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Introduction

The development of renewable energy production technologies represents one of the major challenges of the century. Recent years have evidenced significant increase of the interest towards fuel cells and metal-air batteries with liquid and polymer alkaline electrolytes, their major advantage being their capability to operate without expensive noble metal-based catalysts [START_REF] Ge | Oxygen Reduction in Alkaline Media: From Mechanisms to Recent Advances of Catalysts[END_REF][START_REF] Armand | Building better batteries[END_REF][START_REF] Zhang | An overview of metal oxide materials as electrocatalysts and supports for polymer electrolyte fuel cells[END_REF][START_REF] Fangyi | Metal-air batteries: from oxygen reduction electrochemistry to cathode catalysts[END_REF][START_REF] Ng | A precious-metal-free regenerative fuel cell for storing renewable electricity[END_REF][START_REF] Zang | A metal-free bifunctional electrocatalyst for oxygen reduction and oxygen evolution reactions[END_REF][START_REF] Dekel | Review of cell performance in anion exchange membrane fuel cells[END_REF]. The Oxygen Reduction Reaction (ORR) at the cathode and the Hydrogen Oxidation Reaction (HOR) at the anode are both responsible for the voltage losses in alkaline fuel cells due to their sluggish kinetics. Regarding the ORR in alkaline media, recent research efforts have been focused on 3d metal oxides, due to their availability, reasonable price, environment friendliness (with some exceptions) and facile preparation. Much interest attracted ABO3 perovskite-type and AB2O4 spinel oxides due to their flexible structure, offering convenient property tuning by incorporating various A and B cations and varying oxygen stoichiometry [START_REF] Goodenough | Electronic and ionic transport properties and other physical aspects of perovskites[END_REF][START_REF] Peña | Chemical Structures and Performance of Perovskite Oxides[END_REF][START_REF] Tulloch | Activity of perovskite La1-xSrxMnO3 catalysts towards oxygen reduction in alkaline electrolytes[END_REF][START_REF] Suntivich | Design principles for oxygen-reduction activity on perovskite oxide catalysts for fuel cells and metal-air batteries[END_REF][START_REF] Hwang | Perovskites in catalysis and electrocatalysis[END_REF][START_REF] Ryabova | Rationalizing the Influence of the Mn(IV)/Mn(III) Red-Ox Transition on the Electrocatalytic Activity of Manganese Oxides in the Oxygen Reduction Reaction[END_REF]. Ryabova et al. [START_REF] Ryabova | Rationalizing the Influence of the Mn(IV)/Mn(III) Red-Ox Transition on the Electrocatalytic Activity of Manganese Oxides in the Oxygen Reduction Reaction[END_REF] have studied Mn oxides with various crystalline structures (perovskite, bixbyite, spinel, etc.) and found that their electrocatalytic activity increases with the formal potential of the Mn(III)/Mn(IV) transition of surface cations.

However, utilization of 3d metal oxides for low temperature (below 100°C) electrocatalysis represents several challenges. The first is related to the electronic conductivity of the catalysts. Indeed, even if some 3d metal oxides possess sufficient intrinsic electronic conductivities, interparticle resistance usually impedes electron transport within the catalytic layer calling for the addition of electrically conductive materials, usually carbons. Several studies underlined the important role of carbon for boosting the ORR activity of 3d metal oxides [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF][START_REF] Malkhandi | Electrocatalytic activity of transition metal oxide-carbon composites for oxygen reduction in alkaline batteries and fuel cells[END_REF][START_REF] Hardin | Tuning the Electrocatalytic Activity of Perovskites through Active Site Variation and Support Interactions[END_REF][START_REF] Fabbri | Superior Bifunctional electrocatalytic Activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ/Carbon Composite Electrodes: Insight into the Local Electronic Structure[END_REF][START_REF] Fabbri | Composite Electrode Boosts the Activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ Perovskite and Carbon toward Oxygen Reduction in Alkaline Media[END_REF][START_REF] Ryabova | Study of Hydrogen Peroxide Reactions on Manganese Oxides as a Tool To Decode the Oxygen Reduction Reaction Mechanism[END_REF][START_REF] Poux | Electrocatalytic Oxygen Reduction Reaction on Perovskite Oxides: Series versus Direct Pathway[END_REF][START_REF] Poux | Electrocatalysis of hydrogen peroxide reactions on perovskite oxides: experiment versus kinetic modeling[END_REF][START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF][START_REF] Kéranguéven | Synthesis of efficient Vulcan-LaMnO3 perovskite nanocomposite for the oxygen reduction reaction[END_REF][START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF]. It has been documented that the role of carbon is not reduced to improving the electronic conductivity of metal oxide-carbon composites [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF][START_REF] Malkhandi | Electrocatalytic activity of transition metal oxide-carbon composites for oxygen reduction in alkaline batteries and fuel cells[END_REF]. Indeed, Poux et al. [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF] by studying composites prepared by mixing Mn and Co perovskites with carbon showed that the latter plays a dual role in the ORR. In the first place, carbon is required for improving the electrical contact between the current collector and the oxide particles allowing one to greatly increase the number of accessible sites on the oxide surface. In the second place, carbon plays an active role in the ORR in alkaline media by catalyzing the 2e -oxygen reduction to H2O2.

The transformation of the latter into water is catalyzed by the perovskite oxides. Later studies confirmed this conclusion for 3d oxides with other (than perovskite) structures [START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF]. Some studies suggested that carbon may also exert an electronic effect on the metal oxide [START_REF] Fabbri | Superior Bifunctional electrocatalytic Activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ/Carbon Composite Electrodes: Insight into the Local Electronic Structure[END_REF] and change the oxidation state of transition metal cations [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF].

The second challenge is to obtain metal oxide catalysts with high specific surface areas. An inconvenience of many of 3d metal oxide ORR catalysts, particularly those (e.g. perovskitetype oxides), which are prepared through high temperature synthesis routes, is their low specific surface area, frequently being of the order of several m 2 g -1 and seldom exceeding 20 m 2 g -1 .

Considering the above, several groups have developed new synthesis routes in order to decrease the size of metal oxide particles, and to disperse them in a carbon matrix. For example, Alegre et al. [START_REF] Alegre | Bifunctional oxygen electrode based on a perovskite/carbon composite for electrochemical devices[END_REF] used ball milling to prepare a La0.6Sr0.4Fe0.8Co0.2O3/Carbon Black composite with a BET surface of 624 m² g -1* . Andersen et al. in [START_REF] Andersen | Metal oxides/CNT nano-composite catalysts for oxygen reduction/oxygen evolution in alkaline media[END_REF], prepared metal oxide/ carbon nanotube nanocomposites by impregnation, their BET surface ranging from 34 to 136 m² g -1* depending on the metal oxide. Hu et al. [START_REF] Hu | Anchoring perovskite LaMnO3 nanoparticles on biomass-derived N, P co-doped porous carbon for efficient oxygen reduction[END_REF] proposed a two-step method involving formation of an N, P co-doped porous carbon through biomass pyrolysis followed by deposition of LaMnO3 nanoparticles on the carbon surface, the BET surface of the composite reaching 127 m² g -1* . Liu et al. [START_REF] Liu | Designed synthesis of LaCoO3/N-doped reduced graphene oxide nanohybrid as an efficient bifunctional electrocatalyst for ORR and OER in alkaline medium[END_REF] prepared LaCoO3/N-doped reduced graphene oxide with a BET surface area of 33 m² g -1* . Some of us have recently developed the In Situ Autocombustion route (ISAC) [START_REF] Kéranguéven | Synthesis of efficient Vulcan-LaMnO3 perovskite nanocomposite for the oxygen reduction reaction[END_REF][START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF][START_REF] Kéranguéven | Electrochemical properties and capacitance of Hausmannite Mn3O4 -carbon composite synthesized by in situ autocombustion method[END_REF] to synthesize metal oxide nanoparticles dispersed in a carbon matrix. The method is based on the utilization of an ignition agent allowing to locally reach high temperature sufficient for the formation of LaMnO3±δ oxide nanoparticles (5-30 nm size) well dispersed in the carbon matrix. We used Vulcan XC72 carbon and obtained LaMnO3-carbon composites with the overall specific surface area* about 100 m² g -1 .

