxidation and found that CoCeOx-70 (Co/(Co + Ce) = 70% molar ratio) exhibited the highest catalytic activity.

The enhancement of the catalytic performance of CoCeOx-70 benefited from the strong interaction between CeO2 and Co3O4, the improvement of the low-temperature reducibility, and the increase in the number of active oxygen species. It is worth noting that the incorporation amount of other non-noble metal elements in Co3O4-based catalysts is usually on a large scale (more than 10%).

Zirconium oxide (ZrO2) has been applied in various formulations as a support or promoter of catalysts in order to improve their amphoteric properties and thermal stability [START_REF] Zhou | Influence of Zr, Ce, and La on Co3O4 catalyst for CO2 methanation at low temperature[END_REF][START_REF] Ding | High-temperature flame spray pyrolysis induced stabilization of Pt single-atom catalysts[END_REF][START_REF] Zhou | Improved reactivity for toluene oxidation on MnOx/CeO2-ZrO2 catalyst by the synthesis of cubic-tetragonal interfaces[END_REF]. Pu and co-workers [START_REF] Pu | Catalytic combustion of lean methane at low temperature over ZrO2-modified Co3O4 catalysts[END_REF] applied ZrO2 in the modification of Co3O4 catalysts for lean methane combustion and found that the substitution of Co 3+ by Zr ions enlarged the surface area, increased the Co 2+ concentration and surface-active oxygen species, which further enhanced the performance of ZrO2-Co3O4 catalysts.

Choudhary and co-workers [START_REF] Choudhary | Combustion of dilute propane over transition metal-doped ZrO2 (cubic) catalysts[END_REF] investigated propane combustion over a series of transition metals (Co, Mn, Cr, Fe and Ni) doped ZrO2 catalysts. Co-doped ZrO2 (Co/Zr ratio of about 0.25) was demonstrated to be the most active catalyst due to the significantly enhanced lattice oxygen mobility.

Based on the state of art, we considered an effective strategy to modify Co3O4 by doping with an appropriate amount of Zr in order to enhance the catalytic activity for the total oxidation of propane, which could as a model reaction of short-chain alkanes.

Considering the large radius of Zr 4+ with respect to Co 3+ [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF], it is reasonably supposed that only a small quantity of Zr could be doped into the Co3O4 spinel structure. Thus, in the present work, a series of Zr-doped Co3O4 catalysts with the molar ratio, Zr/(Zr + Co), less than 2% were prepared by a simple sol-gel method and applied in the total oxidation of propane. Moreover, catalytic tests on toluene and propene oxidation, serving as model reactions of aromatic hydrocarbons and short-chain alkenes, respectively, were performed on selected catalysts. Several techniques were used to characterize the synthesized catalysts, so as to explore the effect of Zr doping content on the physicochemical properties and catalytic performance, as well as establish a structure-activity relationship. Stability tests for propane oxidation were performed over the most active catalyst, 1% Zr-Co3O4. The recorded data provide a basis for potential industrial application of such catalysts in the VOCs removal.

Experimental

Catalyst preparation

A series of Co3O4 catalysts with different compositions was synthesized via a sol-gel method using citric acid (CA, Sigma-Aldrich) as the complexing agent.

Typically, cobalt nitrate hexahydrate (Co(NO3)2•6H2O, Sigma-Aldrich) and zirconyl nitrate (ZrO(NO3)2•xH2O, Sigma-Aldrich) were dissolved in 50 mL of distilled water.

Then CA was added into the solution where the molar ratio of CA/(Co + Zr) was kept at 1.2. After complete dissolution of CA, the mixture was heated to 80 °C in a water bath and maintained at this temperature under stirring, until gel formation. After that, the gel was dried overnight in an oven at 120 °C to get a spongelike material that was calcined in a muffle furnace at 200 °C for 2 h, and then at 500 °C for 2 h with a rate of 2 °C min -1 . The obtained catalysts were denoted by x% Zr-Co3O4 (x = 0.5, 1, 1.5, 2), where x% represents the molar ratio of Zr/(Co + Zr). For the purpose of comparison, pure Co3O4 and ZrO2 were prepared by the same method. In addition, a supported 1% Zr/Co3O4 catalyst was prepared by impregnating the above pure Co3O4 with an aqueous solution of ZrO(NO3)2•xH2O with stirring, followed by being dried overnight at 120 °C, and calcined with the same procedure as that of x% Zr-Co3O4.

Catalyst characterizations

Thermogravimetric and Differential Scanning Calorimeter analysis (TG-DSC) of the dried spongelike materials was conducted on a SETARAM Setsys Evolution 12 Calorimeter. The powders were dried in an oven at 80 °C before handing, then, 3~7 mg of each sample was heated in flowing air (50 mL min -1 ) at a heating rate of 10 °C min -1 . The temperature range was set from 50 to 550 °C. An empty aluminum pan was used as a reference.

Elemental analysis of the catalysts was carried out by inductively coupled plasma optical emission spectroscopy (ICP-OES), using HORIBA Jobin Yvon Activa instrument. The catalysts were pretreated in acidic solution with H2SO4 and HNO3 at 250 °C for complete dissolution.

The powder X-ray diffraction (XRD) patterns of the catalysts were recorded on a Bruker D5005 diffractometer using a Cu Kα radiation (λ = 0.154184 nm). The continuous scanning was registered in the 2θ range of 10-80° with a step size of 0.02° and a scanning speed of 2 s per step. Phase identification was conducted by comparison with the joint committee on powder diffraction standards database cards Raman spectra were obtained on a HORIBA Jobin Yvon Raman instrument with a 514 nm excitation wavelength and a CCD detector. The scanning range was set at 150-800 cm -1 .

Fourier Transform Infrared (FT-IR) analysis was carried out on a PerkinElmer FT-IR C92712 spectrometer. The spectrum was recorded in the range of 400-4000 cm -1 with a resolution of 1 cm -1 .

N2-sorption isotherms were recorded at -196 °C on a Micromeritics TRISTAR II apparatus. Before the measurement, the samples were outgassed at 300 °C under vacuum for 3 h. The Brunauer-Emmet-Teller (BET) method was applied to obtain the specific surface area (SSA) of the catalysts. The pore size distribution and total pore volume (Vpore) were calculated using the Barrett-Joyner-Halenda (BJH) method.

Temperature programmed reduction by hydrogen (H2-TPR) experiments were performed on a Micromeritics Autochem 2910 apparatus equipped with a thermal conductivity detector (TCD). The sample (~ 20 mg) was pretreated with O2 (5 vol.% in He, 30 mL min -1 ) at 500 °C for 1 h, then, cooled down under He. The TPR experiment was registered by flowing over the sample a gas mixture (5 vol.% H2 in Ar, 30 mL min -1 ), heating from 50 to 1000 °C with a rate of 10 °C min -1 . The influence of mass transfer on the shape of the TPR profiles has been avoided by controlling the sample amount (not exceeding 22 mg) and mixing the sample with silicon carbide.

