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Tartaric acid regulated the advanced synthesis of bismuth-based materials with tunable performance towards the electrocatalytic production of hydrogen peroxide

Introduction

Historically, the synthesis of diverse morphologies and sizes of micro-and/or nano-crystals for different biomedical and catalytic applications was guided by the use of a variety of organic molecules, prevailingly citric acid, polyvinylpyrrolidone (PVP), the cetyltrimethylammonium bromide (CTAB). 1,2 The modification of the physico-chemistry of the reaction mixture results into chemical species acting as surfactants or capping agents. Furthermore, the tartaric acid was investigated as another natural carboxylic acid from plants to potentially substitute the citric acid in the preparation of colloidal metal nanoparticles, 3,4 a field referred to as "biogenic synthesis" to face the growing need of environmentally compatible technologies in materials synthesis. 3,5 The guiding principle behind the fabrication of colloidal particles when the tartaric acid is employed relies mainly on the coordination chemistry, [6][7][8] which is triggered by the presence of many OH groups. This organic acid has been used to successfully prepare monodispersed nanoparticles of gold and silver for their optical properties deriving from the surface plasmon resonance. 4,9 For their potential physico-chemical properties, bismuth-based materials such as Bi2X3 (X = S, Te, etc.) were also prepared in the presence of the tartaric acid. 10,11 Belonging to the semimetal group, the small overlap between the bottom of the conduction band and the top of the valence band provides interesting physicochemical and catalytic properties to bismuth. [12][13][14][15] For instance, bismuth-based composites gained a signification interest as active materials for the photo-/electrocatalytic synthesis of valuable chemicals (production of hydrogen peroxide, 16 ammonia 17 , formate 18,19 , hydrogen 15,[START_REF] Bera | Solar Energy Materials and Solar Cells[END_REF][START_REF] Bera | [END_REF] ), the control of the catalytic selectivity, [22][23][24][25] the sensing, 26 and energy conversion [27][28][29][30] applications.

For the above end-uses, various synthesis methods were developed to prepared different types of micro-and nano-structured materials ranging from metallic Bi to Bi2O3 oxides depending on the designed synthesis protocol. 8,18,19,27,[29][30][31] Since tartaric acid is a triacid and bismuth salts are usually trivalent, the coordination chemistry in an aqueous medium for the production of a variety of morphologies and sizes is of particular interest to study, especially the effect of the alkalinity.

Ma et al. 8 reported the preparation of bismuth nanoparticles and their subsequent self-assembly into nanobelts, arguing that the formation of nanobelts depends on the amount of NaOH. Authors hypothesized that NaOH determines the reduction rates of the bismuth-tartrate complex [Bi2(C4H2O6)2] 2-, which influences the shape of the bismuth products. 8 No in-deep physicochemical study was performed to correlate the composition of the produced materials to the reaction conditions. So, this study raised more questions about the role of alkalinity and especially the properties of materials that would result from such synthesis in the presence of tartaric acid since such organics can partially and even completely block the surface of the particles. A more comprehensive and focused study was therefore expected; in particular on how those materials would electrochemically react given the above applications of bismuth-based materials in electrosynthesis, and energy conversion/storage domains. For instance, photo-and electro-catalytic methods emerged in recent years as viable options to the high energy consumption anthraquinone process for the production of hydrogen peroxide, a chemical widely used in various industries. 16,[32][33][34][35][36][37][38][39][40][41] For electrocatalysts containing cost-effective non-noble metals, the alkaline medium is preferred to ensure chemical stability. Electrocatalytically, the two half-cell reactions and overall process describing the operation of an alkaline electrolyzer for the hydrogen peroxide production are resumed by Eqs. 1-3 since pKa(H2O2/HO2 -) = 11.75. This would mean that a low cell voltage is required to drive electrocatalytically the hydrogen peroxide production if highly selective catalysts are found; hence their better design is expected.

Cathode:

O2 + H2O + 2e -→ HO2 -+ HO -, E° = 0.76 V vs RHE (Eq. 1)

Anode: 4HO -→ O2 + 2H2O + 4e -, E° = 1.23 V vs RHE (Eq. 2)

Overall: O2 + 2HO -→ 2HO2 -, E°cell = 0.47 V (Eq. 3)

Bi-based materials were found to be effective anode for the two-electron photocatalytic waterto-H2O2 process. 16,42 However, to date, no electrocatalytic studies have been carried out on the potentiality of micro-and/or nano-structured bismuth materials derived from the above coordination chemistry with the tartaric acid. This would be worthwhile as the oxygen reduction reaction (ORR, Eq. 1) is highly sensitive to the surface state. Specifically, a high selectivity toward hydrogen peroxide is achieved when O2 is perpendicularly adsorbed by a single atom on the catalytic surface, which is enabled by the inter-distance between active sites and the heterogeneity of the catalytic surface. [43][44][45] It is therefore relevant to examine the potentiality towards ORR of the materials obtained by the coordination chemistry of tartaric acid. The direct hydrogen peroxide production from the oxygen is particularly important for the on-site treatment of organic pollutants through the electro-Fenton process. [46][47][48][49] To take up the above challenges, we aim in the present study to interrogate physico-chemically and electro-catalytically the effect of the molar ratio [sodium hydroxide]/[bismuth (III) nitrate] on the properties of the resulting bismuth-based materials. Specifically, we integrated various and complementary physical and electro-analytical techniques, namely the scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), cyclic voltammetry (CV), linear sweep voltammetry (LSV), rotating ring-disk electrode (RRDE), electrochemical impedance spectroscopy (EIS), bulk electrolysis and UV-Vis assays.