By applying electrochemical methods, we arrived to the conclusion that the ORR activity improvement of the ISAC composites relative to perovskite-carbon composites prepared by mixing, was due to the reduction of the size of perovskite particles and decreasing their agglomeration degree. Studies by X-ray photoelectron and electron energy loss spectroscopy evidenced lower oxygen stoichiometry in ISAC composites compared to the unsupported LaMnO3.

It is well known that carbon supports play important role in electrocatalysis by influencing the dispersion of the catalytic phase, the electronic conductivity, the mass transport and the catalyst durability [START_REF] Maillard | Carbon Materials for Catalysis[END_REF]. Armed with the previously developed ISAC synthesis route, in this work we vary the type of carbon material with the aim to develop ORR-active Mn metal oxide-carbon composites. We use carbon materials from three different families: carbon blacks (Vulcan XC72, Monarch 900 and S170), pyrolytic carbons (Sibunit67 and Sibunit92) and catalytic filamentous carbon (CFC) to prepare composites of lanthanum manganite (LaMnO3) or manganese spinel (Mn3O4) oxide with various carbon materials. We then apply electrochemical (cyclic voltammetry and rotating ring disc voltammetry) and physical characterization methods (low temperature nitrogen adsorption within Brunauer-Emmett-Teller (BET) approximation, X-Ray Powder Diffraction (XRD), thermogravimetric analysis (TGA), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM) and Electron Energy Loss Spectroscopy (EELS)) to shed light on the influence of carbon on the composite morphology, porosity, composition, and ultimately on the ORR activity and selectivity.

Materials and methods

Material preparation

Bulk LaMnO3 perovskite and Mn3O4 spinel oxides were synthesized by AutoCombustion (AC) and LaMnO3-carbon and Mn3O4-carbon composites by In Situ AutoCombustion (ISAC) methods using metal nitrate precursors and glycine as the ignition promoter. This synthesis procedure allows formation of powdery compounds. For LaMnO3 the AC reaction can be expressed through the following equation (Eq.1):

La(NO3)3 + Mn(NO3)2 + Ψ NH2CH2COOH ----> LaMnO3 + 2Ψ CO2 + 5Ψ/2 H2O + (5+Ψ)/2 N2 + (6-9/4Ψ )O2
Eq.1

where Ψ represents the number of moles of glycine introduced. When glycine is present in stoichiometric ratio with respect to the oxidant (nitrate anions), oxygen is not produced; i.e. 6-9/4Ψ =0 and Ψ =2.67. Faye et al. in Ref. [START_REF] Faye | LaFeO3 Perovskite as New and Performant Catalyst for the Wet Peroxide Oxidation of Organic Pollutants in Ambient Conditions[END_REF] observed that the use of an excess of ignition promoter allows to decrease the crystallite size of the perovskite oxide. For this reason, in this study we used an excess of glycine and thus a glycine/nitrate molar ratio of one for the LaMnO3-based materials synthesis.

For Mn3O4, the following AC reaction equation expressed by Eq.2 can be applied:

3 Mn(NO3)2 + Ψ NH2CH2COOH ----> Mn3O4 + 2Ψ CO2 + 5Ψ/2 H2O + (6+Ψ)/2 N2 + (7-9/4Ψ) O2 Eq.2
Since for the spinel structure the effect of glycine/nitrate molar ratio on the crystallite size was not known, a stoichiometric condition was applied.

Glycine (H2NCH2CO2H) was added to an aqueous solution (10 mL) of the metal nitrate salt precursors. For ISAC composites a relevant quantity of carbon was added depending of the target composition. For AC bulk metal oxide materials, carbon was not added. Then, the resulting solution was slowly evaporated. The latter was heated up to 100°C for 3 hours to finalise the dehydration and then the temperature was increased up to 300°C to initiate glycine autoignition. The powders of unsupported LaMnO3 and Mn3O4 prepared by the AC route were calcined at 640°C during 4 hours ensuring the formation of a pure perovskite and spinel phase and the removal of carbonaceous residues. On the contrary, carbon-containing ISAC composites were not calcined.

In this study, different carbon materials were used (see Table 1), among them Vulcan XC72

and Monarch 900 from Cabot, S170 from Degussa, carbons from the Sibunit family -Sibunit67 and Sibunit92, and Catalytic Filamentous Carbon (CFC) provided by the Boreskov Institute of Catalysis (Novosibirsk, Russia). The nomenclature used to label different composites bears the weight % of LaMnO3 or Mn3O4 in the final material (determined with thermogravimetric analysis (TGA)), the oxide phase composition (LaMn for perovskite and Mn3O4 for spinel structure), the preparation route, and the type of carbon. For example 50LaMn-ISAC-Vulcan is prepared using the ISAC procedure over VulcanXC72 carbon, as described in Ref. [START_REF] Kéranguéven | Synthesis of efficient Vulcan-LaMnO3 perovskite nanocomposite for the oxygen reduction reaction[END_REF] and contains 50wt.% LaMnO3 and 50wt.% Vulcan carbon. Bulk (LaMnO3 and Mn3O4) metal oxides prepared by the AC method are named LaMnAC and Mn3O4AC respectively. All aqueous solutions were prepared with high-purity water (18.2 MΩcm, <1ppb TOC, ELGA Purelab, UK).

Material characterization

The phase purity of the synthesized materials was evaluated by XRD using a D8 Advance apparatus from Bruker, equipped with a copper anticathode using Kα1 radiation. The morphology of the samples was determined by TEM using a JEOL 2100F microscope, operating at 200kV, with a point to point resolution of 0.2 nm and a corrector on the condenser lenses, to perform high-resolution imaging and scanning transmission electron microscopy (STEM) in High Angle Annular Dark Field (HAADF). The oxidation state of Mn in carbon-supported and unsupported LaMnO3 and Mn3O4 was determined by EELS, using a

Gatan Imaging Filter spectrometer.

The surface area was measured by N2-physisorption at 77 K, applying the Brunauer-Emmett-Teller (BET) model, and using a Micromeritics Tristar apparatus. The volume of micropores Vmicro was determined by t-method of Lippens-de Boer. The volume VBJH and the surface area SBJH of the pores with the size ranging from 1.7 to 300 nm were calculated from the adsorption branches of the capillary condensation hysteresis according to the Barrett, Joyner, Halenda (BJH) model. Pore size distribution (PSD) plots were calculated from the desorption branches of the capillary condensation hysteresis according to the BJH model. Sub-structural parameters of carbon materials were determined with XRD using the procedure described in

Ref. [32].

The weight % of LaMnO3 or Mn3O4 in the composites was determined by TGA conducted under the air flow of 25 mL min -1 , from room temperature to 1000°C, at a heating rate of 10°C min -1 . Experiments were performed with a Q5000IR apparatus from TA Instruments.

Surface composition was evaluated by XPS. Measurements were carried out in an ultrahigh vacuum (UHV) spectrometer equipped with a CLAM4 (MCD) hemispherical electron analyzer. The Al Kα line (1486.6 eV) of a dual anode X-ray source was used as incident radiation. Survey and high-resolution spectra were recorded in constant pass energy mode (100 and 20 eV, respectively). The atomic surface ratios of all elements were calculated by using the core level peak areas, properly normalized to the photoemission cross section and assuming a homogeneous element distribution model.