Temperature programmed reduction by carbon monoxide (CO-TPR) experiments were conducted in a conventional flow system equipped with a TCD detector. A CO/He flow (100 mL min -1 ) containing 3000 ppm CO was flowed over the sample pretreated with a He flow at 300 °C for 1 h, heating from 50 to 700 °C with a rate of 5 °C min -1 .

Temperature programmed desorption of oxygen (O2-TPD) experiments were performed with a TGA/DSC1 STAR system Mettler Toledo. The sample (15 mg) was pretreated in N2 (30 mL min -1 ), heating from 25 to 500 °C with a rate of 10 °C min The DRIFTS spectra of the sample were collected at a specific time. When the experiments were carried out, the total flow rate was kept at 50 mL min -1 , and each stage lasted for approximately 25 min.

Catalytic activity measurement

Catalytic oxidation experiments were performed at atmospheric pressure in a U-shaped quartz fixed-bed reactor of 4 mm inner diameter. For the activity measurement, 150 mg catalyst was mixed with an amount of silicon carbide (~ 600 mg) to avoid any hot spot. The heigh of the catalytic bed was thus kept at 6 mm.

For propane oxidation, the feed gases (0.1 vol.% propane + 21 vol.% O2 + He)

were flowed over the catalyst bed with a flow rate of 100 mL min -1 , corresponding to a weight hourly space velocity (WHSV) of 40,000 mL g -1 h -1 (gas hourly space velocity (GHSV) of ~ 80,000 h -1 ). After 30 min stabilization at 100 °C, the temperature was raised to 350 °C with a heating rate of 2 °C min -1 and kept for 1h.

Then the reactor was cooled down to 100 °C with the same rate (2 °C min -1 ). Three consecutive heating-cooling catalytic cycles were conducted to evaluate the catalytic stability. The outlet gases were in-situ analyzed online by using a gas chromatograph equipped with two TCDs for quantitative analyses of CO, CO2, C3H6 and C3H8.

In propane oxidation tests without oxygen, the feed gases (400 mL min -1 ) containing 1000 ppm C3H8 balanced by He passed continuously through 150 mg catalyst (WHSV of 160,000 mL g -1 h -1 ) in the temperature range of 30-350 °C (2 °C min -1 ) for one heating-cooling run, with 1 h plateau at the highest temperature. The effect of WHSV (40,000/80,000/160,000 mL g -1 h -1 ) and the presence of water vapor (4 and 8 vol.%) in the input stream were investigated for propane oxidation on the most active catalyst, as well as the long-term stability evaluation.

The activity measurement of toluene oxidation was carried out similarly to that of propane oxidation. The feed gases were replaced with 0. WHSV of 40,000 mL g -1 h -1 on the same apparatus as that of propane oxidation.

In this work, CO2 yield instead of propane/propene/toluene conversion based on the cooling ramp was used to establish the catalytic performance. Since these VOCs, especially toluene, can be adsorbed onto the catalyst surface, forming some intermediates at low temperatures that will be further converted to CO2 at higher temperatures, which can cause overestimation of the catalytic performance. The data were collected under a transient temperature ramped regime and the conversion of propane/propene/toluene to CO2 was calculated by the following equation:

X (%) = [CO ] -[CO ] ! 3[C # H % ] × 100 X ) (%) = [CO ] -[CO ] ! 7[C + H % ] × 100 X , (%) = [CO ] -[CO ] ! 3[C # H -] × 100 
Where [CO2]out, [CO2]in, [C3H8],
[C7H8] and [C3H6] represented the outlet and inlet CO2 concentrations, and the initial propane, toluene and propene concentrations, respectively. The reaction temperatures for 50% and 90% conversions of propane /toluene/propene to CO2 were assigned to T50 and T90, respectively.

Kinetic measurements

For propane oxidation, the kinetic data were measured at atmospheric pressure.

The reaction rate, r (mol g -1 s -1 ), was obtained following the equation [START_REF] Hu | Hydrothermal synthesis of NiCeOx nanosheets and its application to the total oxidation of propane[END_REF]:

r = X•V/M
Where X and V were the conversion and the flow rate (mol s -1 ) of propane, M was the weight of the catalyst (g).

The specific reaction rate, r', was calculated by the equation [START_REF] Hu | Hydrothermal synthesis of NiCeOx nanosheets and its application to the total oxidation of propane[END_REF]:

r' = X•V/S
Where S represented the surface area (m 2 ) of the catalyst (S = SSA•M).

The apparent activation energy, Ea, was calculated based on the Arrhenius formula.

ln r = -E 3 RT + lnA
Where R was the ideal gas constant (8.314 J mol -1 K -1 ), T was the reaction temperature (K), and lnA was a constant. Ea could be obtained from the slope of the linear plot of ln r versus 1/RT. The conversion below 10% was applied in the calculation of Ea.

Results

Structural and textural properties of the catalysts

Before the calcination of the dried gel powders, TG-DSC analysis was conducted to investigate their thermal decomposition profile and determine the correct calcination temperature. All the tested samples possessed similar weight loss curves (Fig. S1), with total mass loss of 65 ± 3%. Based on the above results, we have decided to first heat the dried gels at 200 °C for 2 h and then to further calcine them at 500 °C for 2 h as described in the catalyst preparation section to get the final catalysts.

To determine the real contents of Zr and Co in the samples, ICP-OES analyses were performed, and the results are shown in Table 1. In the preparation of the catalysts, zirconyl nitrate (ZrO(NO3)2•xH2O, Sigma-Aldrich) was used as the precursor of zirconium. Since the exact amount of water was unknown, the molar mass of ZrO(NO3)2 was used to calculate the amount of zirconyl nitrate for the preparation. The finding that the real Zr content was lower than the expected one, for all the samples, was ascribed to such inaccuracy.

XRD

The wide-angle XRD patterns of the prepared catalysts are displayed in Fig. 1a. 220), ( 311), ( 222), ( 400), ( 422), ( 511) and ( 440) crystal facets, respectively, were ascribed to the cubic phase of Co3O4 spinel (PDF # 43-1003) [START_REF] Zhang | Effect of the precipitation pH on the characteristics and performance of Co3O4 catalysts in the total oxidation of toluene and propane[END_REF][START_REF] Yu | N-doping activated defective Co3O4 as an efficient catalyst for low-temperature methane oxidation[END_REF]. Likewise, Zr-doped Co3O4 catalysts showed crystalline features of cobalt oxide spinel and no signals due to any zirconia phase were detected, which suggested the successful doping of Zr into Co3O4 lattice or the high dispersion of ZrO2, although we cannot exclude that it can be attributed to the low content of Zr. In the XRD patterns of pure ZrO2, the peaks at 30.2°, 35.1°, 50.4° and 60.1° were attributed to the tetragonal phase ZrO2 (PDF # 50-1089) [START_REF] Ding | High-temperature flame spray pyrolysis induced stabilization of Pt single-atom catalysts[END_REF][START_REF] López | Mesostructured CMK-3 carbon supported Ni-ZrO2 as catalysts for the hydrodeoxygenation of guaiacol[END_REF].

