V Pakštas 
  
V Jasulaitienė 
  
Bastien Leger 
  
Jolanta Rousseau 
  
Anne Ponchel 
  
Eric Monflier 
  
E Norkus 
  
V Kepenienė 
  
R Stagniūnaitė 
  
L Tamašauskaitė-Tamašiūnaitė 
  
B Léger 
  
Co 3 O 4 /C and Au supported Co 3 O 4 /C nanocomposites -peculiarities of fabrication and application towards oxygen reduction reaction

Keywords: Stagniūnaitė, L. Tamašauskaitė-Tamašiūnaitė, cobalt oxide, impregnation, microwave irradiation, oxygen reduction

    Co3O4/C and Au supported Co3O4/C nanocomposites -Peculiarities of fabrication and application towards oxygen reduction reaction V. Kepenienė, R.

Introduction

The oxygen reduction reaction (ORR) is one of the two reactions occurring in the fuel cells where ORR takes place on the cathode side. Generally, the oxygen reduction reaction can occur via 3 different pathways: the 1e -, 2e -and 4e -mechanisms [START_REF] Song | Electrocatalytic Oxygen Reduction Reaction[END_REF][START_REF] Wang | AgSn intermetallics as highly selective and active oxygen reduction electrocatalysts in membraneless alkaline fuel cells[END_REF]. The reduction pathways can be selected depending on the application. The 1e -reduction pathway is of importance in the exploration of the ORR mechanism, 2e -reduction pathway is used for H 2 O 2 production, however, in the fuel cell processes, the 4e -pathway is highly preferred, which means direct oxygen reduction to water. Meanwhile, when ORR occurs via the 2e -pathway in the fuel cell, the hydroperoxide anion (HO 2 -) is formed which leads to a decrease in efficiency and damage of the membrane [START_REF] Liu | Electricity generation from banana peels in an alkaline fuel cell with a Cu 2 O-Cu modified activated carbon cathode[END_REF][START_REF] Zhang | Exploiting the waste heat from an alkaline fuel cell via electrochemical cycles[END_REF][START_REF] Yu | Reduced graphene oxide supported TiO 2 as high performance catalysts for oxygen reduction reaction[END_REF].

Although, Pt-based catalysts are considered to be the best catalysts for the oxygen reduction reaction in fuel cells, the scarcity and high cost of Pt greatly limit their commercialization and application. In the past decades, researches have directed much effort toward replacing Pt-based catalysts with other metals or metal oxides. Cobalt oxides or hybrid materials consisting of Co 3 O 4 deposited on different carbon (carbon black, graphene, nitrogen-doped graphene) surfaces were proposed for oxygen reduction in fuel cells because of their high electrocatalytic activity and superior stability to Pt in alkaline media [START_REF] Stagniūnaitė | N-doped carbon material modified with cobalt nanoparticles as catalyst for oxygen reduction[END_REF][START_REF] Tan | Perfectly ordered mesoporous iron-nitrogen doped carbon as highly efficient catalyst for oxygen reduction reaction in both alkaline and acidic electrolytes[END_REF][START_REF] Tian | Novel preparation of N-doped carbon spheres with excellent oxygen reduction reaction catalytic activity[END_REF][START_REF] Bonnefont | Challenges in the understanding oxygen reduction electrocatalysis on transition metal oxides[END_REF][START_REF] Uhlig | Electrochemical characterization of temperature dependence of plasma-treated cobalt-oxide catalyst for oxygen reduction reaction in alkaline media[END_REF][START_REF] Uskaikar | Electrocatalytic reduction of oxygen on Co 3 O 4 : Effects of processing method[END_REF][START_REF] Wang | Facile synthesis of three-dimensional porous nitrogen doped carbon supported Co 3 O 4 for oxygen reduction reaction and oxygen evolution reaction[END_REF][START_REF] Kim | The plasma-assisted formation of Ag@Co 3 O 4 core-shell hybrid nanocrystals for oxygen reduction reaction[END_REF][START_REF] Wang | Carbon supported MnO x -Co 3 O 4 as cathode catalyst for oxygen reduction reaction in alkaline media[END_REF]. S.-M. Kim et al. investigated the activity of Ag@Co 3 O 4 core-shell hybrid nanocrystals towards ORR in a 0.1 M NaOH solution [START_REF] Kim | The plasma-assisted formation of Ag@Co 3 O 4 core-shell hybrid nanocrystals for oxygen reduction reaction[END_REF]. They found that the Ag@Co 3 O 4 catalyst showed a 5.2 and 2.6-fold increase in activity as compared to that of bare Ag and AgCo catalysts, respectively. Moreover, the enhanced catalytic performance could be attributed to the strong chemical interaction and electronic coupling effects between the Ag and Co 3 O 4 nanocrystals and to the combination of electronic and geometric effects, which facilitates the O-O bond breaking and desorption for the oxygen reduction [START_REF] Kim | The plasma-assisted formation of Ag@Co 3 O 4 core-shell hybrid nanocrystals for oxygen reduction reaction[END_REF]. Y. Wang et al. also investigated the activity of spinel structure material Co 3 O 4 [START_REF] Wang | Carbon supported MnO x -Co 3 O 4 as cathode catalyst for oxygen reduction reaction in alkaline media[END_REF]. The authors compared the catalytic activity of Co 3 O 4 /C, MnO x Co 3 O 4 /C with that of commercial Pt/C catalysts and showed that Co 3 O 4 /C and MnO x Co 3 O 4 /C catalysts can be promising materials for ORR with the onset potentials of 0.834 and 0.874 V, respectively, as compared to the commercial Pt catalyst with the onset potential of 0.911 V [START_REF] Wang | Carbon supported MnO x -Co 3 O 4 as cathode catalyst for oxygen reduction reaction in alkaline media[END_REF]. Combining gold with cobalt oxides it has been reported as an effective way to increase the activity of catalysts for oxygen reduction, oxygen evolution or CO oxidation reactions due to the synergistic effect between gold and cobalt oxide [START_REF] Gamboa-Rosales | Effect of Au in Au-Co 3 O 4 /CeO 2 catalyst during oxygen-enhanced water gas shift[END_REF][START_REF] Sivakumar | Ternary nickel-cobalt-manganese spinel oxide nanoparticles as heterogeneous electrocatalysts for oxygen evolution and oxygen reduction reaction[END_REF][START_REF] Qu | Boosting the electrocatalytic performance of Pt, Pd and Au embedded within mesoporous cobalt oxide for oxygen evolution reaction[END_REF].