Electrochemical measurements

Electrocatalytic ORR activities of the LaMnO3-and Mn3O4 -carbon composites were evaluated with a thin film approach using the electrode preparation and the conditions of electrochemical measurements described in Ref. [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF]. For comparison, ORR activities of the carbon-free Mn3O4 spinel, LaMnO3 perovskite and carbon alone were studied using the same approach and under the same conditions. For this, a desired amount of a catalyst powder was mixed into a vial with ultrapure water to obtain an ink containing 0. with N, the collection factor. N represents the fraction of diffused species detected at the ring and was determined experimentally with the reversible Fe(CN)6 3-/ Fe(CN)6 4-redox couple using a thin layer of Pt/C in 10 mmol L -1 K3Fe(CN)6 in 1 mol L -1 NaOH. The experimental value of N was equal to 0.25, which is close to the theoretical value calculated from the RRDE geometry parameters [START_REF] Bard | Electrochemical Methods -Fundamentals and Applications -2nd ed[END_REF].

Results and discussion

Structure and morphology

Carbon materials

As explained in the introduction, carbon materials from three different families are used in this study: carbon blacks (Vulcan XC72, Monarch900 and S170), pyrolytic carbons (Sibunit67 and Sibunit92) and catalytic filamentous carbon (CFC). As evidenced by TEM images of Fig. 1, carbon blacks consist of agglomerated so-called "primary" 10-30 nm diameter particles of quasi-spherical shape. Mesopores of carbon blacks are formed by interparticle voids. Porosity of Monarch900 is dominated by mesopores, while Vulcan XC72 and S170 carbon comprise comparable contribution of meso-and micropores (Table 1). BET, BJH and micropore surface areas and other characteristics of carbon materials are summarized in Table 1. Carbon blacks utilized in this work also differ in terms of "structure", which is conventionally characterized by dibutylphtalate (DBP) or by oil absorption numbers (OAN). Low structure carbons show low degree of agglomeration of primary particles and low OAN, while high structure carbons demonstrate high degree of agglomeration (and thus high OAN) and consist of highly branched reticulate agglomerates. Following OAN values are reported in the literature for Monarch900, S170 and Vulcan XC72: 0.64; 1.34; and 1.90 -2.50 cm 3 g -1 , correspondingly [START_REF][END_REF][START_REF]Specialty Carbon Blacks Technical Data Europe[END_REF][START_REF]Electrochemistry of Carbon Electrodes[END_REF]. Sibunit carbon is a pyrolytic synthetic carbon composite produced by pyrolysis of light hydrocarbons on a carbon black template followed by steam activation [START_REF] Yermakov | New carbon material as support for catalysts[END_REF]. Steam activation results in gasification (partial or full, depending on its duration) of the template and leads to formation of shell-like pores typical of carbons of the Sibunit family (Fig. 1). In this study, two carbons of the Sibunit family were used, which slightly differ in their specific surface areas (Table 1): Sibunit67 (SBET=82 m² g -1 ) and Sibunit92 (SBET=116 m² g -1 ). Carbons of the Sibunit family are mesoporous carbons with a minor contribution of micropores. CFC consists of carbon filaments obtained via catalytic growth. CFC possesses the highest surface area in the series, which is dominated by mesopores.

Fig. 1F compares pore size distributions for carbon materials reconstructed from the BJH desorption branch of N2 physisorption isotherms. Monarch900 shows the highest mesopore volume with a very wide pore size distribution (PSD). For Vulcan XC72, S170, and Sibunit67 carbons the mesopore volume is dominated by the pores ranging from 20 to 100 nm, while for CFC one may observe a bimodal pore size distribution, with larger pores (from 30 to 90 nm) associated with the inter-filament voids and smaller pores (below 5 nm) likely located inside carbon nanotubes.

Table 1 also provides information regarding sub-structural characteristics of carbon materials.

We note that the larger the size of quasi-graphitic crystallites in the direction parallel (La) and perpendicular (Lc) to graphene layers, and the closer the (002) interlayer spacing approaches that of highly ordered graphite (d002 = 0.3354 nm), the higher is the degree of the structural order of carbon materials. Considering this, carbon materials can be ranked as Monarch900≤S170<Vulcan XC72<Sibunit67≤Sibunit92<CFC along with the increase of the degree of their structural order.

LaMnO3-and Mn3O4-carbon composites

X-ray diffraction patterns, presented in Fig. 2, evidence the formation of crystalline oxides both for metal oxide-carbon composites and for unsupported oxides. For the unsupported perovskite, synthesized with the AC method, the diffraction pattern corresponds to the oxygen-excess LaMnO3+δ phase (ICDD card n°050-0298) (Fig. 2A). For carbon-supported perovskites, one may notice a shift of diffraction peaks to lower angles (Fig. 2B), which may be explained by the loss of oxygen atoms from the perovskite structure, resulting in the formation of an oxygen-deficient LaMnO3-δ phase. In the latter, some Mn 3+ cations are reduced to Mn 2+ , which is associated with an increase of the lattice constant due to a larger ionic radius of Mn 2+ compared to that of Mn 3+ , as observed previously in Ref. [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF]. For the unsupported spinel oxide synthesized with the AC method, the diffraction patterns correspond to the Hausmannite Mn3O4 phase (ICDD card n° 00-024-0734) and peaks at 2θ = 34.9 and 40.5 correspond to the presence of a small impurity of manganosite phase MnO (ICDD card n° 01-075-1090) (Fig. 2C). No difference in the diffraction peak positions of Hausmannite Mn3O4 phase was observed between the unsupported and supported Mn3O4.

In Table 2, the values of the mean crystal diameter (DXRD) estimated by applying Scherrer equation with the shape factor K = 0.89 are summarized. For perovskite-carbon ISAC composites DXRD values are significantly smaller than those observed for the unsupported LaMnO3. For example for the 32LaMn-ISAC-S170 sample, comprising 68% carbon, DXRD drops down to 9 nm from 25 nm in the unsupported LaMnAC. The XRD data agree with the TEM images of ISAC composites (Fig. 3), which for all LaMnO3-carbon composites show formation of smaller oxide crystals (ranging from 5 to 30 nm) † than for the unsupported LaMnO3. Note that different magnifications are intentionally used in Fig. 3 in order to better visualize the carbon and the oxide components whose particle size is different in the studied composites. Considering the XRD and the TEM data (Fig. 3), we conclude that the ISAC route is well suited for preparing LaMnO3 nm-sized particles incorporated in the carbon matrix. Depending on the type of carbon and on its % in the composite, the size of LaMnO3 nanoparticles ranges from several nanometers to several tens of nanometers. For the spinel oxide, the size of crystallites is significantly larger, which concerns both unsupported (35 nm) and carbon-supported (17-35 nm) Mn3O4. The difference of the particle size between spinel and perovskite particles could be explained by the different glycine/nitrate molar ratio used during the ISAC composite synthesis (see the "2.1. material preparation" paragraph). Indeed, according to Faye et al. [START_REF] Maillard | Carbon Materials for Catalysis[END_REF], the size of LaFeO3 perovskite oxide crystals decreases with the glycine/nitrate molar ratio.

Table 2 also provides values of the BET surface area and the mean pore size (determined from BJH adsorption) for the synthesised materials. Note that specific surface area determined by the BET method corresponds to the total surface area of oxide metal and carbon particles accessible to N2 adsorption and thus does not show direct correlation with the size of metal oxide crystallites.