For
From the enlarged diffraction peaks of (311) crystal facet (Fig. 1b), it could be seen that the signals were weakened and broadened by Zr doping, suggesting the reduced crystallinity and the decrease of Co3O4 crystallite sizes. Specifically, 1%

Zr-Co3O4 showed the weakest and broadest diffraction peak, which corresponded to the smallest Co3O4 crystallite size (see Table 1).

On the other hand, an obvious shift of the diffraction peaks of Zr-doped Co3O4 catalysts to smaller 2θ angles occurred, implying the lattice expansion due to Zr entering Co3O4 lattice [START_REF] Pu | Catalytic combustion of lean methane at low temperature over ZrO2-modified Co3O4 catalysts[END_REF][START_REF] Du | Morphology control of Co3O4 with nickel incorporation for highly efficient oxygen evolution reaction[END_REF], The 1% Zr-Co3O4 sample showed the largest shift, suggesting that 1% represented the maximum amount of Zr that could enter into the Co3O4 lattice. The excess, as for 1.5% Zr-Co3O4 and 2% Zr-Co3O4, was likely as highly dispersed zirconium oxide. The average crystallite sizes and lattice constants of the samples were calculated by the Scherrer equation based on the six most intense diffraction peaks, as listed in Table 1. The crystallite sizes of Co3O4 followed the order: 1% Zr-Co3O4 < 1.5%

Zr-Co3O4 < 2% Zr-Co3O4 < 0.5% Zr-Co3O4 < Co3O4. Pure Co3O4 showed the largest crystallite size of 50.4 ± 0.9 nm and the smallest lattice constant of 8.0874 ± 0.0002 Å, whereas the crystallite size decreased, and the lattice constant increased with the doping of Zr, which was consistent with the intensities and shifts of the diffraction peaks.

The smallest crystallite size equal to 31.2 ± 0.5 nm and the largest lattice constant of 8.0971 ± 0.0003 Å were obtained for 1% Zr-Co3O4. On the other hand, 2%

Zr-Co3O4 showed the smallest lattice constant among Zr-doped Co3O4 samples, suggesting the lowest doping amount of Zr, but the crystallite size was smaller than that of 0.5% Zr-Co3O4. On this basis, it could be argued that highly dispersed zirconium oxides may inhibit Co3O4 crystals growth. and 691(A1g) cm -1 , corresponding to the vibration modes of spinel Co3O4 [START_REF] Xiao | A green and facile synthesis of Co3O4 monolithic catalyst with enhanced total oxidation of propane performance[END_REF][START_REF] Wang | Catalytic oxidation of vinyl chloride emissions over Co-Ce composite oxide catalysts[END_REF].

Raman bands around 691 and 194 cm -1 were assigned to the octahedral sites with A1g symmetry and the tetrahedral sites with F2g 1 symmetry of the crystalline Co3O4, respectively. Whereas the bands located at 488, 522 and 618 cm -1 were attributed to the Eg, F2g 2 and F2g 3 symmetry, respectively [START_REF] Liu | Controllable synthesis of 3D hierarchical Co3O4 catalysts and their excellent catalytic performance for toluene combustion[END_REF]. Similar Raman bands were observed for the Zr-doped Co3O4 catalysts. While the bands became broader and the intensities were distinctly weakened, which could be correlated with the lattice distortion of the spinel structure caused by the doping of Zr that weakens the Co-O bonds [START_REF] Deng | Low temperature catalytic combustion of 1,2-dichlorobenzene over CeO2-TiO2 mixed oxide catalysts[END_REF].

Among the prepared samples, the weakest and broadest bands were observed for 1%

Zr-Co3O4 and such finding is consistent with its lowest crystallinity and smallest crystallite size in XRD results. In addition, the presence of Zr shifted the Raman bands to lower frequencies, which would result in highly defective structures of the Zr-doped Co3O4 catalysts [START_REF] Ma | Highly efficient catalytic oxidation of benzene over Ag assisted Co3O4 catalysts[END_REF], especially for 1% Zr-Co3O4. whereas the band at 539 cm -1 was associated with the vibration mode of Co 3+ -O from octahedral sites [START_REF] Jian | Efficient propane low-temperature destruction by Co3O4 crystal facets engineering : Unveiling the decisive role of lattice and oxygen defects and surface acid-base pairs[END_REF], which is consistent with the formation of spinel Co3O4 during the synthesis. As for ZrO2, no characteristic adsorption bands were found in the set range.

N2 sorption

The N2-sorption isotherms and pore size distribution curves are plotted in Fig. 2c and 2d. The results showed that all the samples exhibited type Ⅳ isotherm with a H3 hysteresis loop except for ZrO2 with a H2 hysteresis loop based on the IUPAC classification, indicating the presence of mesoporous in the samples [START_REF] Mo | Highly efficient mesoporous MnO2 catalysts for the total toluene oxidation : Oxygen-Vacancy defect engineering and involved intermediates using in situ DRIFTS[END_REF][START_REF] Wang | Generation of abundant defects in Mn-Co mixed oxides by a facile agar-gel method for highly efficient catalysis of total toluene oxidation[END_REF]. From the pore size distribution curves, it was found that the pores with size below 10 nm were common to all the samples, but in different quantities, whereas the pores with size in the range of 10-50 nm only existed on the Zr-doped Co3O4 catalysts. The SSA and total pore volume values are listed in Table 1. Pure ZrO2 exhibited the largest SSA, equal to 30 m 2 g -1 , then, the order of the SSAs was as follows: 1% Zr-Co3O4 > 1.5%

Zr-Co3O4 > 2% Zr-Co3O4 > 0.5% Zr-Co3O4 > Co3O4. The lowest crystallinity and smallest crystallite size of 1% Zr-Co3O4 well accounted for the largest SSA (22 m 2 g -1 ).

Apart from the smallest total pore volume of ZrO2 that can be easily inferred by looking at the N2 sorption isotherms, the total pore volumes of the Zr-doped catalysts were obviously larger than that of the undoped Co3O4 catalyst (see Table 1).

Considering the large SSA and total pore volume could expose more active sites, and facilitate the adsorption, diffusion and activation of the reactant molecules, it can be inferred that Zr-doping may promote the catalytic activity of Co3O4.

Redox behaviors, O2-TPD and XPS studies of the catalysts

H2-TPR and CO-TPR

It has been reported that the reducibility of Co3O4-based catalysts is crucial to the catalytic performance of VOCs oxidation [START_REF] Liu | Controllable synthesis of 3D hierarchical Co3O4 catalysts and their excellent catalytic performance for toluene combustion[END_REF][START_REF] Feng | Boosting total oxidation of propane over CeO2@Co3O4 nanofiber catalysts prepared by multifluidic coaxial electrospinning with continuous grain boundary and fast lattice oxygen mobility[END_REF]. Thus, H2-TPR experiments were carried out to investigate the effect of Zr doping on the reduction behavior of the synthesized catalysts. The H2-TPR profiles are shown in Fig. 3a. ZrO2 was not reducible in our experimental conditions, suggesting its superior stability and extremely low reducibility. For the Co3O4-based catalysts, the reduction processes started from ~185 °C and finished before 415 °C. All the H2-TPR profiles of the x% Zr-Co3O4 catalysts were characterized by a small peak centered at around 290-300 °C (peak Ⅰ), while this peak shifted to 308 °C as a shoulder peak in the case of Co3O4.