Moreover, combination of metals (Au, Ag or Pd) with cobalt oxide increases the surface area of catalyst, which shortens the reaction path from electrolyte to electrode surface. In addition to this, composite M-Co 3 O 4 (M-Au, Ag, Pd) catalysts were shown to be more active and stable in an alkaline solution, holding a more positive potential, thereby constituting promising electrocatalytic materials [START_REF] Hu | Facile synthesis of PdO-doped Co 3 O 4 nanoparticles as an efficient bifunctional oxygen electrocatalyst[END_REF][START_REF] Li | CuO nanowire@Co 3 O 4 ultrathin nanosheet core-shell arrays: An effective catalyst for oxygen evolution reaction[END_REF][START_REF] Trunov | Analysis of oxygen reduction reaction pathways on Co 3 O 4 , NiCo 2 O 4 , Co 3 O 4 -Li 2 O, NiO, NiO-Li 2 O, Pt, and Au electrodes in alkaline medium[END_REF][START_REF] Pletcher | Comparison of the spinels Co 3 O 4 and NiCo 2 O 4 as bifunctional oxygen catalysts in alkaline media[END_REF].

Cobalt or cobalt oxide nanoparticles as well as gold nanoparticles can be reduced using various reducing agents. Commonly used reducing agents for gold nanoparticles include sodium borohydride, sodium citrate, ascorbic acid and alcohols [START_REF] Kepenienė | Investigation of graphene supported platinum-cobalt nanocomposites as electrocatalysts for ethanol oxidation[END_REF][START_REF] Upskuvienė | Comparison of electrocatalytic activity for glucose electrooxidation of gold nanoparticles fabricated by different methods[END_REF][START_REF] Oliveira | A helpful method for controlled synthesis of monodisperse gold nanoparticles through response surface modeling[END_REF]. Co or cobalt oxides nanoparticles can also be reduced by polyols or borohydride from cobalt salt solutions or by the decomposition of an organometallic [START_REF] Puntes | Synthesis, structural order and magnetic behavior of selfassembled ε-Co nanocrystal arrays[END_REF][START_REF] Zhao | A simple method to prepare uniform cobalt nanoparticles[END_REF][START_REF] Wu | Interaction of fatty acid monolayers with cobalt nanoparticles[END_REF]. However, lately, biopolymers have been used as the most appropriate alternatives and environment friendly reducers as these are regenerative, cost effective and easily available. Among the various biopolymers, β-cyclodextrin (β-CD) could be chosen as multifunctional agent because of its adsorption properties and affinity to the carbon surface [START_REF] Kania | Cyclodextrins adsorbed onto activated carbons: Preparation, characterization, and effect on the dispersibility of the particles in water[END_REF][START_REF] Cassez | Unexpected multi-functional effects of methylated cyclodextrins in palladium charcoal-catalyzed Suzuki-Miyaura reaction[END_REF][START_REF] Cassez | Chemically modified cyclodextrins adsorbed on Pd/C Particles: new opportunities to generate highly Chemo-and stereoselective catalysts for Heck reaction[END_REF], ability of complexing metal salt such as cobalt nitrate to favor the Co dispersion on the substrate [START_REF] Bai | Effects of b-cyclodextrin introduction to zirconia supported-cobalt oxide catalysts: From molecule-ion associations to complete oxidation of formaldehyde[END_REF][START_REF] Bai | Cyclodextrin-cobalt (II) molecule-ion pairs as precursors to active Co 3 O 4 /ZrO 2 catalysts for the complete oxidation of formaldehyde: influence of the cobalt source[END_REF], its reducing properties for Au nanoparticles