Oxidation state of Mn in LaMnO3-and Mn3O4-carbon composites

Some of us reported [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] that the oxidation degree of Mn in LaMnO3-VulcanXC72 composites prepared by ISAC was lower than that in the unsupported LaMnO3 and decreased with the VulcanXC72 content from 3.3 for the unsupported LaMnAC to 2.9 for 50LaMn-ISAC-Vulcan [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF]. In Fig. 4 we present results of experiments performed for various carbon materials to explore whether the stoichiometry and the mean oxidation state of Mn in the ISAC composites could be affected by the type of carbon. In Fig. 4 (A), examples of Mn-L2,3

EEL spectra of perovskite-carbon composites are presented. According to the literature data [START_REF] Tan | Oxidation state and chemical shift investigation in transition metal oxides by EELS[END_REF][START_REF] Mansot | Valence of manganese, in a new oxybromide compound, determined by means of electron energy loss spectroscopy[END_REF][START_REF] Nishida | Effect of local coordination of Mn on Mn-L2,3 edge electron energy loss spectrum[END_REF][START_REF] Varela | Atomic-resolution imaging of oxidation states in manganites[END_REF] an increase of the Mn L3/L2 ratio corresponds to a decrease of the Mn oxidation state.

The latter can be roughly estimated using the ELNES fitting method proposed by Tan et al. [START_REF] Tan | Oxidation state and chemical shift investigation in transition metal oxides by EELS[END_REF]. To validate the ELNES fitting method, reference oxide materials such as MnO2, Mn2O3

and Mn3O4 were analyzed with EELS. The oxidation state of Mn (OSMn) in the reference compounds fits well the following exponential function: OSMn = -t ln[(Mn L3/L2 ratio-yo)/A] with A = 31, t = 0.91, yo = 1.7. The values of the average Mn oxidation state in carbonsupported and in unsupported LaMnO3 determined with this method are presented in Fig. 4 (B) and in Table 3. One may see that manual mixing of LaMnO3 (LaMnAC) with carbon (red empty diamond) does not affect the Mn oxidation degree. Meanwhile, for all LaMnO3-carbon composites prepared by autocombustion, the oxidation degree of Mn is lower than in the unsupported LaMnO3, decreasing with the carbon fraction. Such a behavior is observed for all studied carbon materials suggesting that during the ISAC synthesis Mn 3+ cations are partially reduced by carbon resulting in the formation of an oxygen-deficient LaMnO3-δ phase, in agreement with the XRD data. However, one may notice that the extent of Mn 3+ reduction not only depends on the carbon fraction, but also on the type of carbon material. Other conditions being equal, the lowest Mn oxidation degree is observed for carbons of the Sibunit family and CFC, which according to data of Table 2 possess the highest degree of structural order in the studied series of carbon materials. To illustrate this observation, two straight lines are drawn in Fig. 4B as a guide for the eye. One may see that with only a few exceptions, the top line passes through data points corresponding to composites with carbons with a lower degree of structural order (Vulcan XC72: Samples 10-13, and S170: Sample 14), while the bottom line goes through points, which correspond to composites with carbons with the higher degree of structural order (carbons from the Sibunit family: Samples 2-4 and 6, and CFC: Samples 7 and 8). This suggests that sub-structural characteristics of carbon materials influence the extent of Mn reduction in the composites, carbons with the higher degree of the structural order acting as stronger reducing agents during the ISAC synthesis.

As to the spinel-carbon composites, the Mn oxidation state was estimated as 2.8±0.2 (which is close to the one expected for Mn3O4) and did not show noticeable variation with the carbon fraction in this work (see supporting Information Fig. S1). To the best of our knowledge, oxygen-deficient Mn3O4 spinel has not been documented in the literature, unlike LaMnO3 perovskite, which may explain the observed independence of the average oxidation state of Mn in the ISAC Mn3O4-carbon composites.

X-ray photoelectron spectroscopy (XPS) measurements have been performed to check the change of the oxidation degree of Mn in LaMnO3 of the composites (Fig. S2 and S3 in Supporting Information). High-resolution C-1s, La-3d and Mn-2p XP spectra of ISAC composites do not change depending on the carbon fraction (Fig. S2). Note, however, that the analysis of the oxidation state of Mn using the Mn-2p XP spectra has large ambiguity, since the binding energies of Mn 2+ , Mn 3+ and Mn 4+ species are very close [START_REF] Ponce | Surface properties and catalytic performance in methane combustion of Sr-substituted lanthanum manganites[END_REF][START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] (Fig. S2).

Meanwhile, O-1s spectra of LaMnAC and ISAC composites with various carbon fractions demonstrate some differences (Fig. S3). Deconvolution of the O-1s peak into several components (see Ref. [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] for details) allowed us to estimate the ratio of adsorbed oxygen species (Oads) and lattice oxygen (Olattice), and their evolution with the type and fraction of carbon in the composites. Data presented in Table S1 suggest that the Oads/Olattice and the Oads/Mn ratio increase systematically with the fraction of carbon in ISAC composites.

However, high carbon contribution to the spectra complicates the analysis making it ambiguous. Moreover carbon surface could be oxidized during the composite preparation which can contribute to the increase of the fraction of Oads species. Thus, unfortunately, XPS data cannot provide clear insight into the surface state of LaMnO3 in the composites.

Electrochemical characterisation

Interfacial properties of the synthesized materials

Cyclic voltammetry (CV) under N2 is a convenient tool for in situ probing of the interfacial properties of electrocatalytic materials. In Fig. 5A, representative CVs of ISAC perovskitecarbon composites are presented. The observed currents correspond to the interfacial charging and to the red-ox transitions of the surface Mn cations (whereby the peaks at lower and higher electrode potentials correspond to the Mn 2+ /Mn 3+ and Mn 3+ /Mn 4+ transitions [START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF], correspondingly). Similar shape of CVs for all perovskite-carbon composites suggests that the CV charge is dominated by the oxide pseudocapacitance rather than by the carbon contribution. In Fig. 5B, we plot the evolution of the overall charge (anodic and cathodic) calculated by integration of CVs under N2 in the whole potential interval from 0.43 to 1.23 V vs. RHE, as a function of the carbon fraction in LaMnO3-carbon composites. Similar results have been obtained for Vulcan carbon/LaMnO3 composites in Ref. [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF]. Similar behaviour is also observed in this study for Mn spinel-carbon composites (see Fig. S4 (A) and (B)). Rise of the charge with the carbon fraction essentially reflects an increase of the number of accessible Mn surface sites. It should be emphasized that the latter is due to a combination of two phenomena: (i) a decrease of the size of metal oxide particles (cf. Table 2) with the carbon fraction and an ensuing increase of the specific surface ‡ of LaMnO3 and Mn3O4, and (ii) an improved electron conductivity of the metal oxide-carbon composites thanks to an increased fraction of the conducting phase (carbon) and hence better electronic percolation [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF]. It should however be noted that while qualitatively the effect is similar for all ISAC composites, there are some quantitative differences, especially for perovskite-carbon composites. This can be illustrated, for example, by comparing data points for ca. 20wt% carbon in Fig. 5(B). One may see that the highest voltammetric charge is observed for ISAC perovskite-carbon composites with Vulcan XC72 carbon, while CFC and Sibunit67-based composites show much smaller charge values. If we compare the XRD size of the crystallites, we will see that it is similar (13 nm) for these three composites. This means that either the degree of agglomeration, or the oxide-carbon interaction, or the accessibility of the oxide surface varies between the composites. Note also that the charge in Figs. 5B and S4(B) is not corrected for the carbon contribution. Panel A of Fig. S5 shows CVs of carbon materials under N2, and then Fig. S6 compares charge values calculated before and after subtraction of the carbon contribution. § One may see that carbon contribution to the CV charge depends on the type of metal oxide (perovskite vs. spinel) and on the oxide wt.%. Smaller carbon contribution in perovskite-carbon compared to spinel-carbon composites could be attributed to a smaller size of metal oxide particles in the former case.