Our outcomes demonstrate that the different engineered types of bismuth-based micro-and nanostructured materials exhibit distinct surface and catalytic properties when the as-synthesized materials are employed in the specific application of electrochemical hydrogen peroxide production from oxygen. FAA-3-50) was purchased from Fuel Cell Store (USA) and activated according to the procedure freely available on the internet website of the supplier. The water as solvent and used during the entire study was ultrapure and was obtained from a Milli-Q Millipore source (MQ, 18.2 M cm at 20 °C).

Experimental Section

Synthesis of different types of bismuth-based materials

The used procedure to synthesize bismuth-based materials was derived from a published method, 8 but with some adjustments to be able to produce different types of materials. In a typical synthesis, a mass of 1.212 g of Bi(NO3)3•5H2O was dissolved by stirring in 5 mL of an aqueous solution of 1.8 M HNO3; all in a 500 mL three-neck round-bottom flask. Then, 0. [START_REF] Napporn | Fuel Cells and Hydrogen: From Fundamentals to Applied Research[END_REF] i.e., a combination of aqua regia (3 vol. of HNO3 and 1 vol. HCl) and hot water.

Procedures of physicochemical characterizations

The morphology of the as-fabricated materials was analyzed by SEM on a Hitachi S-4800 microscope. have been post-corrected for ohmic drop, as determined by EIS. To prepare a homogeneous catalytic ink, 130 µL of water and 50 µL iPrOH were subjected to a vortex mixing followed by the addition of 5 mg of a desired material to undergo a sonication in a water batch. Before any catalytic ink deposition on the GC disk, RRDE was polished with alumina slurry of 3, 1 and 0.05 μm successively and washed with water before a final step of sonication in water for 5 min in order to remove any traces of remaining alumina. To get a good thin film of the catalytic ink onto GC, the RRDE was mounted on an inverted rotator shaft set at 0 rpm. After pipetting 4 µL onto the GC tip (loading of 0.5 mgcat cm -2 ), the ink was subsequently dried under ambient conditions by increasing the rotator speed to 400 rpm and maintaining it until complete drying. [START_REF] Shinozaki | [END_REF]52 The electrochemical measurements were performed on a home-made PTFE cell to withstand the alkalinity, operated at room temperature (22 ± 2 °C) and was frequently and rigorously cleaned by the permanganate method. [START_REF] Napporn | Fuel Cells and Hydrogen: From Fundamentals to Applied Research[END_REF] For CV experiments, the electrochemical measurements were recorded in a conventional three-electrode setup. The GC disk coated with the catalytic ink was the working electrode, a 12.4 performed by fast potential cycling from 0.3 to 0.9 V vs RHE at 100 mV s -1 in O2-satured 1 M KOH for a total of 5000 cycles (1 cycle = forward and backward).

Procedures of electroanalytical measurements

Direct monitoring by the RRDE setup. The hydroxide peroxide in the form of HO2 -in alkaline media (pKa(H2O2/HO2 -) = 11.75) and the overall exchanged number of electrons nexp were determined online by Eqs. 4 and 5, respectively. [START_REF] Napporn | Fuel Cells and Hydrogen: From Fundamentals to Applied Research[END_REF]53,54 For those RRDE measurements, a fourelectrode potentiostat (also referred to as double-or bi-potentiostat) was utilized. RRDE was calibrated in N2-saturated 1 M KNO3 + 5 mM K3[Fe(CN)6] to determine its collection efficiency (N) defined as the fraction of the species formed at the disk that effectively arrives at the ring and reacts there, which was verified to be 24.5 ± 0.5% (Fig. S2), in agreement with the manufacturer's value of 24.9%.

R D I I N HO    1 200 (%) 2 (Eq. 4) D R ex I N I n   1 4 (Eq. 5)
ID is the current from O2 reduction at the disk and IR is the current from the intermediate HO2 - oxidation at the ring (note that current-potential curves were plotted according to IUPAC convention for which to a positive current is oxidation and a negative current is reduction 55 ).