Such peaks were attributed to the reduction of Co3O4 to CoO. At higher temperatures, ~350 °C, the main peak (peak Ⅱ) occurred, which was assigned to the subsequent reduction of CoO to metallic Co [START_REF] Zhang | Nanocrystalline Co3O4 catalysts for toluene and propane oxidation : Effect of the precipitation agent[END_REF][START_REF] Liu | Controllable synthesis of 3D hierarchical Co3O4 catalysts and their excellent catalytic performance for toluene combustion[END_REF]. Looking at the TPR profiles, it was found that the first reduction step was greatly promoted by shifting the reduction peak to lower temperatures after the doping of Zr. The lowest reduction temperature was observed for 1% Zr-Co3O4. When the doping amount of Zr exceeded 1%, the reducibility slightly decreased. The same hindering effect due to an excessive amount of Zr was observed for the second reduction step in the H2-TPR profiles. The reducibility order of the catalysts was as follows: 1% Zr-Co3O4 > 1.5% Zr-Co3O4 > 2%

Zr-Co3O4 > 0.5% Zr-Co3O4 > Co3O4, which could be correlated with the crystallite sizes and the SSAs order. The smaller the crystallite size, and the larger the SSA, the better the reducibility. Moreover, the distortion of Co3O4 lattice caused by the doping of Zr could affect the crystalline symmetry, resulting in the formation of weaker Co-O bond than that of pure Co3O4, which was traced to the origin of the high reducibility of the Zr-doped Co3O4 catalysts [START_REF] Deng | Low temperature catalytic combustion of 1,2-dichlorobenzene over CeO2-TiO2 mixed oxide catalysts[END_REF]. The quantitative evaluation of hydrogen consumption is shown in Table 2. The theoretical H2 consumption for the complete reduction of Co3O4 to metallic Co is 16.61 mmol g -1 (slightly lower for the Zr-doped Co3O4 catalysts). However, the actual H2 consumption was lower than the expected value for each sample. The presence of surface oxygen vacancies should be one important reason for this phenomenon;

meanwhile, there might be two other possibilities: one was the formation of the Co-O-Zr species that could hardly be reduced, the other was the decrease of Co 3+ content due to the substitution of Zr in the spinel structure. Considering the low doping amount of Zr, the former one should not make big difference to the H2 consumption.

In view of the different radius of Co 2+ (0.078 nm), Co 3+ (0.065 nm) and Zr 4+ (0.072 nm), Zr 4+ would mainly replace Co 3+ during the doping process [START_REF] Pu | Catalytic combustion of lean methane at low temperature over ZrO2-modified Co3O4 catalysts[END_REF], leading to the decrease of Co 3+ content. On the other hand, to keep the charge balance, the amount of Co 2+ would increase. Thus, the decrease of H2 consumption was reasonable for that it took less H2 to reduce Co 2+ than Co 3+ . From the ratio of actual H2 consumption to theoretical H2 consumption, it was inferred that there were more Co 3+ displaced by Zr 4+ for 1% Zr-Co3O4, which was in accordance with the XRD analysis. According to the literature [START_REF] Shen | Boosting Toluene Combustion by Engineering Co-O Strength in Cobalt Oxide Catalysts[END_REF], the area ratios of peak Ⅰ to peak Ⅱ could be regarded as a reference for the relative contents of Co 3+ and Co 2+ . Therefore, they were calculated and summarized in Table 2. The values of the Zr-doped Co3O4 catalysts were lower than that of pure Co3O4, and 1% Zr-Co3O4 showed the lowest ratio of Co 3+ /Co 2+ , which was in good agreement with the above results. CO-TPR tests over all the samples were further performed to verify the results of H2-TPR experiments and the results are shown in Fig. 3b. Two reduction peaks similar with those in H2-TPR profiles were observed, the only difference was that the reduction of Co 2+ to Co 0 in CO proceeds harder than that in H2. Nevertheless, the same tendency of reducibility was obtained, 1% Zr-Co3O4 was also demonstrated to be the most reducible catalyst, suggesting the same reduction process of the synthesized catalysts in CO and H2 [START_REF] Liotta | Catalytic performance of Co3O4/CeO2 and Co3O4/CeO2-ZrO2 composite oxides for methane combustion : Influence of catalyst pretreatment temperature and oxygen concentration in the reaction mixture[END_REF].

O2-TPD

O2-TPD experiments were carried out through TG analysis, as described in the experimental section. The samples were first pretreated with N2 at 500 °C to remove any adsorbed species, then cooled down and saturated with O2 adsorption, and finally heated to 800 °C in N2 flow to deplete oxygen species. The weight losses during the last step were associated with the amount of oxygen vacancies, as well as the oxygen release capacity of the samples [START_REF] Guo | La0.6Sr0.4Co0.2Fe0.79M0.01O3-δ (M = Ni, Pd) perovskites synthesized by Citrate-EDTA method : Oxygen vacancies effect on electrochemical properties[END_REF]. As plotted in Fig. 4, there were mainly two weight loss regions observed for all tested samples. The first one in the temperature range of 50-200 °C was ascribed to the desorption of physically adsorbed oxygen species (Oα), whereas the second one between 200 and 725 °C was assigned to the chemically adsorbed oxygen species (Oβ), which can participate in the oxidation reaction as active oxygen species. The latter corresponded to the labile oxygen species filling oxygen vacancies, thus the total weight loss from 200 to 725 °C could be used to evaluate the content of oxygen vacancies. 1% Zr-Co3O4 and 1.5% Zr-Co3O4

showed much larger weight loss of Oβ than the other catalysts, suggesting the presence of more surface oxygen vacancies in these two samples. The calculated weight losses, representing the contents of Oα and Oβ, are listed in Table 3 concentrations were found for the Zr-doped Co3O4 catalysts as compared with that for pure Co3O4, indicating the presence of more surface oxygen vacancies [START_REF] Shen | Boosting Toluene Combustion by Engineering Co-O Strength in Cobalt Oxide Catalysts[END_REF], which may be caused by the substitution of Co 3+ by Zr 4+ as discussed above and can promote the VOCs oxidation process [START_REF] Mo | Highly efficient mesoporous MnO2 catalysts for the total toluene oxidation : Oxygen-Vacancy defect engineering and involved intermediates using in situ DRIFTS[END_REF][START_REF] Wang | Generation of abundant defects in Mn-Co mixed oxides by a facile agar-gel method for highly efficient catalysis of total toluene oxidation[END_REF]. The highest surface Co 2+ concentration was observed for 1% Zr-Co3O4, which was consistent with the maximum Zr 4+ entering into the spinel lattice and made it a good candidate for propane oxidation.