ORR activity of the synthesized materials

Fig. 6 compares disc currents acquired using RRDE for LaMnO3-carbon (panel A) and Mn3O4-carbon (panel B) composites. One may conclude that: (i) metal oxides without carbon addition (curves 1 and 15) display very low ORR activities; (ii) addition of carbon (either by manual mixing or by ISAC synthesis) results in a positive shift of the RDE voltammograms and an increase of the limiting current [START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF], (iii) other conditions being equal, ISAC composites exhibit higher ORR activity than the manually mixed ones (dotted lines), and (iv) LaMnO3-carbon composites show higher ORR "onset potential" and higher limiting currents compared to Mn3O4-carbon composites. The observed increase of the ORR activity with the carbon fraction is in agreement with the previous publications [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF][START_REF] Malkhandi | Electrocatalytic activity of transition metal oxide-carbon composites for oxygen reduction in alkaline batteries and fuel cells[END_REF][START_REF] Fabbri | Superior Bifunctional electrocatalytic Activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ/Carbon Composite Electrodes: Insight into the Local Electronic Structure[END_REF][START_REF] Fabbri | Composite Electrode Boosts the Activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ Perovskite and Carbon toward Oxygen Reduction in Alkaline Media[END_REF][START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] and has ‡ Unfortunately, we do not have an access to the specific surface area of either LaMnO3 or Mn3O4 in the metal oxide-carbon composites, since SBET corresponds to the sum of accessible surface areas of carbon and Mn oxide. § It should be noted that carbon correction is performed considering CVs of pristine (untreated) carbon materials.

been attributed to the combination of two effects: (i) action of carbon on the number of accessible active sites (cf. increase of CV charge in Fig. 5B with the carbon wt%) and on (ii) its role of co-catalyst for the transformation of O2 into H2O2. Note however that addition of an excessive amount of carbon may lead to a decrease of the electrocatalytic activity (cf. samples 17 and 18 in Fig. 6 (B)) due to the competition of the ORR on the carbon and on the metal oxide surface [START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF].

To check the influence of the number of accessible Mn active sites on the electrocatalytic activity, in Fig. 7, ORR currents at 0.9 V vs. RHE are plotted versus the CV charge calculated as explained above. Clearly the ORR currents increase with the CV charge (i.e. with the number of active sites), confirming that ORR occurs on the surface of LaMnO3 and Mn3O4 nanoparticles. Even if ORR currents are normalized to the geometric surface area of the electrode, Fig. 7 clearly shows the evolution of the mass activity of the composites, since all measurements were performed at a constant oxide loading (46 µgoxide cm -²geo). The current enhancement is stronger for ISAC composites than for manually mixed ones (empty scatters) because the ISAC route allows decreasing the size of LaMnO3 (and to a lesser extent Mn3O4) particles, and improving intimate contact between oxides and carbons. Moreover, we can note that the ORR activity difference between ISAC composites and manual oxide/carbon mixtures is larger for Vulcan XC72 than for other carbon-based composites, suggesting that Vulcan XC72 carbon is better suited for the ISAC synthesis route as discussed in Section 3.4 in more detail.

It is interesting to note that whereas for Mn3O4-carbon composites the ORR kinetic current at 0.9 V vs. RHE, while showing some scatter, demonstrates virtually linear correlation with the CV charge (Fig. 7B), for LaMnO3-carbon composites the data points fall on two distinct lines (Fig. 7A), the upper one corresponding to composites with Vulcan XC72 carbon, the lower one -to composites with other carbon materials. It should be noted that both the ORR currents and the CV charges in Figs. 7 (A) and (B) are not corrected from the carbon contribution. In the Supporting Information (Figs. S7 andS8) we plot ORR currents at 0.9 V vs. RHE vs. the CV charge, both corrected from the carbon contribution. Carbon subtraction results in larger changes for Mn3O4-carbon composites compared to LaMnO3-composites in agreement with the higher ORR activity of the latter (cf. Figs. S6, S7 and S8). Note however that carbon subtraction does not cancel the observed difference between composites of LaMnO3 with Vulcan XC72 and with other carbon materials. A likely explanation for this curious behaviour and the observed difference between LaMnO3-and Mn3O4-carbon composites comes from the comparison of Fig. 7A with Fig. 4B and Fig. 7B with Fig. S1. It is remarkable that with only a few exceptions, composites lying on the bottom line in Fig. 4B also lie on the lower line in Fig. 7A. It thus turns out that other conditions being equal, LaMnO3-carbon composites with a lower Mn oxidation state (with oxygen deficiency), are less active ORR catalysts, which is in agreement with the literature data [START_REF] Suntivich | Design principles for oxygen-reduction activity on perovskite oxide catalysts for fuel cells and metal-air batteries[END_REF]. Hence, carbon materials, which act as stronger reductants during the ISAC synthesis, produce less active LaMnO3-carbon composites. Since in Mn3O4-carbon composites, the oxidation state of Mn does not depend on the carbon wt%, the ORR activity scales fairly linearly with the CV charge. Further details regarding the influence of structure and morphology of carbon materials on the ORR activity of ISAC composites will be presented in Section 3.4.

Fig. 8 shows the evolution of the limiting current for Mn perovskite-carbon composites with the CV charge. The limiting current increases, reaches a maximum and then decays. One may also notice a significant scatter in the values of the limiting current depending on the type of carbon, which will be discussed in more detail in Section 3.4. Comparison of Figs. 8 and7A indicates that the kinetic and the limiting current do not scale with the CV charge in the same manner, and that some composites with low ORR activity in the kinetic region, may show rather high limiting currents. This is not surprising since kinetic currents are related to the intrinsic electrocatalytic activity of the composites and to the number of active sites, while limiting currents are expected to be more sensitive to the accessibility of the active sites to oxygen diffusion.

In Table 4, the ORR activities of ISAC metal oxide composites of this work, calculated from Tafel plots (Supporting Information Fig. S9), are compared to the ORR activity of similar metal oxide materials reported in the literature. One may notice that ORR activities of LaMnO3 ISAC composites favorably compare to the literature. Indeed, for LaMnO3-carbon (50 wt.% carbon) Ryabova et al. [START_REF] Ryabova | Rationalizing the Influence of the Mn(IV)/Mn(III) Red-Ox Transition on the Electrocatalytic Activity of Manganese Oxides in the Oxygen Reduction Reaction[END_REF] reported the mass activity of 1.3 A/g at 0.9 V vs. RHE, which should be compared to 2 A/g for 50LaMnISACVulcan in this work; while Suntivich et al. [START_REF] Suntivich | Design principles for oxygen-reduction activity on perovskite oxide catalysts for fuel cells and metal-air batteries[END_REF] for LaMnO3-carbon (17wt.% carbon) reported 0.3 A g -1 oxide at 0.9 V vs. RHE. Note that Mn3O4 spinel ISAC composites show inferior mass activity to that reported by Ryabova et al. [START_REF] Ryabova | Rationalizing the Influence of the Mn(IV)/Mn(III) Red-Ox Transition on the Electrocatalytic Activity of Manganese Oxides in the Oxygen Reduction Reaction[END_REF], but superior mass activity to that reported by Lima et al. [START_REF] Lima | Electrocatalytic activity of manganese oxides prepared by thermal decomposition for oxygen reduction[END_REF]: for Mn3O4-carbon (80wt.% carbon) Lima et al. [START_REF] Lima | Electrocatalytic activity of manganese oxides prepared by thermal decomposition for oxygen reduction[END_REF] reported mass activity of 0.60 A g -1 oxide at 0.9 V vs. RHE, which should be compared to 0.88 A/g for 18Mn3O4-ISAC-Vulcan and 1.29 A g -1 oxide for 34Mn3O4-ISAC-Vulcan in this work. Significantly higher ORR currents for Pt/C, which may be seen in Fig. 6 and compared to those of the ISAC composites, are not only due to the higher specific activity of Pt but also to its higher loading and smaller Pt particle size (ca. 4.5 nm). Finally, it should be noted that, in this work, it was possible to calculate mass activities but not specific activities of LaMnO3-or Mn3O4-carbon composites (that is activities normalized to the surface area of Mn oxides), since SBET (Table 2) includes both metal oxide and carbon area.