Bulk electrolysis and UV-Vis assays. Bulk electrolysis was carried out in an H-type cell at room temperature (22 ± 2°C) for an applied potential of 0.6 V vs RHE (iR-uncorrected) and 2 h. The two compartments were separated by the anion exchange membrane. Anodic compartment contained 57 mL of outgassed 1 M KOH and a glassy carbon plate of 16.5 cm 2 as counter electrode.

The cathodic compartment contained 57 mL of O2-saturated 1 M KOH, the reference electrode (Hg|HgO|KOH 1 M) and the working electrode. The latter was made of a piece of GDE cut into a L-shape of 2 cm high and 1 cm wide (exposed area of 2 cm 2 , not taking into account its 3D structure) and enough space on the top for electrical wiring with gold. An aliquot of 41 µL of the catalytic ink was gradually deposed onto each side and left to dry at room temperature to reach the same loading as RRDE, i.e., 0.5 mgcat cm -2 . The solution was gently stirred during electrolysis and O2 flow (on surface) maintained. The samplings were firstly acidified toward pH 3.5, and the transformed H2O2 species (HO2 -(aq) + H + (aq) = H2O2, pKa = 11.75) were secondly quantified by UV-Vis assays using potassium titanium (IV) oxalate as a colored indicator. 40,[56][57][58] For that, the absorbance of the yellow pertitanic acid complex between hydrogen peroxide and potassium titanium oxalate was measured at λ = 390 nm on a JASCO V-570 UV-Vis-NIR spectrophotometer.

The faradaic efficiency (FE) also referred to as faradaic selectivity for the electrosynthesis of HO2 - was evaluated from Eq. 6.

100 100 (%) exp 2      Q CVF n y electricit total HO produce to used y electricit partial FE (Eq. 6)
C(mol L -1 ) is the molar concentration of HO2 -, V(L) is the volume of the electrolysis solution,

F(= 96485 C mol -1 ) is the Faraday constant, Q(C)
is the total electrical of charge passed through the reaction, and nexp is the exchanged number of electrons (nexp = 2 for O2-to-HO2 -).

Results and discussion

Preparation of various bismuth-based materials

The complexation between the tartaric acid and the bismuth (III) was used as a tool to design an advanced synthesis process that will allow us obtaining bismuth-based materials with different morphologies and subsequently modify their surface and structural properties. Scheme 1 resumes the designed methodology, which mainly relies on the change of the alkalinity of the reactor content that was adjusted by the sodium hydroxide base. Indeed, we first hypothesized that the change of the alkalinity in the starting colloidal solution should enable to regulate the complexation between the organic acid and the metallic cation. This would act as a basis to manipulate the seeding, growth and subsequent self-assembly into micro-and nano-structured materials. The latter will lay the foundation towards the preparation of composite and hybrid materials with advanced surface and electrocatalytic properties. Upon the addition of the tartaric acid to the reactor containing a dissolved bismuth (III) nitrate, a white temporary suspension attributed to the [Bi2(C4H3O6)2] organic complex was rapidly formed. [6][7][8] When sodium hydroxide was added, the previous white suspension disappeared for a certain amount (R higher than 12). This observation is explained by the deprotonation of the previous organic acid leading to a Bi2(C4H2O6)2] 2-ioncomplex, 7 as highlighted in Scheme 1. By combining the acidity of the native tartaric acid (pKa = 3.0 and 4.4) to the reduction kinetics of [Bi2(C4H3O6)2] and Bi2(C4H2O6)2] 2-by the sodium hypophosphite, different types of bismuth products are expected. To rationalize our synthesis methodology, the amount of bismuth precursor was fixed and that of sodium hydroxide was changed according to the molar ratio R = n(NaOH)/n(Bi(NO3)3•5H2O). This new design was highly motived by the possibility to produce various bismuth materials ranging from metallic to oxide by a simple change of one parameter, which could inspire and facilitate further scaling up.

We next carefully studied the produced materials by a set of physiochemical and electrochemical techniques before the evaluation of their ability towards the targeted electrocatalytic hydrogen peroxide production.

SEM and EDX analysis

We first utilized the microscopic techniques to determine whether the hypothesized production of different micro-and nano-structured bismuth-based materials by the change of the molar ratio R = n(NaOH)/n(Bi(NO3)3•5H2O) was successful or not. Fig. 1 shows the SEM images at different magnifications for the materials obtained for R = 0, 6, 12, 24 and 30. Additional SEM pictures are reported in Figs. S3-S9 to probe a wide spectrum of R = 0 to R = 30 and better see the effect of the alkalinity on the nature of the produced material. For R = 0 to R = 6, a brown color powder produced at a yield of about 100% (relative to the expected bismuth weight and the recovered one)