The O 1s spectra were found to be broad for all the samples, indicating the existence of several kinds of surface oxygen species. Hence, the asymmetrical O 1s peaks were decomposed into two components at ~529.9 and 531.2 eV. The former was correlated with the surface lattice species (Olatt), whereas the latter corresponded to the surface adsorbed oxygen species (Oads) [START_REF] Chen | Homogeneous introduction of CeOy into MnOx-based catalyst for oxidation of aromatic VOCs[END_REF]. As seen from Table 3, the Oads/Olatt ratios of the Zr-doped catalysts were higher than that of pure Co3O4, which was in agreement with the O2-TPD results. 1% Zr-Co3O4 exhibited a higher Oads/Olatt ratio than the other Zr-doped Co3O4 catalysts, which meant that there were more active oxygen species in 1% Zr-Co3O4 that can participate in oxidation reaction at low temperature [START_REF] Meng | Low-temperature complete removal of toluene over highly active nanoparticles CuO-TiO2 synthesized via flame spray pyrolysis[END_REF].

The Zr 3d spectra displayed two peaks centered at B.E. of ~181.9 and 184.2 eV, corresponding to the Zr 3d5/2 and Zr 3d3/2 spin-orbital peaks, respectively. The peak of Zr 3d5/2 can be deconvoluted into two peaks. The one at ~ 181.7 eV was assigned to Zr 4+ , and the other at ~ 182.2 eV was attributed to the relatively reduced Zr δ+ , which resulted from the strong interaction of Zr dopant and Co3O4 [START_REF] Pu | Catalytic combustion of lean methane at low temperature over ZrO2-modified Co3O4 catalysts[END_REF][START_REF] Li | ZrO2 support imparts superior activity and stability of Co catalysts for CO2 methanation[END_REF]. It was worth mentioning that the XPS signal for 0.5% Zr-Co3O4 was too weak, which would bring more considerable error when fitting the spectra, thus they were not deconvoluted in the figure. The ratio of Zr 4+ /Zr δ+ was calculated and displayed in 

Catalytic activity of the catalysts

The synthesized catalysts were applied to evaluate the catalytic activity for propane oxidation, which could be regarded as a model reaction of short-chain alkanes. The propane conversion curves versus temperature are plotted in Fig. 6a, and the values of T50 and T90 are listed in Table 4. ZrO2 showed no activity for propane oxidation, which was consistent with its poor reducibility in TPR experiments. The other catalysts displayed considerable activity, among which the Zr-doped Co3O4 catalysts performed better than pure Co3O4. For instance, T50 and T90 over pure Co3O4

were 229 and 269 °C, while T50 and T90 over 1% Zr-Co3O4 were 212 and 241 °C, respectively. During the propane oxidation process, only trace amounts of by-product propene (< 8ppm, Fig. S2a) were detected at low temperatures, demonstrating the excellent selectivity of the synthesized catalysts for the total oxidation of propane.

The carbon balance was estimated to be 99%-101%. Regarding the Zr-doped Co3O4 catalysts, the doping amount remarkably influenced their catalytic activity for propane oxidation. With introducing and increasing the amount of Zr, the T50 and T90 values gradually decrease. However, after the doping amount exceeded 1%, the light-off curves significantly shifted to high temperature regions. Taking 2% Zr-Co3O4 as an example, its T90 value is 20 °C higher than that of 1% Zr-Co3O4. The reaction rates and specific reaction rates of the pure Co3O4 and Zr-doped Co3O4 catalysts at 185 °C were calculated and the results are summarized in Table 4.

The Propane oxidation tests free of oxygen were carried out to investigate the content of active oxygen species and the mobility of lattice oxygen in the catalysts. Before the tests, the catalysts were pretreated at 300 °C for 1 h with He to remove weakly adsorbed surface species. To better represent the differences between the catalysts, a higher WHSV of 160,000 mL g -1 h -1 was applied in the tests. The evolution of CO2 concentration and temperature versus time were shown in Fig. 7. One can see that even in the absence of oxygen, some propane could be oxidized into CO2 between 100 and 300 °C during the heating ramp over the catalysts. However, in the cooling stage, no CO2 was produced in this temperature range. This phenomenon can be explained by the complete depletion of chemisorbed oxygen. On the other hand, continuous production of CO2 was observed for 1 h at 350 °C, indicating that surface lattice oxygen in the catalysts can migrate and participate in propane oxidation via a Mars-Van Krevelen (MvK) mechanism [START_REF] Schick | Size-activity relationship of iridium particles supported on silica for the total oxidation of volatile organic compounds (VOCs)[END_REF]. The amount of CO2 production reflected the content of active oxygen species and oxygen mobility of the catalysts. Pure Co3O4 clearly showed the minimum active oxygen content and the weakest oxygen mobility.

The content of active oxygen species and oxygen mobility of x% Zr-Co3O4 catalysts were significantly enhanced due to the incorporation of Zr, which was consistent with the O2-TPD analysis. Among all the catalysts, 1% Zr-Co3O4 exhibited the largest amount of active oxygen species and the highest oxygen mobility. Reaction conditions: 0.1 vol.% C3H8/He at a WHSV of 160,000 mL g -1 h -1 .

The influence of WHSV on the catalytic performance of propane oxidation over 1% Zr-Co3O4 was investigated, and the results are presented in Fig. 8a. The space velocity is usually very high and changeable for the practical VOCs treatment. When increasing WHSV, the residence time of reactants through the catalyst bed decreases, resulting in a higher temperature required for the sufficient conversion of VOCs [START_REF] Zhao | Highly-efficient catalytic combustion performance of 1,2-dichlorobenzene over mesoporous TiO2-SiO2 supported CeMn oxides: The effect of acid sites and redox sites[END_REF].

As expected, the light-off curve of propane oxidation shifted to higher temperatures with the increase of WHSV. However, 100% conversion of propane can still be achieved below 300 °C at a WHSV as high as 160,000 mL g -1 h -1 , which is of great significance for the industrial application.