ORR selectivity of the synthesized materials

In addition to the ORR activity, the ORR selectivity should also be considered, the fourelectron O2 reduction to water being more desirable than the two-electron reduction to hydrogen peroxide. Figs. S10, S11 (Supplementary Information) show Levich-Koutecky plots and HO2 -percentage determined using the RRDE for Mn spinel and Mn perovskite composites, correspondingly. The plots demonstrate that utilization of LaMnO3-carbon composites results in a smaller production of HO2 -and thus in a higher (close to 4) number of transferred electrons. This correlates well with the higher activity of Mn perovskite compared to Mn spinel in electrocatalysis of the H2O2 reduction, both operating via 2e -+2e -ORR route [START_REF] Ryabova | Study of Hydrogen Peroxide Reactions on Manganese Oxides as a Tool To Decode the Oxygen Reduction Reaction Mechanism[END_REF].

Note however that not only the type of metal oxide (LaMnO3 or Mn3O4) but also the type and the quantity of carbon affect the HO2 -% detected at the ring of the RRDE. In Fig. 9 the HO2 - % measured at 0.45 V vs. RHE by the RRDE, is plotted versus SBET of the perovskite-based composites. One may notice that the HO2 -% is high for composites with a low BET surface area (the descending branch of Fig. 9), which may be attributed to an insufficient amount of carbon resulting in a poor electronic conductivity and a low number of accessible Mn sites.

The composites with the highest BET surface areas (the ascending branch of Fig. 9) also demonstrate high HO2 -%, which may be attributed to their high carbon % and a competition between Mn perovskite and carbon for the oxygen adsorption and ORR, resulting in an increase of the HO2 -formation, in agreement with the previous observation of Ryabova et al. [START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF]. A similar trend is observed for the Mn spinel-carbon composites in Fig. S12 of the Supporting Information. An optimum combination of carbon and oxide allows obtaining the highest 4e -selectivity. This optimum is reached for 50LaMn-ISAC-Vulcan and 57LaMn-ISAC-Vulcan composites and corresponds to a low HO2 -yield, not exceeding 5%.

Bridging electrocatalytic properties of metal oxide-carbon composites with structural and morphological characteristics of carbon materials

Previous sections have shown that the ORR activity, the limiting current and the selectivity are not only affected by the wt.% but also by the type of carbon material, with LaMnO3 perovskite-Vulcan XC72 carbon composites showing the best performance. In this section we seek to understand, which structural and morphological characteristics of carbon materials are decisive for the ISAC metal oxide-carbon composites. To facilitate the discussion, carbon materials are split in two groups: (i) carbon blacks and (ii) carbons with a high degree of structural order: pyrolytic carbons and catalytic filamentous carbon.

Carbon blacks

Three carbon black materials have been investigated in this work: Vulcan XC72, Monarch900 and S170. Compared to other families of carbon materials of this work, carbon blacks show lower degree of the structural order manifested in smaller La, Lc and larger d002. VulcanXC72 and S170 have comparable volume of mesopores and similar PSD of mesopores (Table 1 and Fig. 1K), while Monarch900 possesses a larger mesopore volume (Table 1) and larger fraction of mesopores with the average size below 40 nm (Fig. 1K). It is interesting to follow how the mesopore PSD changes from pristine carbon materials to ISAC composites. We start our discussion by considering the VulcanXC72 carbon. Analysis of the PSD of Fig. 10 (A) shows a systematic shift of the peak located at ca. 60 nm for pristine carbon to smaller sizes suggesting that LaMnO3±δ nanoparticles nucleate and grow within large (30-100 nm) pores (corresponding to meso-and small macro-pores) of the VulcanXC72 carbon. Oxide nanoparticles formed between carbon globules can be seen in the TEM image of Fig. 3. The average pore size of the composites lies between 17 and 19 nm (Table 2), allowing for an efficient O2 mass transport towards the surface of LaMnO3±δ oxide nanoparticles during the ORR (schematically shown in Fig. 10B). The latter manifests itself in high ORR limiting currents and low H2O2% provided that the amount of carbon in the composite is sufficient (samples 10 and 11). In addition, Vulcan XC72 composites lie on the upper line of Fig. 4B.

Thus, even if Vulcan XC72 reduces part of Mn 3+ cations during the ISAC synthesis (the extent of reduction increasing with the carbon wt%), this effect is milder that for carbon materials with a higher extent of the structural order (Sibunit carbons and CFC), and translates in high ORR kinetic currents in Fig. 7A.

Compared to Vulcan XC72, Monarch900 and S170 carbons have more disordered structure reflected in a smaller size of quasi-graphitic crystallites (La and Lc) and larger interlayer spacing (d002). Figs. 11 (A) and (B) show PSDs for Monarch900 and S170 carbons and for their composites with LaMnO3. One may see a significant decrease of the volume of pores with the size above 20 nm for the 48LaMn-ISAC-Monarch900 composite and pores with the size above 30 nm for 32LaMn-ISAC-S170 composite compared to pristine carbon materials.

The drastic differences between the pore size distribution of the ISAC composites and carbons alone may be explained by the highly disordered sub-structure of these carbon materials (Table 1) as well as their lower structure (compared to Vulcan XC72, see discussion on page 7). Limited accessibility of oxide nanoparticles may explain the lower limiting current for Monarch900 and S170 composites observed in the Fig. 8 and lower kinetic currents at 0.9 V in Fig. 7A.

Catalytic filamentous carbon (CFC) and carbons of the Sibunit family

CFC is an ordered carbon material with larger pores formed within nanotube bundles (dpore>20nm) and small pores inside carbon nanotubes (dpore<5nm). Fig. 12 for CFC based composites shows a disappearance of the PSD peak at small pore sizes and a negative shift of the peak at larger pore sizes. From this we conclude that metal oxide nanoparticles form both in between nanotube bundles but also at the nanotube openings (see TEM in Fig. 12) and probably also inside carbon nanotubes. This may explain small voltammetric charge (Fig. 5 (B)) despite the large surface area of the CFC (Table 1). The ORR limiting currents are consistent with the CV charge and are relatively high (Fig. 8, samples 7 and 8) suggesting that O2 diffusion to the surface of LaMnO3 nanoparticles (those, which are formed between nanotube bundles and are thus accessible) is quite efficient. Despite that, the kinetic currents at 0.9 V vs. RHE are small (Fig. 7A, samples 7 and 8), which may be explained by higher oxygen deficiency of LaMnO3-δ nanoparticles. As explained above, we attribute this to the higher degree of the structural order of CFC, which reduces Mn 3+ cations during the ISAC synthesis. The same is true for carbons of the Sibunit family, which also result in a low Mn oxidation state in ISAC composites (Fig. 4B) translating in lower ORR kinetic currents.

Porosity of carbons of the Sibunit family is dominated by shell-like pores (bottle neck shape), whose size span from 10 to 100 nm (see PSD in Fig. 13 and TEM image in Fig. 1I).

Considering N2 adsorption and TEM data (Fig. 13 (B)) for perovskite-Sibunit composites we conclude that significant fraction of metal oxide nanoparticles forms inside the shells, which are less accessible to oxygen (Fig. 13 (C)). Other conditions being equal, the latter may explain lower ORR limiting currents in Fig. 8.