deposition where CD can act as a reducing agent in alkaline conditions [START_REF] Menuel | Cyclodextrins as effective additives in AuNPs-catalyzed reduction of nitrobenzene derivatives in a ball-mill[END_REF][START_REF] Pestovsky | Synthesis of gold nanoparticles by tetrachloroaurate reduction with cyclodextrins[END_REF] or as stabilizing agent [START_REF] Suárez-Cerda | A comparative study of the effect of α-, β-, and γ-cyclodextrins as stabilizing agents in the synthesis of silver nanoparticles using a green chemistry method[END_REF][START_REF] Suárez-Cerda | A green synthesis of copper nanoparticles using native cyclodextrins as stabilizing agents[END_REF] 

Experimental

Chemicals

HAuCl 4 xH 2 O wt. 49% Au, Co(NO 3 ) 2 6H 2 O, carbon powder (99.99%) were purchased from Alfa-Aesar and Sigma-Aldrich Supplies. Pt/C wt. 46.4% Pt (TEC10E50E) was purchased from Tanaka Kikinzoku Kogyo K.K. Supplier. β-cyclodextrin was supplied by Roquette Freres (Lestrem, France). H 2 SO 4 (96%), NaOH (98.8%), NH 3 (28%), ethanol, ethylene glycol and acetone were purchased from Chempur Company. All chemicals were of analytical grade. Ultrapure water with the resistivity of 18.2 M cm -1 was used to prepare all the solutions.

Preparation of catalysts.

The Co 3 O 4 /C and AuCo 3 O 4 /C catalysts were prepared using three different approaches: (a) impregnation (IMP), (b) impregnation plus microwave irradiation (IMP+MW) and (c) microwave irradiation (MW). According to our previous investigations [START_REF] Bai | Effects of b-cyclodextrin introduction to zirconia supported-cobalt oxide catalysts: From molecule-ion associations to complete oxidation of formaldehyde[END_REF][START_REF] Bai | Cyclodextrin-cobalt (II) molecule-ion pairs as precursors to active Co 3 O 4 /ZrO 2 catalysts for the complete oxidation of formaldehyde: influence of the cobalt source[END_REF], the molar ratio of cobalt and cyclodextrin equal to 1 : 0.1 was chosen. In this case, the gold amount in the Au- Using the impregnation approach (a) for fabrication of catalysts, both the reaction mixtures were stirred with a magnetic stirrer at a temperature of 25 ºC for 2h. Then the pH of solution was raised up to 9 by adding concentrated NH 3 with further stirring for 1h. The mixtures obtained were filtered and then desiccated at a temperature of 80 ºC for 4h. The materials were named as Co/C IMP and AuCo 3 O 4 /C IMP .

When the catalysts were prepared by the impregnation plus microwave irradiation approach (b), the procedure was performed under the same conditions as those previously described, except that after stirring the mixtures obtained were put into a microwave reactor Monowave 300 For the fabrication of catalyst using the microwave irradiation approach (c), the both reaction mixtures with pH equal to 9 were put directly into the microwave reactor without the impregnation period. The synthesis was carried out at a temperature of 170°C for 1h. The synthesized catalyst was filtered and desiccated at a temperature of 80 ºC for 4h. The materials were named as Co 3 O 4 /C MW and AuCo 3 O 4 /C MW .

Characterization of catalysts.

To estimate the shape and size of catalyst particles a transmission electron microscope Tecnai G2 F20 X-TWIN equipped with an EDAX spectrometer with an r-TEM detector was used. For microscopic examinations, 10 mg of sample was first sonicated in 1 ml of ethanol for 1 h and then deposited on the Cu grid covered with a continuous carbon film.