On the other hand, there is generally a certain amount of water vapor in the practical flue gas. Thus, the effect of water on the catalytic oxidation of propane over 1% Zr-Co3O4 was examined. As shown in Fig. 8b, the conversion efficiency of propane was suppressed when 4 vol.% H2O was introduced into the feed stream. The value of T90 of propane conversion was increased to 277 °C, which was 36 °C higher than that in dry conditions. A further increase of water content to 8 vol.% had a similar negative effect, causing slightly more activity loss than 4 vol.% H2O. This meant that the influence of water on propane oxidation was limited. A possible reason for such a decrease in activity may be the competitive adsorption between propane and water molecular on the active sites [START_REF] Zhao | Highly-efficient catalytic combustion performance of 1,2-dichlorobenzene over mesoporous TiO2-SiO2 supported CeMn oxides: The effect of acid sites and redox sites[END_REF]. Moreover, the catalytic activity could be fully recovered after removing water from the inlet, suggesting the reversibility of the deactivation. Toluene oxidation is another model reaction (aromatic hydrocarbon) commonly used to evaluate the catalytic activity of a catalyst. To check the versatility of the synthesized catalysts, Co3O4, 1% Zr-Co3O4, 2% Zr-Co3O4 and pure ZrO2 were also tested in toluene oxidation. It was reported that the formation of CO2 usually required a higher temperature than the conversion of toluene due to the adsorption of toluene and the formation of stable intermediates at low temperatures [START_REF] Chen | Homogeneous introduction of CeOy into MnOx-based catalyst for oxidation of aromatic VOCs[END_REF], which could also be verified by the bumps on the light-off curves during the heating process of toluene oxidation in this work (Fig. S3). The light-off curves of the cooling ramp were thus established based on the CO2 yield and shown in Fig. 6c, with the T50 and T90 values displayed in Table S2. Pure ZrO2 showed negligible activity for toluene oxidation within the test temperature range, while Co3O4-based catalysts exhibited high performance starting from ca. 220 °C and completing before 300 °C. During the reaction, the concentration of the CO produced during the whole process remained under 40 ppm except for the bump caused by the decomposition of the intermediates on pure Co3O4 (Fig. S2b), suggesting that the selectivity of the x% Zr-Co3O4 catalysts towards CO2 was excellent. The catalytic performance of pure Co3O4 was significantly improved by Zr doping, especially in the low temperature region. The promotion effect on 1% Zr-Co3O4 is more pronounced than that on 2% Zr-Co3O4.

Similarly, the reaction rates and specific reaction rates of the catalysts at 247 °C were calculated, and the Arrhenius plots of lnr versus 1000/RT (Fig. 6d) were drawn to get the activation energies. The results were listed in Table S3. One can see that the reaction rates of the Zr-doped Co3O4 catalysts (10.07 × 10 -8 and 7.05 × 10 -8 mol g -1 s -1 for 1% Zr-Co3O4 and 2% Zr-Co3O4, respectively)) are higher than that of pure Co3O4 (1.34 × 10 -8 mol g -1 s -1 ). The specific reaction rates rank as follows, pure Co3O4 < 2% Zr-Co3O4 < 1% Zr-Co3O4, again demonstrating the best activity of 1% Zr-Co3O4 for toluene oxidation. The apparent activation energies of the Zr-doped Co3O4 catalysts are significantly lower than that of pure Co3O4, suggesting the easier adsorption and activation of toluene after Zr doping. Furthermore, we tested the pure Co3O4 and 1% Zr-Co3O4 catalysts in the oxidation of propene as a model reaction of short-chain alkenes, which could further demonstrate the strong ability of the Zr-doped catalysts for the dissociation of the C-H bond. We also applied 1% Zr-Co3O4 in the oxidation of mixed feed gases (1000 ppm propane and 1000 ppm propene). The details of the results were shown in Supporting Information (Fig. S4).

Stability of the optimal catalyst

Stability is a key issue in the practical applications of the catalysts. With the increase of operating cycle or ageing time, catalyst crystal sintering or coke accumulation may occur, leading to a decrease in the catalytic activity. Herein, the stability of the most active catalyst (1% Zr-Co3O4) in both propane and toluene oxidation was evaluated by performing three continuous heating-cooling cycles and long-term durability tests. The light-off curves of the three cycles in propane and toluene oxidation are shown in Fig. S5. No shifts of the light-off curves were observed over 1% Zr-Co3O4 among the three cycles in both propane and toluene oxidation, demonstrating the decent cycling stability of 1% Zr-Co3O4.

Two temperatures, one at the high conversion and the other at the low conversion, were chosen for the long-term durability tests of 1% Zr-Co3O4 in propane oxidation.

The evolution of propane conversion during the test is shown in Fig. 8c. Stable propane conversion was maintained at both given temperatures, suggesting the excellent durability of 1% Zr-Co3O4 in propane oxidation. From the results, it can be inferred that propane conversion at a certain temperature was stable enough. Thus, the data used for the light-off curves of propane oxidation can be considered to be collected at steady state in this work. Subsequently, the used 1% Zr-Co3O4 catalyst was characterized by XRD and N2-sorption (Fig. S6) to obtain the crystallite size and SSA. Negligible differences in the crystallite size (31.2 vs. 32.1 nm) and the SSA (22 vs. 21 m 2 g -1 ) were observed between the fresh and used catalyst, indicating that the structural and textural properties of 1% Zr-Co3O4 remained unchanged in the long-term test.

Regarding the long-term durability test of toluene oxidation, 1% Zr-Co3O4 showed wavy but stable performance at a high temperature of 270 °C, whereas it was partially deactivated at a lower temperature of 251 °C. Looking at Fig. 8d, toluene conversion over 1% Zr-Co3O4 at 270 °C showed a vibration between 68% and 82%, which was not observed in propane oxidation. A possible explanation for this phenomenon was presented in Supporting Information (Fig. S7).

Propane adsorption and oxidation intermediates determination over the optimal catalyst

Fig. 9 shows the DRIFT spectra of the propane oxidation reaction at 220 °C over 1% Zr-Co3O4. For propane adsorption (Fig. 9a), the strong peak at ~2968 cm -1 together with the shoulder peaks at ~2982, 2901 and 2872 cm -1 are ascribed to the C-H vibrations of gaseous propane [START_REF] Zhu | Insight into catalytic properties of Co3O4-CeO2 binary oxides for propane total oxidation[END_REF]. The peaks correspond to the asymmetric vibrations of COO -species (~1542 and 1507 cm -1 ), asymmetric vibrations of CH3 species (~1432 and 1472 cm -1 ), symmetric vibrations of CH3 species (~1375 and 1346 cm -1 ), and vibration of C-O (~1287 cm -1 ) come from various carboxylate species, such as acetate and formate [START_REF] Ma | Reaction mechanism of propane oxidation over Co3O4 nanorods as rivals of platinum catalysts[END_REF][START_REF] Hu | Hydrothermal synthesis of NiCeOx nanosheets and its application to the total oxidation of propane[END_REF]. The peak around 2345 cm -1 arises from gaseous CO2 [START_REF] Hu | Hydrothermal synthesis of NiCeOx nanosheets and its application to the total oxidation of propane[END_REF]. Once the propane was fed into the chamber, the formation of carboxylate species and CO2 was observed. This indicates that the lattice oxygen species in the catalyst were readily involved in propane oxidation via the MvK mechanism, which agrees well with the experimental results of propane oxidation without oxygen. The peaks of propane and carboxylate intensified as the adsorption time increased, indicating the good adsorption capacity and oxidation ability of 1% Zr-Co3O4 towards propane.