The fact that during the ISAC synthesis carbon materials may act as reductants, is responsible for the differences observed in this work and in Ref. [START_REF] Ryabova | Further insights into the role of carbon in manganese oxide/carbon composites in the oxygen reduction reaction in alkaline media[END_REF]. In the latter, Mn metal oxidecarbon composites were obtained by manual mixing thus leading to different ranking of carbon materials regarding their ability to enhance oxygen electrocatalysis on Mn metal oxide.

Conclusions

In conclusion, the ORR activity of LaMnO3-and Mn3O4 -carbon composites prepared using the In situ Autocombustion method, was studied in this paper. For this study, we used different types of carbon; such as carbon black, pyrolytic carbons, and Catalytic Filamentous Carbon (CFC) and prepared two types of metal oxides: LaMnO3 and Mn3O4. We conclude that the ISAC route allows to significantly increase the number of accessible metal oxide sites and the ensuing ORR activity compared to a conventional metal oxide-carbon mixing approach. We reveal that carbon materials act as reductants during the ISAC synthesis, resulting in a change of the oxygen stoichiometry (and thus the oxidation degree of Mn) in LaMnO3-carbon composites. The oxidation state of Mn depends on the type and wt.% of carbon materials, carbons with a higher degree of structural order acting as stronger reductants. The latter translates in a drop of the ORR activity of the LaMnO3-carbon composites observed for carbon materials with a higher degree of structural order. We find that Mn3O4-carbon composites are significantly less active than the LaMnO3-carbon counterpart. We suppose that sub-structural characteristics of carbon materials, their pore size and size distribution affect nucleation and growth of the metal oxide nanoparticles and their ensuing accessibility for the O2 diffusion and reaction. We see that an optimum combination of the carbon and the metal oxide allows obtaining the highest ORR activity. The composites with an insufficient amount of carbon have small number of accessible Mn active sites, while composites with an excessive amount of carbon lead to a competition between metal oxide and carbon for the oxygen adsorption and ORR. Among studied carbon materials

VulcanXC72 carbon seems to be the best suited for the ISAC synthesis of metal oxide-carbon composites due to its high structure consisting of highly branched flexible reticulate agglomerates, which can accommodate metal oxide nanoparticles inside mesopores accessible to oxygen. ORR activities of ISAC metal oxide composites favourably compare to those reported in the available literature for similar materials compositions. Mn oxidation state estimated from the EELS data versus carbon wt.% in the composites. Error bars were estimated based on at least 3 successive measurements. See Table 2 to link the numbers to the composition of materials. Red empty scatter corresponds to a manually mixed 50wt%LaMnAC + 50wt%Vulcan. The Vulcan carbon-based composites have been replotted from Ref. [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] for comparison. Lines are guide for the eye (see text for details). 2 to link the numbers to the composition of materials. The data for VulcanXC72-based composites have been replotted from Ref. [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] for comparison.

Figure 6: Disc currents obtained from negative RRDE scans measured in O2 saturated 1 mol L -1 NaOH at 900 rpm at 10 mV s -1 and 25°C after the background subtraction for the (A)

LaMnO3 and (B) Mn3O4 ISAC composites. Green (A), red (A) and cyan (B) dashed lines refer to Pt/C (91µg cm -²) replotted from Ref. [START_REF] Poux | Dual role of carbon in the catalytic layers of perovskite/carbon composites for the electrocatalytic oxygen reduction reaction[END_REF], manual mixture of 50wt%LaMnAC + 50wt%Vulcan XC-72, and manual mixture of 34wt%Mn3O4 + 66wt%Vulcan respectively.

See Table 2 to link the numbers to the composition of materials. Samples 1 and 15 are measured without carbon addition.

Figure 7: ORR currents at 0.9 V vs. RHE (taken from Fig. 6) against the overall charge (the sum of the anodic and cathodic charge) of voltammograms acquired under N2 for the (A)

LaMnO3 and (B) Mn3O4 ISAC composites (charges are calculated from Fig. 5(A) and Fig. S4 and are not corrected to the carbon contribution). See Table 2 to link the numbers to the composition of materials. (A) Empty symbols refer to the manual oxide/carbon mixtures: 50wt%LaMnAC+50wt%ulcan (red diamond), 26wt%LaMnAC+74wt%Sibunit67 (cyan down triangle), 80wt%LaMnAC+20wt%CFC (magenta up triangle), 45LaMnAC+55wt%Sibunit92

(black circle). Data for VulcanXC72-based composites are replotted from Ref. [START_REF] Kéranguéven | Perovskite/carbon composites synthesized through in situ autocombustion for the oxygen reduction reaction: the carbon effect[END_REF] for comparison. (B) red square empty scatter corresponds to the manual oxide/carbon mixture 34wt%Mn3O4AC+66wt%Vulcan.

Figure 8: Limiting ORR currents for LaMnO3 ISAC composites at 0.45 V vs. RHE (taken from Fig. 6) against the charge of voltammograms acquired under N2 (from Fig. 5(A)). See Table 2 to link the numbers to the composition of materials. Empty symbols refer to the manual perovskite/carbon mixtures: 50wt%LaMnAC+50wt%ulcan (red diamond), 26wt%LaMnAC+74wt%Sibunit67 (cyan down triangle), 80wt%LaMnAC+20wt%CFC

(magenta up triangle), 45LaMnAC+55wt%Sibunit92 (black circle). Note that the voltammetric charge is not corrected to the carbon contribution. 2). See Table 2 to link the numbers to the composition of materials. Tables:

Table 1: Sub-structural and morphological characteristics of carbon materials determined from XRD and low temperature nitrogen adsorption data correspondingly. method applied to the adsorption branch of the N2 adsorption isotherm.

Table 3: Mn L3/L2 ratio and Mn oxidation degree estimated from Mn-L2,3 EEL spectra of Fig.

4.

Table 4: Comparison of mass activity of LaMnO3-C and Mn3O4-C composites with the literature data. 
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 2 Figure 2: (A) XRD patterns recorded for the synthesized perovskite composites. Vertical bars refer to ICDD card n°050-0298 corresponding to LaMnO3+δ phase. (B) A zoom in XRD patterns showing 2θ interval from 31 to 35°. (C) XRD patterns recorded for the Mn3O4 spinel composites. Vertical dotted bars refer to ICDD card n°024-0734 corresponding to Hausmannite Mn3O4 phase.
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 3 Figure 3: TEM images for A : LaMnAC, B : Mn3O4AC, C and E : 50LaMn-ISAC-Vulcan and D and F : 87Mn3O4-ISAC-Vulcan.
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 4 Figure 4: (A) Mn L2,3 edge EEL spectra of the LaMnO3 perovskite and ISAC composites. (B)

Figure 5 :

 5 Figure 5: (A) CVs of LaMnO3-carbon composites in N2-purged 1 mol L -1 NaOH at 10 mV s -1 and 25°C. Oxide loading is 46 µg perovskite/cm². (B) Plot of the overall (anodic + cathodic) charge obtained by the integration of voltammograms of Fig. 5A versus carbon wt.% in the composites. See Table2to link the numbers to the composition of materials. The data for
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 9 Figure 9: HO2 -percentage determined for LaMnO3-carbon composites using RRDE plotted (from Fig. S11(A)) versus their BET surface area (from Table2). See Table2to link the

Figure 10 :

 10 Figure 10: (A) Pore size distributions (PSD) of Vulcan XC72 and its composites with LaMnO3 reconstructed from the BJH desorption data replotted with permission from Ref. [24]. (B) Schematic representation of the LaMnO3-carbon composites and O2 diffusion towards LaMnO3 nanoparticles during the ORR.

Figure 11 :

 11 Figure 11: Pore size distributions (PSD) of (A) Monarch900 and 48LaMn-ISAC-Monarch900, (B) S170 and 32LaMn-ISAC-S170, reconstructed from the BJH desorption data. (C) and (D) Schematic representations of the LaMnO3-S170 and LaMnO3-Monarch900 composites respectively and O2 diffusion towards metal oxide nanoparticles during the ORR.