and consisting of nano-scale particles of the order of 100 nm, which undergo a self-assembly process to yield micro-particles. As it can be observed in Fig. 1 and Figs. S3-S4, the materials produced at R = 2-6 are more homogeneous with a well-defined morphology than the material fabricated without any addition of NaOH (R = 0). For R = 12, a white solid was recovered with a yield of 142% and mainly composed of fibers of about 100 nm width and micro-sized in length (see Fig. 1 and Fig. S5). This extra yield and the color of the recovered product would indicate that a composite material was obtained, which may likely involve the hydration, hydroxyl or oxyhydroxyl-based system. Further complementary studies by EDX, XRD and XPS will provide more information. The material obtained at R = 8 (Fig. S3) is a transition between the metallic state for R = 0-6 and the (oxy)hydroxyl one at R = 12. The ratio R = 18 was found to be another transition state towards the production of a black powder at a yield of 74%, which is mainly composed of microfibers and some microparticles (Fig. S6). Indeed, for R = 24, micro-and nanoscale particles materials were obtained at a chemical yield of 63% (Fig. 1 and Fig. S7). For R = 30 (Fig. 1 and Fig. S8), there is an overwhelming presence of micrometric particles of particular morphology (chemical yield of 60%) when we compared with the materials produced at R = 0-6.

Increasing excessively the amount of NaOH up to R = 36 results in the obtaining of crystals of various shapes from spherical to rods (chemical yield of 32%) as evidenced in Fig. S9. The raison behind a yield below 100% is simply due to the filtration process in which smaller particles are unavoidably passing through the pores of the membrane. Those SEM characterizations highlight, for the first time, a strong discrepancy leading to three types of materials, R = 0-6, R = 12, and R = 24-36. Indeed, the only reported synthesis method 8 did not result in the obtaining of the present materials. Those visual results confirm our postulated hypothesis and indicate that the growth and crystallization can be regulated by the modification of the alkalinity of the synthesis media. The detailed mechanism and driving force behind this synthesis will be discussed later in the manuscript when the materials will be well characterized. Furthermore, given the diverse morphologies and sizes of the as-synthesized materials, it is anticipated different trends in the electrocatalytic properties.

Having revealed and confirmed by SEM that we were able to prepare different composite and hybrid bismuth-based materials, we next sought to examine precisely the composition of those micro-and nano-structured materials. To address that, we utilized the EDX to focalize the study on the representative materials of R = 0, 6, 12, 24 and 30. The results are presented in terms of the overall mass composition (Fig. 2a), the overall atomic composition (Fig. 2b), and the atomic ratio of oxygen/bismuth (Fig. 2c). The bismuth content was evaluated to be 95.6 ± 0.5, 93.0 ± 2.1, 75.0 ± 2.0, 87.6 ± 2.0, and 88.7 ± 1.5wt%, for R = 0, 6, 12, 24 and 30, respectively. Control analysis by TGA-DSC of the as-synthesized material at R = 30 confirmed the trend about the presence of water/carbon species of ca. 2 wt% (Fig. S10). The high atomic percentages in Fig. 2b are simply the result of the low molecular weight of oxygen and carbon compared to bismuth. If the presence of carbon could be attributed to the used complexing agent (tartaric acid) and stabilizer (sodium oleate), the disparity suggests that the remaining amount depends strongly of the type of materials.

The oxygen-to-bismuth atomic ratio given in Fig. 2c provides insightful information about the type of material that was formed. In all cases, the ratio is below 6, which allow us to rule out the simple crystallization of the [Bi2(C4H3O6)2] molecular complex or the Bi2(C4H2O6)2] 2-ioncomplex (no sodium counter cation was detected by EDX) for which two atoms of bismuth correspond to 6 atoms of oxygen. Quantitatively, O/Bi atomic ratio is 0.17 ± 0.05, 0.32 ± 0.09, 

PXRD screening

The previous discussion of the SEM and EDX results has pointed out the possible synthesis of bismuth-based materials with different crystallinity and composition. To unambiguously verify those potentialities, we next performed the powder X-Ray diffraction (PXRD) for the entire ten materials that were prepared through the regulator R = n(NaOH)/n(Bi(NO3)3•5H2O). Fig. 3 displays the obtained PXRD patterns of the as-synthesized bismuth-based materials at different molar ratio. The measurements were made under the same experimental conditions. From the Fig. 3a, the overall comparison of the ten types of materials for R = 0-36 already reveals a difference in intensity and the number of peaks. A separation (Fig. 3b, R = 6-36) and indexed patterns (Figs.