After the incorporation of 10 vol.% O2 (Fig. 9b), the signal at ~2968 cm -1 corresponding to gaseous propane deceased, suggesting the occurrence of oxidation reaction between propane and oxygen. The weakening of peak at ~1432 cm -1 may reflect a decrease in the concentration of acetate and the transformation of acetate into formate. At the desorption stage (Fig. 9c), the peaks of propane and CO2 disappeared gradually in 25 min, indicating the excellent oxidation ability and quick CO2 desorption ability of 1% Zr-Co3O4. It was also found that the peak at ~1542 cm -1 was gradually redshifted and merged with the peak at ~1507 cm -1 , suggesting the formation of more COO -species [START_REF] Ma | Reaction mechanism of propane oxidation over Co3O4 nanorods as rivals of platinum catalysts[END_REF]. The continuous weakening of peak at ~1432 cm -1 further confirmed the transformation of acetate into formate. Based on the above results, it is inferred that propane oxidation over 1% Zr-Co3O4 proceeds as follows:

propane firstly adsorbs on the catalyst surface and immediately reacts with surface lattice oxygen, forming some partially oxidized intermediates (carboxylate), which was finally oxidized into CO2 and H2O by the activated oxygen species. 

Discussion

In this study, the low doping of Zr into Co3O4 was proved to influence not only the physicochemical properties of the x% Zr-Co3O4 catalysts but also their catalytic performance in propane oxidation. XRD and N2 sorption results show that low doping of Zr inhibited the growth of Co3O4 crystallite, induced lattice expansion of the spinel, and led to larger SSA and porosity. Raman spectra results reveal the distortions and defective structures of the x% Zr-Co3O4 catalysts, which was associated with the presence of abundant oxygen vacancies. Both H2-TPR and CO-TPR experiments demonstrate the enhanced reducibility of the x% Zr-Co3O4 catalysts as compared with pure Co3O4. Moreover, XPS and O2-TPD analyses suggest that Zr doping resulted in more surface oxygen vacancies and adsorbed oxygen species, as well as lattice oxygen with higher mobility. As a result, the x% Zr-Co3O4 catalysts exhibited superior activity in propane oxidation than pure Co3O4. Among the doped catalysts, 1% Zr-Co3O4 presented the highest activity, with T90 of 241 °C at a WHSG of 40,000 mL g -1 h -1 . We also synthesized a supported 1% Zr/Co3O4 catalyst by a typical impregnation method and tested it in the oxidation of propane to verify the effect of Zr doping on the enhancement of the catalytic performance rather than the supporting or dispersing of Zr on the Co3O4 surface. The light-off curve was shown in Fig. S8 and compared with those of pure Co3O4 and 1% Zr-Co3O4. It can be seen that 1% Zr/Co3O4 showed very poor performance for propane oxidation, even much worse than pure Co3O4. The reason for this phenomenon should be the high dispersion of catalytically inert Zr on the Co3O4 surface that covered the active sites, thus inhibiting the adsorption and activation of the reactants.

It has been reported that propane oxidation over Co3O4-based catalysts proceeds via the MvK mechanism [START_REF] Zhu | Insight into catalytic properties of Co3O4-CeO2 binary oxides for propane total oxidation[END_REF][START_REF] Li | Efficient defect engineering in Co-Mn binary oxides for low-temperature propane oxidation[END_REF], in which the adsorbed propane first interacts with surface lattice oxygen, generating oxygen vacancies on the catalyst surface, then gaseous oxygen replenishes the oxygen vacancies and produces new active oxygen species for the new round of oxidation reaction. As revealed by the DRIFTS results, propane oxidation over 1% Zr-Co3O4 also follows this mechanism. In such a mechanism, the low-temperature reducibility, abundant active oxygen species and high oxygen mobility is required for achieving high catalytic activity toward VOCs oxidation. As shown in Fig. 10a and 10b, a positive correlation is found between the propane oxidation rate and the low temperature reducibility and the content of Oβ of the catalysts. Fig. 10c shows the propane oxidation rate, the surface Co 2+ /Co 3+ ratio, and the surface Oads/Olatt ratio as a function of the Zr/(Co + Zr) ratio, in which all the profiles were found to be typical volcano-type curves. The catalytic activity of the catalysts correlates well with the surface vacancy concentration and the amount of surface adsorbed oxygen species, suggesting the key role of active oxygen species in the total oxidation of propane. We also calculated TOF of the catalysts for propane oxidation (Table S4) and correlated the TOF with the surface oxygen vacancies (Fig. S9) [START_REF] Yang | Oxygen vacancies and Lewis acid sites synergistically promoted catalytic methane combustion over perovskite oxides[END_REF]. The more the surface oxygen vacancies, the larger the TOF, which indicates the significant role of oxygen vacancies in the catalytic activity of the catalysts. Moreover, we conducted DFT calculations to investigate O2 and propane adsorption on Co3O4 catalyst (Fig. S10) and further illustrate the effect of the oxygen vacancies on the performance of the catalysts. The details are presented in the supporting information. During the reaction, the larger SSA of the catalysts usually favors the adsorption of reactant molecules, since it can provide more active sites. It seems that SSA plays an important role in the enhancement of the catalytic performance of the Zr-doped catalysts. This is reasonable because the increase in SSA is accompanied by an increase in surface active oxygen species and more low-temperature reducible Co3O4 species as discussed in the manuscript. However, following the MvK mechanism, SSA is not the critical factor determining the catalytic activity. In this work, 1%

Zr-Co3O4 exhibited the most defective structure, the best redox ability, and the largest concentration of oxygen vacancies and adsorbed oxygen species, thus showed remarkable catalytic activity in both propane and toluene oxidation. Special attention should be paid to the fact that 2% Zr-Co3O4 showed much lower activity of propane oxidation than 1.5% Zr-Co3O4, though they possessed similar crystallite size, SSA and reducibility. This can be explained by the big difference in the content of active oxygen species. The low content of superficial active oxygen species of 2% Zr-Co3O4 is responsible for its low activity.

Our study shows that doping a small amount of non-reducible Zr into the Co3O4 catalyst can greatly promote its VOCs oxidation activity, which sheds light on the development of other highly active catalysts for the removal of VOCs. Further investigation of changing Zr with other metals or changing Co3O4 with other transition metal oxide catalysts is on the way.

Conclusions

In this study, a set of Zr-doped Co3O4 catalysts were prepared using the sol-gel method for VOCs total oxidation. The introduction of Zr distorted the Co3O4 structure and restrained the crystal growth, producing more defects and higher surface area.

Consequently, more surface Co 2+ , surface oxygen vacancies and surface adsorption oxygen species were presented in the x% Zr-Co3O4 catalysts, resulting in better performance in the total oxidation of propane compared with undoped Co3O4. A good correlation was found between the catalytic activity and the concentration of surface active oxygen species. Among the Zr-doped Co3O4 catalysts, 1% Zr-Co3O4 exhibits the best catalytic performance, with a T90 (241°C) 28 °C lower than that of Co3O4 for propane oxidation due to the excellent low temperature reducibility, and the highest surface Co 2+ concentration and content of active oxygen species. The superiority of 1%

Zr-Co3O4 was confirmed by the application at a high WHSV of 160,000 mL g -1 h -1 and in the presence of 8 vol.% water. Moreover, 1% Zr-Co3O4 showed excellent stability in cycling and long-term tests of propane oxidation. Therefore, 1% Zr-Co3O4 is a robust catalyst that can potentially be used for realistic VOCs removal.