The composition of the obtained Co 3 O 4 /C and AuCo 3 O 4 /C was determined by means of Xray photoelectron spectroscopy (XPS) using an "ESCALABMKII" spectrometer (VG Scientific, UK) equipped with an Al Kα X-ray radiation source (1486.6 eV) operated at a fixed pass energy of 20 eV.

The morphology and composition of the fabricated catalysts were characterized using a SEM/FIB workstation Helios Nanolab 650 with an energy dispersive X-ray (EDX) spectrometer

INCA Energy 350 X-Max 20.
The Au and Co metal loadings were estimated from ICP-OES measurements by recording the ICP optical emission spectra using an ICP optical emission spectrometer Optima 7000DV (Perkin Elmer).

In order to evaluate the phases and lattice parameters of the synthesized catalysts, X-ray diffraction patterns were recorded using a D8 diffractometer (Bruker AXS, Germany, 2003) with Cu Kα radiation using a Ni/graphite monochromator. A step-scan mode was used in the 2-theta range from 10° to 80° with a step length of 0.02° and a counting time of 1 s per step. Phase identification was performed using the software package PDXL (Rigaku) and the ICDD powder diffraction data base PDF-4+ (2018 release).

Electrochemical measurements.

Electrocatalytic properties of the synthesized catalysts were evaluated using an "AutoLab PGSTAT100" electrochemical workstation with a rotating disk electrode (RDE) system and software Nova. A three-electrode conventional cell was used for the measurements. The glassy carbon RDE with a geometric area of 0.07 cm 2 was used as the working electrode. A Pt sheet was used as a counter electrode and an Ag/AgCl/KCl electrode was used as reference. The 

ESA (cm 2 ) = Q (µC) / 400 (µC cm -2 ) ( 1 
)
where 400 µC cm -2 is the charge required to reduce a monolayer of AuO adsorbed on the surface of the electrode.

The Koutecky-Levich (K-L) equations (2-4) were used for calculation of electron transfer numbers per oxygen molecule (n) in ORR:

j -1 = j k -1 + j d -1
(2)

j d = 0.62nFD 2/3 Co 2 ʋ -1/6 ω 1/2 (3) j -1 = j k -1 + ω -1/2 × A (4)
where, j, j k and j d are the measured current density, kinetic current density and the diffusion limiting current density (mA cm -2 ), respectively; n is the number of electrons transferred in the reaction; F is the Faraday constant; D is the diffusion coefficient of the reactant (1.9 x 10 -5 cm 2 s - 1 ); Co 2 is the concentration of the reactant in the bulk electrolyte (1.1 x 10 -6 mol L -1 ); ʋ is the kinetic viscosity of the electrolyte (1.13 x 10 -2 cm 2 s -1 ); ω is the rotation rate; A is the slope of the linear plot of j -1 versus ω -1/2 (K-L plot) [START_REF] Paulus | Oxygen reduction on a high-surface area Pt/Vulcan carbon catalyst: a thin-film rotating ring-disk electrode study[END_REF].

Results and discussions

In this study, the influence of fabrication conditions of the carbon supported Co The size of Au and Co 3 O 4 nanoparticles was also evaluated from TEM images (Fig. 3).

Referring to the images it might be assumed that Au particles grow on the surface of Co in agreement with the reported data of pure Co 3 O 4 crystals [START_REF] Yao | Xu Co 3 O 4 nanowires as high capacity anode materials for lithium ion batteries[END_REF][START_REF] Jin | Facile synthesis of monodisperse Co3O4 mesoporous microdisks as an anode material for lithium ion batteries[END_REF]. The Co 2p 3/2 binding energy peaks origina ted at approximately 782.4 eV and 784.6 may be corresponded to Co 2+ in the CoO phase [START_REF] Carvalho | Development of Co 3 [Co(CN) 6 ] 2 /Fe 3 O 4 Bifunctional Nanocompositefor Clinical Sensor Applications[END_REF]42]. It should be noted that a significant amount of oxygen species are also included in all the catalysts. The binding energy peaks at 529.8 -531.5 eV in the O1s spectra were assigned to the lattice oxygen species [START_REF] Hsieh | Luminescence mechanism of ZnO thin film investigated by XPS measurement[END_REF]. Moreover, the one at 533.4 eV could be attributed to the Co-O-C bond [START_REF] Zhu | Efficient activation of persulfate by Fe3O4@b-cyclodextrin nanocomposite for removal of bisphenol A[END_REF][START_REF] Zeng | Chen Nitrogen-Doped Porous Co 3 O 4 /Graphene Nanocomposite for Advanced Lithium-Ion Batteries Nanomaterials[END_REF]. For O1s XPS spectra, the higher BE peaks located at about 532-535