3b-c, R = 8-36 and R = 0-6) allow examining closely the different situations. For R = 0-8, the respectively. 8,[59][60][61] The observed peaks at 22.5 and 23.8° in Fig. 3a are assigned to the (003) and

(101) reflections of that metallic bismuth. 8,60,61 This bulk diffraction characterization clearly demonstrates that metallic micro-structured particles of bismuth are obtained when R is below 12, which is in full agreement with the previous EDX analysis where the O/Bi atomic ratio of 0.17 ± 0.05 suggested the presence of oxygen at metallic bismuth by a natural surface oxidation. Besides, a deeper look at the PXRD patterns of the samples obtained for R = 12 and R = 18 suggest that those materials are amorphous, which may be likely Bi(OH)3 or BiOOH and support again the EDX results. However, when R was further increased up to 36, diffraction peaks were observed in addition to those of metallic bismuth. Specifically, the diffraction peaks observed at 24.9, 27.8, 30.5, 33.1, 41.8, 49.2, 52.6, and 54.2° were indexed to the tetragonal structure of Bi2O3 with (210), ( 201), ( 211), ( 220), ( 212), ( 410), ( 411), (203) planes, respectively. 8,[27][28][29] This set of results by PXRD fully supports the successful design of a synthesis methodology to engineer different types of micro-and nano-structured bismuth-based materials with different shape, composition and crystallinity. Those characteristics will undoubtedly be a powerful tool to control the electrocatalytic selectivity towards the oxygen reduction to hydrogen peroxide. Considering that the targeted application for these materials in the present work concerns surface reactions, it is also important to examine their surface state in a sufficient detail. This will be the scope of the forthcoming section.

XPS probing

The through the electrons of the Bi-Bi bond has been assigned to the binding energy of the Bi 4f7/2 between 157.2 and 158.1 eV. [62][63][64][65][66] Herein, we observed a peak with a much lower binding energy of Bi 4f7/2 = 156.5 eV. Similar observation was made in literature and assigned to the metallic bismuth involved in organic molecules with Bi-O-bonds, 63 here resulting from the remaining trace of organics that were used as complexing agent or stabilizer. The presence of Bi(OH)3 with Bi-OH bonds either coming from the spontaneous surface oxidation or the direct synthesis was evidenced by the component with a peak at Bi 4f7/2 = 158.4 ± 0.4 eV. 62,64 The peak with the binding energy at Bi 4f7/2 = 158.8 ± 0.3 eV corresponds to the O=Bi-OH bonds in the oxyhydroxide BiOOH. 62,64 Finally, the Bi2O3 phase with Bi-O-Bi bonds was suggested for the peak a binding energy of Bi 4f7/2 at 161.0 ± 0.4 eV even if it normally appears around 160.3 eV. [62][63][64] This proposition was mainly supported by the fact that in EDX (Fig. 2c), O/Bi is much more closed to Bi2O3 species, which also appears in XRD patterns only when R ≥ 24 (Fig. 3). Furthermore, the quantitative data shown in Fig. 4f indicate that the surface is mainly composed of Bi(OH)3 for the entire materials, which results from the natural oxidation of bismuth and hides the trends observed by both PXRD and EDX. It can, however, be observed that more Bi 0 species are present at the surface for R below 12 while the amount of Bi2O3 species augments for R larger than 12. Fig. 5a illustrates the portion of the material that is typically analyzed by XPS with a depth of 1-5 nm, which can explained why Bi(OH)3 was predominantly observed in Fig. 4. Fig. 5b gives an overall surface atomic composition of the chemical species as-quantified from XPS, which are oxygen, carbon and bismuth. The trend is not the same in comparison to the results obtained by the EDX in Fig. 2, which is explained by the analyzed depth by both techniques. The high amount of carbon species is explained by the remaining trace of organics that could be easily eliminated by the electrochemical treatment with cyclic voltammetry, which is efficient in removing organic molecules without perturbing the shape or morphology of the particles. [67][68][69] The next section will aim to provide the electrochemical characteristics of those well-characterized materials by SEM, EDX, TGA-DSC, XRD, and XPS.

Electrochemical analysis

In a further attempt to simultaneously determine the electrochemical characteristics of the asfabricated materials while evaluating their catalytic performance towards the ORR, we next utilized the CV in 0.1 M KOH. To bring out a comprehensive understanding, we considered the four classes of materials obtained at R = 6, 12, 24 and 30 with a comparison to the control sample obtained for R = 0. The blank CVs at 100 mV s -1 were recorded in the outgassed electrolyte while those for ORR were obtained after saturation with O2. Figs 6a-e and Figs. S11-S14 show the obtained CVs. It should be pointed out that stable CVs were obtained after 30 cycles, which is common in electrochemistry to stabilize the surface. This also aims to potentially remove any remaining organic compounds as it was mentioned in the previous paragraph. Typical profiles of the successive CVs recorded at 100 mV s -1 in Ar-saturated 0.1 M KOH were reported Fig. S11.