(

  JCPDS). According to the Scherrer equation, the crystallite size (d) was calculated based on the six most intense XRD reflections of Co3O4 (111), (220), (311), (400), (511) and (440) crystal planes. The lattice constant (a) was computed from the following equation based on the (111), (220), (311), (400), (511) and (440) crystal planes of Co3O4: = 2 • ℎ + + Where λ (0.154184 nm) is the X-ray wavelength, θ is the Bragg angle, h, k and l are Miller indices of Co3O4. All the calculations were conducted using MDI Jade software.
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 1 Fig. 1. (a) XRD patterns of the synthesized catalysts; (b) detail of the most intense diffraction peak of (311) crystal facet.

Fig. 2 .

 2 Fig. 2. (a) Raman spectra, (b) FT-IR spectra, (c) N2 sorption isotherms and (d) pore size distributions of the synthesized catalysts.

Fig. 3 .

 3 Fig. 3. (a) H2-TPR and (b) CO-TPR profiles of the synthesized catalysts.

Fig. 5 .

 5 Fig. 5. XPS spectra of (a) Co 2p, (b) O 1s and (c) Zr 3d for the pure Co3O4 and x% Zr-Co3O4 catalysts.

Fig. 6 .

 6 Fig. 6. Light-off curves of (a) propane and (c) toluene oxidation, and the Arrhenius plots of lnr versus 1000/RT for (b) propane and (d) toluene oxidation over the synthesized catalysts. Reaction conditions: 0.1 vol.% propane/toluene + 21 vol.% O2

Fig. 7 .

 7 Fig. 7. The evolution of CO2 concentration in propane oxidation without oxygen.

Fig. 8 .

 8 Fig. 8. Effect of (a) WHSV and (b) water vapor on propane oxidation over 1% Zr-Co3O4. Reaction conditions: 0.1 vol.% C3H8 + 21 vol.% O2 at a WHSV of 40,000 mL g -1 h -1 (cycle 1); introduction of 4 vol.% H2O (cycle 2); removal of 4 vol.% H2O (cycle 3); introduction of 8 vol.% H2O (cycle 4); removal of 8 vol.% H2O (cycle 5). Evolution of (c) propane and (d) toluene conversion as a function of reaction time over 1% Zr-Co3O4.

Fig. 9 .

 9 Fig. 9. Time-dependent in situ DRIFT spectra of (a) propane adsorption, (b) surface oxidation, and (c) desorption at 220 °C over 1% Zr-Co3O4.

Fig. 10 .

 10 Fig. 10. The relationship between the propane oxidation rate and (a) the low temperature reducibility and (b) the content of Oβ. (c) The correlation between propane oxidation rate (at 185 °C) and surface species concentration of the x% Zr-Co3O4 catalysts.

Table 1 .

 1 The chemical composition, structural and textural properties of the Average crystallite size and lattice constant calculated from the XRD patterns.

			synthesized catalysts.		
	Catalyst	Actual Zr/Co		XRD data		N2 sorption data
		(wt. %) a	d b (nm)	a b (Å)	SSA c (m 2 g -1 ) Vpore c (cm 3 g -1 )
	Co3O4	0/73.5	50.4 ± 0.9	8.0874 ± 0.0002	7	0.04

a Actual weight content of Zr and Co determined by ICP-OES analysis. b

Table 2 .

 2 H2-TPR data of the synthesized catalysts.

	Catalyst	H2 consumption (mmol g -1 )		ApeakⅠ / ApeakⅡ a
		Theoretical Actual	Actual/Theoretical	
	Co3O4	16.61	15.13	0.91	0.31
	0.5% Zr-Co3O4 16.53	14.49	0.88	0.27
	1% Zr-Co3O4 16.44	12.11	0.74	0.24
	1.5% Zr-Co3O4 16.36	13.46	0.82	0.24
	2% Zr-Co3O4 16.28	13.80	0.85	0.25

a Peak area ratio calculated from H2-TPR profiles.

Table 3 .

 3 O2-TPD and XPS data of the synthesized catalysts. The superficial Co 2+ /Co 3+ molar ratios calculated from the peak area percentages are listed in Table3. Higher surface Co 2+

	Oα and Oβ were the same, 1% Zr-Co3O4 > 1.5% Zr-Co3O4 > 2% Zr-Co3O4 > 0.5%
	Zr-Co3O4 > Co3O4. Specifically, 2% Zr-Co3O4 possessed a considerable content of Oα
	due to its large pore volume, whereas much lower content of Oβ were found when
	compared to 1% Zr-Co3O4 and 1.5% Zr-Co3O4. As discussed above, excess zirconium
	in 2% Zr-Co3O4 could disperse on the surface of the catalyst, which may cover the
	oxygen vacancies and reduce the amount of chemically adsorbed oxygen species.

. Pure Co3O4 had the lowest contents of both Oα and Oβ, whereas 1% Zr-Co3O4 exhibited the highest contents of Oα and Oβ among all the catalysts. The orders for the contents of a Obtained by O2-TPD analysis. b Calculated from XPS spectra. was attributed to the surface Co 3+ species, while the other at B.E. of ~781.4 eV was assigned to the surface Co 2+ species.

Table 3

 3 

	. The lowest

Table 4 .

 4 Arrhenius plots of lnr versus 1000/RT are plotted in Fig 6b, and the activation energies (Ea) obtained from the slopes are listed in Table4. It was found that Ea for T50, T90, reaction rates (r) and specific reaction rates (r') at 185 °C, and apparent activation energies (Ea) of the synthesized catalysts in propane oxidation.

	propane oxidation over the Zr-doped Co3O4 catalysts was 77.4-85.0 kJ mol -1 , lower
	than that over pure Co3O4 (87.9 kJ mol -1 ), suggesting that propane oxidation
	proceeded more easily on the Zr-doped Co3O4 catalysts. Besides, the Zr-doped Co3O4
	catalysts presented much higher reaction rates than pure Co3O4 at 185 °C. For
	instance, the reaction rate of 1% Zr-Co3O4 is almost twice that of pure Co3O4. The
	reaction rates followed the order of 1% Zr-Co3O4 > 1.5% Zr-Co3O4 > 2% Zr-Co3O4 >

0.5% Zr-Co3O4 > Co3O4. As for the specific reaction rates of the catalysts, pure Co3O4 possessed the highest value due to its smallest SSA. The specific reaction rate of 1% Zr-Co3O4 is higher than the other Zr-doped catalysts despite its largest SSA. A comparison of the specific reaction rate in this work with those found in the literature was carried out (Table

S2

), further demonstrating the excellent performance of the catalysts in this work. Summarizing, 1% Zr-Co3O4 exhibited the highest catalytic activity for propane oxidation among all the synthesized catalysts. Fig.

6c and 6d

are discussed afterwards in the text, which are related to toluene oxidation (model reaction of aromatic hydrocarbons).
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