eV is usually attributed to the presence of surface of adsorbed O 2 , H 2 O, and CO 2 (Fig. 4 .0 V in the cathodic direction to 0.2 V vs. RHE at a scan rate of 5 mV s -1 . The rotation speed was varied from 1200 to 2500 rpm. According to the theory, at potential values between 0.7 and 0.9 V vs. RHE the ORR response is dominated by the kinetics of electrocatalysts [START_REF] Shi | Oxygen reduction reaction of Fe-Polyaniline/Carbon Nanotube and Pt/C catalysts in alkali media[END_REF].

Electrochemical measurements showed that all investigated catalysts exhibited typical ORR curves, but different onset potentials (Fig. 7 a-d). The onset potential for each catalyst estimated from measurements data was equal to 0.83, 0.83, 0.88 and 0.85 V for the Co Electrocatalytic activity of as prepared catalyst for ORR was also expressed by mass and specific activities of the catalysts at a potential value of 0.8 V at a rotation speed of 2500 rpm and are given in Fig. 8 (c,d). In order to present mass activity, oxygen reduction current densities were normalized by the Au or Co loadings (mA mg Au/Co -1 ) for each catalyst (Fig. 8 c).

To express specific activities oxygen reduction current densities were normalized by electrochemically active surface areas of Au for each AuCo 3 O 4 /C catalyst (mA cm -2 ) (Fig. 8 d).

Reviewing the results, it was noticed that the mass activity calculated by the Au loading is 3-5 After LSV measurements at a rotation speed from 1200 to 2500 rpm, the Koutecky-Levich plots were obtained at potentials from 0.4 to 0.6 V vs. RHE. Fig. 9 presents K-L plots of the investigated catalysts in an O 2 -saturated 0.1 M NaOH solution. In general, the K-L curves show a linear relationship between j -1 and ω -1/2 indicating the first-order dependence of the ORR kinetics at different potentials (0.4 -0.6 V). The non-zero intercepts of the extrapolated K-L lines show that the process of O 2 reduction is not entirely under the diffusion control even at more negative potentials. According to the K-L equations (2-4), the calculated number of electrons transferred (n) was varied from ca. 2.51 to 3.51 at more positive potentials (E > 0.6 V) and ca 3.94 at more negative potentials depending on the catalyst used (Fig. 9, the insets). 

  . All these features prompted us to use β-CD in the preparation of Co 3 O 4 /C and AuCo 3 O 4 /C catalysts. This work presents the Co 3 O 4 /C and AuCo 3 O 4 /C catalysts prepared using three different approaches: impregnation (IMP), impregnation plus microwave irradiation (IMP+MW) and direct microwave irradiation (MW). The composition, morphology and structure of the prepared catalysts were carefully investigated using different materials characterization methods such as X-ray Diffraction, Field Emission Scanning Electron Microscopy (FESEM), Transmission Electron Microscopy (TEM) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The electrocatalytic properties of the Co 3 O 4 /C and AuCo 3 O 4 /C catalysts towards the reduction of oxygen in an alkaline medium were investigated using the rotating disk electrode method. It has been determined, that the electrocatalytic parameters such as the onset potential and current density of the synthesized Co 3 O 4 /C and AuCo 3 O 4 /C towards the oxygen reduction reaction in an alkaline medium were quite close to the theoretical potential values between 0.7 and 0.9 V vs. RHE. The electrocatalytic activity of the as-prepared Co 3 O 4 /C and AuCo 3 O 4 /C catalysts depends on the preparation method used.

(

  Anton Paar). The reduction of Au and Co 3 O 4 nanoparticles was carried out at a temperature of 170°C for 1h. Then, the mixtures obtained were filtered and desiccated at a temperature of 80 ºC for 4h. The materials were named as Co 3 O 4 /C IMP+MW and AuCo 3 O 4 /C IMP+MW .