Figure 12 :

 12 Figure 12: (A) Pore size distributions (PSD) of CFC and its composites reconstructed from the BJH desorption data. (B) TEM image of 67LaMn-ISAC-CFC composite. (C) Schematic representation of the oxide-carbon composite and O2 diffusion towards LaMnO3 nanoparticles during the ORR.

Figure 13 :

 13 Figure 13: (A) Pore size distribution (PSD) of Sibunit92 and its composites reconstructed from the BJH desorption data. (B) TEM image of 45LaMn-ISAC-Sibunit92 composite. (C) Schematic representation of the LaMnO3-carbon composite and O2 diffusion towards metal oxide nanoparticles during the ORR.
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Table 2 :

 2 Characteristics of AC and ISAC composites. Mean diameter (DXRD) of metal oxide crystals was calculated from the corresponding diffraction patterns by applying the Scherrer equation. BET surface area (SBET) was determined from the N2 adsorption isotherm. Mean pore size was determined by the B.J.H.

Table 1

 1 

		La	Lc	d002	S BET /					
	Vulcan	2.3	1.9	0.364	232	13	141.9	0.435	138.5	0.070
	Sibunit67	2.7	2.5	0.355	82	16	79.1	0.311	19.2	0.010
	sibuni92	3.3	2.6	0.348	116	10	113.7	0.299	11.8	0.003
	CFC	3.6	4.7	0.345	489	6	500.8	0.772	46.8	0.023
	S170	1.7	1.4	0.37	178	11	175.8	0.477	39.9	0.021
	Monarch900	1.9	1.2	0.381	263	15	289.1	1.105	_	_

m 2 g -1 Mean pore size / nm Mesopore surface / m 2 g -1 Mesopore volume / cm 3 g -1 Micropore surface / m 2 g -1 Micropore volume / cm 3 g -1 Carbons Substructural parameters from XRD

  

Table 2

 2 

	1	LaMnAC	LaMnO 3	100	-	17	43	25
	2	97LaMn-ISAC-Sibunit67	LaMnO 3	97	Sibunit67	53	26	13
	3	81LaMn-ISAC-sibunit67	LaMnO 3	81	Sibunit67	53	21	13
	4	26LaMn-ISAC-Sibunit67	LaMnO 3	26	Sibunit67	98	13	15
	5	87LaMn-ISAC-Sibunit92	LaMnO 3	87	Sibunit92	69	21	10
	6	45LaMn-ISAC-Sibunit92	LaMnO 3	45	Sibunit92	197	10	12
	7	80LaMn-ISAC-CFC	LaMnO 3	80	CFC	68	19	13
	8	67LaMn-ISAC-CFC	LaMnO 3	67	CFC	99	15	12
	9	48LaMn-ISAC-Monarch900	LaMnO 3	48	Monarch900	172	8	12
	10	50LaMn-ISAC-Vulcan	LaMnO 3	50	Vulcan XC72	76	18	8
	11	57LaMn-ISAC-Vulcan	LaMnO 3	57	Vulcan XC72	84	18	9
	12	69LaMn-ISAC-Vulcan	LaMnO 3	69	Vulcan XC72	85	17	9
	13	81LaMn-ISAC-Vulcan	LaMnO 3	81	Vulcan XC72	63	19	13
	14	32LaMn-ISAC-S170	LaMnO 3	32	S170	117	18	9
	15	Mn 3 O 4 AC	Mn 3 O 4	100	-	32	15	35
	16	Mn 3 O 4 commercial	Mn 3 O 4	100	-	0.3	-	80
	17	7Mn 3 O 4 -ISAC-Vulcan	Mn 3 O 4	7	Vulcan XC72	159	15	23

18 18Mn 3 O 4 -ISAC-Vulcan Mn 3 O 4 18 Vulcan XC72 121 15 25 19 34Mn 3 O 4 -ISAC-Vulcan Mn 3 O 4 34 Vulcan XC72 114 17 32 20 87Mn 3 O 4 -ISAC-Vulcan Mn 3 O 4 87 Vulcan XC72 25 17 35 21 91Mn 3 O 4 -ISAC-Vulcan Mn 3 O 4 91 Vulcan XC72 29 15 30

  

	Sample N°Designation	Type of metal oxide	wt.% of metal oxide	Type of carbon	S BET [1]	Mean pore size [2]	D XRD [3]
	22	52Mn 3 O 4 -ISAC-S170	Mn 3 O 4	52	S170	95	19	25
	23	14Mn 3 O 4 -ISAC-Monarch900	Mn 3 O 4	14	Monarch900	293	7	17
	24	44Mn 3 O 4 -ISAC-Sibunit92	Mn 3 O 4	44	Sibunit92	130	15	21
	[1] BET surface area of the composite						
	[2] Mean pore size of the composite						
	[3] Average size of the metal oxide crystallite						

Table 3

 3 

	Sample N°Designation	Mn L 3 /L 2 ratio	Mn oxidation degree (± 0.24)
	1	LaMnAC	2.44	3.40
	2	97LaMn-ISAC-Sibunit67	2.93	3.01
	3	81LaMn-ISAC-sibunit67	2.99	2.89
	4	26LaMn-ISAC-Sibunit67	3.73	2.48
	5	87LaMn-ISAC-Sibunit92	2.65	3.17
	6	45LaMn-ISAC-Sibunit92	3.38	2.65
	7	80LaMn-ISAC-CFC	3.20	2.76
	8	67LaMn-ISAC-CFC	3.04	2.86
	9	48LaMn-ISAC-Monarch900	4.10	2.80
	10	50LaMn-ISAC-Vulcan	2.90	2.96
	11	57LaMn-ISAC-Vulcan	2.80	3.04
	12	69LaMn-ISAC-Vulcan	2.90	3.09

13 81LaMn-ISAC-Vulcan 2.58 3.24 14 32LaMn-ISAC-S170 3.00 2.89

  

Table 4
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		Specific surface area / m 2 g -1	oxide / carbon loading / µg cm -2	Electrolyte	potential limits / V vs. RHE	Mass activity* at 0.9 V vs -1 RHE / A g oxide	Ref
	LaMnO 3 AC	14	91/91	1M NaOH; 25°C	0.65-1.15	1.30	13
	LaMnO 3+δ	0.5	250/50	0.1M KOH	NA	0.30	11
	La 0.5 Ca 0.5 MnO 3	2.1	250/50	0.1M KOH	NA	0.20	11
	50LaMn-ISAC-Vulcan (carbon+oxide) 76	46/46	1M NaOH; 25°C	0.45-1.20	2.06	this work (sample 10)
	LaMnO3	17	46/46	1M NaOH; 25°C	0.45-1.20	0.28	this work
	Mn 3 O 4	13	91/91	1M NaOH; 25°C	0.65-1.15	2.00	13
	18Mn 3 O 4 -ISAC-Vulcan (carbon+oxide) 121	46/210	1M NaOH; 25°C	0.45-1.20	0.88	this work (sample 18)
	34Mn 3 O 4 -ISAC-Vulcan (carbon+oxide) 114	46/89	1M NaOH; 25°C	0.45-1.20	1.29	this work (sample 19)
	Mn 3 O 4 AC	32	46/89	1M NaOH; 25°C	0.45-1.20	0.11	this work
	Mn 3 O 4		40/160	1M KOH; 25°C	0.00-1.48	0.60	43
	* from Tafel plots in S9 of Supporting Information				

* Note that for oxide-carbon composites both components give a contribution to the BET surface area

† Wide crystal size distributions and significant number of particle agglomerates prevented us from constructing particle size distributions from TEM images.
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