The blank CV profile is different from one electrode to another one, which supports the idea of the preparation of different types of materials. During the positive scan, the anodic peaks were attributed to the oxidation of bismuth (0) to bismuth (III) to form BiOOH, Bi(OH)3, and Bi2O3 species. [27][28][29][30][70][71][72] It was reported that the pre-peak corresponds to a small fraction of Bi metal sites located near the bismuth-metal/micropore-solution interface while the main and the plateau are related to the oxidation of bismuth metal to bismuth (III). 70 During the reverse scan, the main cathodic peak corresponds to the reduction of the previously formed bismuth (III) to bismuth metal, which is considered to be composed of several steps and where the intermediate species BiO2 2-was used to explain to the presence of at least one cathodic peak. 70,73 The effects of the upper potential (Fig. 6f and Fig. S13) and the scan rate (Fig. S14) confirm the excellent reversibility of the oxidation and reduction processes observed in Figs. 6a-e. The present bismuthbased materials have a lower peak-to-peak gap in comparison to other reported bismuth materials. [27][28][29][30]71,[74][75][76][77] This high capacity of reversibility could therefore give rise to further application in electrochemical super-capacitor for the energy production and storage with an outstanding performance. [27][28][29][30]71,[74][75][76][77] The evaluation of the charging-discharging is beyond the scope of the present work.

In the presence of O2, the first cycle shows the appearance of a reduction wave starting at about 0.9 V vs RHE. As it is reported in Fig. S12, the reduction peak returns to its normal profile and position after the 2 nd cycle. The presence of the pre-peak for the electrode fabricated from the material R = 12 suggests that the electrocatalytic oxygen reduction reaction had induced a restructuring of the surface of the material or provided a better surface cleaning. Indeed, carbon monoxide oxidation at metallic surfaces had been employed as an electrochemical cleaning method when the synthesis method involved the use of organic molecules. 78 Overall, those preliminary tests by CV performed in the presence of O2 already suggest a good activity towards the electrocatalytic oxygen reduction reaction. It now remains to evaluate the depth of the reduction of this oxygen to know if it is a complete phenomenon with four transferred electrons (O2 + 2H2O + 4e -→ 4HO -) or partially two electrons to produce hydrogen peroxide (O2 + H2O + 2e -→ HO2 -+ HO -) as targeted herein.

Sketch of the developed synthesis process for various types of bismuth-based materials

The entire experimental results obtained from the physicochemical and electrochemical techniques were combined to make a scheme illustrating the different scenarios. Scheme 2 shows the proposed different steps. The step (a) is the dissolution of the Bi(NO3)3•5H2O precursor in the nitric acid solution in order to avoid precipitation in the hydroxide form. Seminal work showed that when sodium tartrate is added to an acetic acid solution containing bismuth nitrate, a white precipitate is formed, which contains 58.3% of bismuth, closed to the [Bi2(C4H3O6)2] compound (indicated in the step (b)). 7 This situation is therefore slightly similar to the material obtained in the case of R = 12 in which some traces of the complex may exist. It should be underscored that we unambiguously demonstrated by different set of techniques that it is not exactly the situation and the previous authors did not performed any reduction as we run herein. Furthermore, the extra amount of sodium hydroxide that was needed to dissolve this white suspension and form Bi2(C4H2O6)2] 2-is explained by the initial acidity of the solution and the requirement to deprotonate the native tartaric acid (pKa = 3.0 and 4.4) before complexation. Depending on the amount of the sodium hydroxide, either the [Bi2(C4H3O6)2] molecular complex or the Bi2(C4H2O6)2] 2-carboxylate is further reduced by the sodium hypophosphite to synthesize bismuth particles and release the tartrate as by-product. The step (c) accounts another situation, whereby the bimolecular complex undergoes a partial or full hydrolysis in the presence of a high amount of sodium hydroxide to generate different types of bismuthyl bismutho sodium tartrate. 7 Given the initial acidity of the medium and the findings from different characterizations, we conclusively hypothesized that: (i) the materials obtained for R = 0-6 correspond to the bismuth precursor described by Scheme 2a, (ii) the material obtained for R = 12 is better described by the bismuth precursors presented in Scheme 2b, and (iii) the materials obtained for R = 18-36 likely originate from the bismuth precursors drawn in Scheme 2c.

Catalytic performance towards electrochemical hydrogen peroxide production

We finally combined different electroanalytical methods to evaluate the electrocatalytic performance of the as-synthesized materials. The first setup was the rotating ring-disk electrode (RRDE), described by Eqs. 4, and 5. Fig. 7 shows the obtained results in 0.1 M KOH electrolyte for the different and representative materials obtained at R = 0, 6, 12, 24, and 36. The blank experiments were performed when no catalytic ink was deposited and referred to as GC (glassy carbon). We initially recorded the open circuit potential (OCP), which is a thermodynamic indicator of the reaction feasibility. OCP stabilizes to 0.93, 0.93, 0.85, 0.80, and 0.85 V vs RHE for R = 0, 6, 12, 24, and 36, respectively (0.85 V vs RHE for GC). Those values as slightly larger than the expected potential of the process O2 + H2O + 2e -→ HO2 -+ HO -, E° = 0.76 V vs RHE.