  catalyst layers were obtained according to the following steps: at first, the required amounts of the investigated catalysts were dispersed ultrasonically for 1 hour in a 0.1 ml of 2% polyvinylidenefluoride in an N-methyl-2-pyrrolydone solution. Then, 5 μl of the prepared suspension mixture was pipetted onto the polished surface of a glassy carbon electrode and dried in an oven at a temperature of 80 ºC for 4 h. The linear sweep voltammetry curves (LSVs) were recorded in a O 2 saturated 0.1 M NaOH solution in the electrode potential range from 1 to 0.4 V in the cathodic direction at a scan rate of 5 mV s -1 at a temperature of 25 o C, varying the rotation speed from 1200 to 2500 rpm. The electrolyte was saturated with O 2 for 15 min prior to each ORR test. Chronoamperommetric curves for ORR were recorded at a potential of 0.55 V in a O 2 saturated 0.1 M NaOH solution for 1900 s. The electrode potential is quoted versus the reversible hydrogen electrode (RHE). The presented current densities are normalized with respect to the geometric area of the electrode. The electrochemically active surface areas (ESAs) of Au in the prepared different AuCo 3 O 4 /C catalysts were determined from the cyclic voltammograms (CVs) recorded in a deaerated 0.5 M H 2 SO 4 solution at a sweep rate of 50 mV s -1 . The ESAs values of Au in the AuCo 3 O 4 /C catalysts were determined from the CVs by integrating the area of the peak associated with the reduction of AuO (Q) with a charge density of 400 C cm -2 [37]:

Fig. 1 .

 1 Fig. 1. XRD patterns of the catalysts synthesized under different conditions: a) Co/C IMP (pattern

Fig. 2 .

 2 It is seen that Co 3 O 4 nanoparticles are precipitated in the form of small cauliflower-like structure on the surface of carbon in the Co 3 O 4 /C IMP+MW (Fig. 2 a) and Co 3 O 4 /C MW (Fig. S1 b) catalysts. The SEM image of Co/C IMP shows bigger and angular nanoparticles (Fig. S1 a). SEM images of AuCo 3 O 4 /C catalysts (Fig. 2 b, c, d) depict that spherical Au nanoparticles are grown on the surface of Co 3 O 4 /C. Moreover, Co 3 O 4 particles are finer and more complete settle down on the carbon surface, when the both Au and Co metal precursors are used for the synthesis of catalyst.

  3 O 4 /C. It has been determined that Co/C IMP prepared using the impregnation procedure exhibits some clusters of ca. 150-300 nm in size (Fig. S2 a) and contains Co according to the EDX analysis (Fig. S2 b). Meanwhile, in the AuCo 3 O 4 /C IMP catalyst (Fig. 3b) Au nanoparticles of ca. 15 nm in size were obtained. The Co 3 O 4 nanoparticles look more like clusters and are not separate. Using the microwave irradiation method after impregnation for the preparation of catalysts, Co 3 O 4 nanoparticles of ca. 20 nm in size for Co 3 O 4 /C IMP+MW were obtained (Fig. 3a). AuCo 3 O 4 /C IMP+MW contained Co 3 O 4 nanoparticles of ca. 9 nm and Au of ca. 41 nm in size (Fig. 3c).
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 24 Fig. 2. SEM images of the Co 3 O 4 /C IMP+MW , AuCo 3 O 4 /C IMP , AuCo 3 O 4 /C IMP+MW and
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 3 Fig. 3. TEM images of the a) Co 3 O 4 /C IMP+MW , b) AuCo 3 O 4 /C IMP , c) AuCo 3 O 4 /C IMP+MW and d)
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 42526 Fig. 4. XPS spectra of Co2p (a-d) and O1s (e-h) for the Co 3 O 4 /C IMP+MW and AuCo 3 O 4 /C
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 7 Fig. 8a presents the comparison of electrocatalytic activity of the investigated catalysts with
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 8 Fig. 8. Comparison of LSV curves recorded on the Co 3 O 4 /C IMP+MW , all three AuCo 3 O 4 /C and

For the Co 3 Fig. 9 .

 39 Fig. 9. Koutecky-Levich plots of the Co 3 O 4 /C IMT+MW and AuCo 3 O 4 /C catalysts at different

The Co 3 O 4 /

 34 C and AuCo 3 O 4 /C catalysts have been prepared using the impregnation and rapid microwave irradiation approaches. Combination of these two methods has been established to be the best method for preparation of the carbon supported Co 3 O 4 and AuCo 3 O 4 catalysts. The