This could thus suggest that the starting process is O2 + 2H2O + 4e -→ 4HO -for which E° = 1.23

V vs RHE. It should however keep in mind that OCP is not a fair descriptor since unlike H2 oxidation, the oxygen reduction has low kinetic so that the onset potential does not always match with the OCP. So, we further recorded the LSV curves to simultaneously visualize the disk current density coming from the oxygen-to-hydrogen peroxide reduction process and the ring current density resulting from the oxidation the produced hydrogen peroxide. Fig. 7b displays the obtained LSV where the onset potential was found to be 0.75 ± 0.05 V vs RHE, thus in line with a twoelectron transferred process (Eq. 1). The quantitative results in Fig. 7c show that, at 0.6 V vs RHE, the couple of data associated to the hydrogen peroxide selectivity and real overall transferred number of electrons (%HO2 -, nex) for the different investigated materials is GC (88%, 2.2e-), R0(84%, 2.3e-), R6(63%, 2.7e-), R12(83%, 2.3e-), R24(53%, 2.9e-), R30(88%, 2.2e-). At 0.5 V vs RHE, the performance is GC(88%, 2.2e-), R0(77%, 2.5e-), R6(63%, 2.7e-), R12(88%, 2.2e-), R24(59%, 2.8e-), R30(92%, 2.1e-). It can clearly be observed that the material R = 0 is gradually losing its efficiency while R = 12 and R = 30 maintain a good performance in hydrogen production.

Even if GC showed a competitive selectivity, it should be pointed out that it has no real interest given its very high cost and the low current density obtained in the potential range of 0. The values of the Tafel slope, which is a mechanism and kinetic descriptor, support the previous choice. Before comparing our results to the existing literature with other types of electrocatalysts (no bismuth-based materials have been reported to date), [33][34][35]39,[79][80][81][82] we also utilized electrochemical impedance spectroscopy (EIS) for modeling the electrocatalytic interface as well as confirming the trends observed for the Tafel slope. The results in terms of the complex-plane Nyquist impedance at 0.67 V vs RHE are shown in Fig. 7e with inset the corresponding electrochemical equivalent circuit of R+QCPE//Rct, where R is the ohmic resistance, QCPE is the capacitance of the constant phase element and Rct is the charge transfer resistance (proportional to the rate constant). [START_REF] Lasia | Electrochemical Impedance Spectroscopy and its Applications[END_REF][START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] The extracted data are reported in Table S1 and the charge transfer resistance was used to draw the Tafel plots shown in Fig. 7f. The lowest charge transfer resistance was observed for R = 12 and R = 24, which was expected given the LSV profiles in Fig. 7b. Taking into account the selectivity for the targeted application, we concluded that R = 12 and R = 30 should be prioritized for further deep investigation. All the above results highlight that the best selectivity towards the electrochemical hydrogen peroxide production is when the starting materials contain oxygen species. The heterogeneous surface composed of bismuth and oxygen atoms consequently favors the perpendicular adsorption of the molecular oxygen. 43,44,[START_REF] Staszak-Jirkovský | [END_REF] To achieve this perpendicular adsorption of O2 by a single atom on the catalytic surface, the driving force is the spacing between adjacent active sites and the heterogeneity of the catalytic surface that modulates the electronic interactions. This explains the low performance of the metallic material ,d, f with the rotating speed is normal and is simply because the collection efficiency itself undergoes fluctuations (see Fig. S2a). The quantitative data gathered in Table 1 demonstrate that a better efficiency is obtained with the material R = 30 (95.5%, 2.1e-, and 30 A g -1 at 0.6 V vs RHE for 1600 rpm) in comparison to the material R12 (90.2%, 2.2e-, and 29 A g -1 at 0.6 V vs RHE for 1600 rpm). Since long-term stability matters for a practical application, we performed an accelerated stress test (AST) for the catalyst that gives the best performance (R = 30). This was carried out in O2-staurated 1 M KOH and was composed of 5000 cycles of CV in the potential window where the material is electrocatalytically active, i.e., 0.3-0.9 V vs RHE. The results in Fig. 8e,f, Table 1 and Fig. S15 clearly demonstrate that the catalytic material exhibits an outstanding stability and performance with a slight improvement of the mass-corrected kinetic current density after this accelerated ageing program (95%, 2.1e-, and 68 A g -1 at 0.6 V vs RHE for 1600 rpm). For the comparison with the recent and existing data, the obtained high kinetic current density, at 0.55 V vs RHE, of 977, 929, and 965 A g -1 for R12, R30 and R30-AST, respectively, outperform the reported values of 73-600 A g -1 . 34,79,80,82 voltammograms recorded in argon-saturated electrolyte and the coulometry experiment in the presence of oxygen. Fig. 9d demonstrates that the activity was maintained since the electrical charge is increasing. Furthermore, it can be also observed that the catalytic particles did not cover the entire surface of the microfibers within the 3D network of the carbon paper. Those observations rationally explain the slight decrease in faradaic efficiency that was observed during the bulk electrolysis experiment when compared to the value obtained by the RRDE method. This was expected since the carbon paper has a lower selectivity (Fig. 9d). Indeed, as it is impossible to cover all the microfibers of the carbon paper with the catalytic ink because of the 3D structure, a part of the input electricity will be used to drive O2 reduction at the carbon paper. In the case of the RRDE, a thin film has been obtained so that the observed activity can be entirely attributed to the bismuth material.