  Co 3 O 4 /C IMP+MW (pattern 2) and Co 3 O 4 /C MW (pattern 3) catalysts. Characteristic peaks corresponding to Co 3 O 4 (ICDD # 00-042-1467) were recorded for the catalysts prepared using the impregnation combined with the microwave irradiation and direct microwave approaches (Fig. 1a, pattern 2, 3). The size of Co 3 O 4 nanocrystallites was determined using Scherrer equation and values of full width at half maximum (FWHM) of Co 3 O 4 XRD peaks. Co 3 O 4 nanocrystallites were of ca. 30 nm in size in both Co 3 O 4 /C IMP+MW and Co 3 O 4 /C MW catalysts. The XRD pattern for Co/C IMP prepared by the impregnation approach does not show peaks corresponding to Co 3 O 4 (Fig. 1a, pattern 1). The presence of several diffraction peaks of low intensity at 2ϴ = 11.79, 23.70 and 34.88º were assigned to Co 3 (C 4 O 4 ) 2 (OH) 2 (ICDD # 04-020-4355) (Co/C IMP ). It could be, that the mild conditions without heating or microwave irradiation does not allow the formation of crystallized CoOx or Co(OH)Ox particles. As a result, amorphous particles could not be detected by XRD. More details on Co/C IMP and Co 3 O 4 /C MW properties are presented in the supplementary data.Figure 1 b presents patterns of AuCo 3 O 4 /C IPM , AuCo 3 O 4 /C IMP+MW and AuCo 3 O 4 /C MW . As evidenced by the data, the patterns of all AuCo 3 O 4 /C catalysts prepared by different approaches (Fig. 1b) reveal peaks corresponding to Au (ICDD # 00-004-7840) and Co 3 O 4 . According to the XRD data, the structure of all the AuCo 3 O 4 /C catalysts was quite similar (Fig. 1b). It was found that the AuCo 3 O 4 /C IPM , AuCo 3 O 4 /C IMP+MW and AuCo 3 O 4 /C MW catalysts consists of smaller Co 3 O 4 crystallites of ca. 8-9 nm in size and they are almost 4 fold smaller if compare with the Co 3 O 4 /C IMP+MW and Co 3 O 4 /C MW catalysts. Because the Au diffraction peaks of (111), (200) and (220) planes overlap with those of (311), (222) and (400) planes of Co 3 O 4 , the size of Au crystallites was qualified using the graphical Halder-Wagner method implemented in the PDXL software package (Rigaku). The estimated size of Au crystallites in the AuCo 3 O 4 /C IPM , AuCo 3 O 4 /C IMP+MW and AuCo 3 O 4 /C MW catalysts was equal to ca. 10 nm. The XRD lattice parameters and particular size of Au and Co 3 O 4 crystallites are given in theTable 1. Theoretic parameter of cubic gold lattice constant A is equal to 4.078 Å, whereas the one for Co 3 O 4 is equal to 8.08 Å. As seen from the data in Table 1, there are no changes in the lattice parameters for Au and Co 3 O 4 . Therefore, it can be assumed that solid solutions do not form in the synthesized AuCo 3 O 4 /C catalysts. However, the size of Co 3 O 4 crystallites in the AuCo 3 O 4 /C catalysts is approximately 4 times smaller as compared with those in the pure Co 3 O 4 /C catalysts.
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3 O 4 and AuCo 3 O 4 catalysts on their electrocatalytic activities towards ORR has been investigated. The Co 3 O 4 /C and AuCo 3 O 4 /C catalysts were prepared using three different approaches, i.e. the impregnation, impregnation combining with microwave irradiation and microwave irradiation

methods. The structural composition of catalysts was examined by X-ray diffraction. Figure

1a

presents the XRD patterns of the synthesized Co/C IMP (pattern 1),

Table 1 .

 1 XRD characteristics of the Co 3 O 4 /C and AuCo 3 O 4 /C catalysts: lattice constants and particle size. Representative SEM images of the Co 3 O 4 /C and AuCo 3 O 4 /C catalysts prepared by different approaches are shown in

	Catalysts	a, Å Au / Co 3 O 4	Crystalite size, nm Au / Co 3 O 4
	Co 3 O 4 /C IMP Co 3 O 4 /C IMP+MW Co 3 O 4 /C MW	not detected -/ 8.094 -/ 8.084	not detected -/ 29.2  0.8 -/ 30.1  0.5
	AuCo 3 O 4 /C IMP AuCo 3 O 4 /C IMP+MW	-4.0786 / 8.085 -4.0787 / 8.084	11.4  0.5 / 8.8  0.6 10.4  0.4 / 7.8  0.7
	AuCo 3 O 4 /C MW	-4.0781 / 8.082	10.4  0.5 / 8.2  0.5

  e-h, S4 c, d)[START_REF] Hsieh | Luminescence mechanism of ZnO thin film investigated by XPS measurement[END_REF]. According to the XPS data, the dominated Co in the AuCo 3 O 4 /C catalysts is the Co 3 O 4 phase. In the case of Co 3 O 4 /C catalysts, the main phase of Co is corresponded to CoO. The XPS spectra of the AuCo 3 O 4 /C catalysts showed peaks at 83.7 and 87.3 eV with a difference of 3.7 eV corresponds to the 4f 7/2 and 4f 5/2 of Au, respectively, which corresponds to metallic Au (spectra not shown). The Au and Co loadings in the synthesized catalysts were determined by ICP-OES. According to the synthesis parameters, the Au loadings were 0.184, 0.214 and 0.231 mg Au cm -2 in the AuCo 3 O 4 /C IMP , AuCo 3 O 4 /C IMP-MW and AuCo 3 O 4 /C MW catalysts, respectively. The amount of Co was 0.300 mg cm -2 in the synthesized Co 3 O 4 /C IMP+MW catalyst and 0.300, 0.365 and 0.394 mg Co cm -2 in the AuCo 3 O 4 /C IMP , AuCo 3 O 4 /C IMP+MW and AuCo 3 O 4 /C MW catalysts, respectively. The electrochemically active surface areas of Au in the prepared different AuCo 3 O 4 /C catalysts were determined from the CVs recorded in a deaerated 0.5 M H 2 SO 4 solution at a sweep rate of 50 mV s -1 (Fig. 5). The ESAs values of Au in all the AuCo 3 O 4 /C catalysts were calculated by integrating the area of the peak associated with the reduction of AuO monolayer [37]. The obtained ESAs values were 0.21, 0.13 and 0.08 cm 2 in the synthesized AuCo 3 O 4 /C IMP , AuCo 3 O 4 /C IMP+MW and AuCo 3 O 4 /C MW catalysts, respectively.

	Intensity (a.u.)	781.7 780.2	Co 3 O 4/ C IMP+MW 2p 1/2 Co2p 783.1 2p 3/2 784.6	531.6 530.3	532.8 534.0 535.2	O1s
		2p 3/2				
	Intensity (a.u.)	779.8	781.3 783.0	2p 1/2	529.9	531.5	533.1
	Intensity (a.u.)	780.3	2p 3/2 781.8 783.7	2p 1/2	531.3 529.9	532.5 533.68
	Intensity (a.u.)	780.0	2p 3/2 781.6 783.6	2p 1/2	531.1 529.8	532.4 533.8
		770 780 790 800 810	525 530 535 540 545
		Binding Energy (eV)	Binding Energy (eV)

Table 2 .

 2 3 O 4 /C IMP-MW , AuCo 3 O 4 /C IMP , AuCo 3 O 4 /C IMP+MW and AuCo 3 O 4 /C MW catalysts, respectively (Fig. 7 a-d). Undoubtedly, the onset potential equal to 0.75 V for Co/C IMP and Co 3 O 4 /C MW catalysts is too low for ORR, though LSV curves closely resembled those presented in literature (Fig. S5 b, d), therefore, further these catalysts were not investigated. Comparison of onset potentials of the proposed Co 3 O 4 /C and AuCo3O4/C catalysts with other reported in literature is given in the As it is evident from the data in Table 2, the as-prepared Co 3 O 4 /C and AuCo3O4/C catalysts present similar or even higher onset potentials.

Table 2 .

 2 The comparison of onset potentials of various catalysts.

	Catalysts	Electrolyte	Onset potential,	References
			(V vs RHE)	
	Co3O4/CIMP-MW	0.1 M NaOH	0.830	this work
	AuCo3O4/CIMP	0.1 M NaOH	0.830	this work
	AuCo3O4/CIMP+MW	0.1 M NaOH	0.880	this work
	AuCo3O4/CMW	0.1 M NaOH	0.850	this work
	Co 3 O 4 /C	1 M KOH	0.834	[14]
	Co 3 O 4	0.1 M KOH	0.710	[18]
	Co 3 O 4 /C	1 M KOH	0.783	[47]
	Co 3 O 4 /CNTs	0.1 M KOH	0.720	[48]
	Co 3 O 4 /rmGO	0.1 M KOH	0.880	[49]

highest electocatalytic activity towards oxygen reduction reaction in an alkaline media exhibits the AuCo 3 O 4 /C IMP+MW catalyst as compared with that of the Co 3 O 4 /C IMP+MW catalyst and AuCo 3 O 4 /C IMP and AuCo 3 O 4 /C MW catalysts, which were prepared using the separate impregnation and microwave irradiation methods. Our prepared catalysts can be further investigated as a promising cathode material for alkaline fuel cells.