Conclusion

We presented in this contribution a work dealing with the preparation and characterization of advanced bismuth-based materials designed by the coordination chemistry and for the specific application of the direct electrosynthesis of hydrogen peroxide from oxygen. The successful preparation of different types of those catalytic materials was based on a strict control of a single experimental parameter, namely the molar ratio R = n(NaOH)/n(Bi(NO3)3•5H2O), which was varied from 0 to 36. The alkalinity and the tartaric acid as an eco-friendly organic molecule were combined together to regulate the formation of bismuth-based organic complexes as the initial building blocks. The latter further grow to yield bismuth particles with tunable properties and catalytic efficiency. From a set of physiochemical (SEM, EDX, XRD, and XPS) and electrochemical (CV) methods, the findings indicate that three classes of materials can be easily and conveniently produced depending on the value of the regulator R. Specifically, metallic bismuth (Bi), bismuth (oxy)hydroxide (BiOOH/Bi(OH)3), and bismuth oxide (Bi2O3) were obtained for R = 0-8, R = 12, and R = 24-36, respectively. These materials were applied to the electrosynthesis of hydrogen peroxide, which was qualitatively and quantitatively studied by the rotating ring-disk electrode (RRDE), electrochemical impedance spectroscopy (EIS), bulk electrolysis and UV-Vis. It was observed that the co-existence of both bismuth and oxygen atoms in the catalytic material is critical for targeting high selectivity. Specifically, at 0.5 V vs RHE in 

cm 2

 2 glassy carbon plate acted as the counter electrode and a mercury-mercury oxide electrode (Hg|HgO|KOH 0.1 or 1 M, MOE, RE-61AP Reference Electrode for alkaline solution, BAS Inc.) was used as the reference electrode. The potentials were then converted versus the reversible hydrogen electrode (RHE) according to the calibration relationship E(V vs RHE) = E(V vs MOE) + ΔE. ΔE = 0.922 V (0.1 M KOH) and 0.946 V (1 M KOH) at 25 °C in 0.1 and 1 M according to the calibrating curves shown in Fig. S1. Given the used electrolyte, a corrosion-resistant material was used for the solution outgassing and oxygen saturation, for instance the Tygon ® XL-60 Clear, Peristaltic Pump Tubing (Veber Caoutchouc, France). The accelerated stress test (AST) was

2. 55

 55 ± 0.25, 1.21 ± 0.3, 1.18 ± 0.19 for R = 0, 6, 12, 24 and 30, respectively. This would mean that three categories of materials were prepared. First, metallic state (Bi 0 , O/Bi = 0) was obtained for R = 0-6 where the observed oxygen results from the natural oxidation of bismuth when exposed to ambient air. Second, a hydroxide or oxyhydroxide state (Bi(OH)3 or BiOOH, O/Bi = 2-3) was obtained for R = 12. Third, an oxide state (Bi2O3, O/Bi = 1.5) was obtained for R = 30 with substantial presence of metallic bismuth. Metallic and oxide materials are basically crystalline while the (oxy)hydroxide can exhibit an amorphous state. At this stage, it can thus be concluded that EDX has confirmed the observations made with the SEM. It consequently remains to confirm the crystallinity and phase identification by a more specialized technique, which is the purpose of the next section.

  preceding outcomes by SEM, EDX, and PXRD demonstrated that the regulation of the synthesis by the molar ratio R = n(NaOH)/n(Bi(NO3)3•5H2O) has enabled the development of three classes of bismuth-based materials. Given the sensitivity of bismuth to natural oxidation and the targeted application in heterogeneous catalysis, we further used XPS to probe the surface state and composition more closely. Figs. 4a-e show the high-resolution spectra of the Bi 4f region for the different type of materials. The presence of metallic bismuth at an oxidation state zero (Bi 0 )

  4-0.6 V vs RHE, which are expected for the implementation in practical electrolyzers. By taking the disk current density at ca. 0.45 V vs RHE as the limiting current density, the mass-corrected kinetic current density normalized to the amount of the catalyst (jk) was determined to compare the different catalysts. The results are plotted as Tafel plots in Fig.7d. At 0.55 V vs RHE, jk = 3.4, 8.8, 44.9, 3.7, and 9.7 A g -1 for R = 0, 6, 12, 24, and 30, respectively. Those results of selectivity and kinetic current density show that the materials obtained for R = 12 and R = 30 are the best performing catalysts.

  in comparison to the oxides and the oxy-hydroxides materials. The results obtained in 1 M KOH electrolyte are shown in Fig. 8 and Fig. S15 at the different speeds of the RRDE. The slight fluctuation in Figs. 8b

± 3 Scheme 1 .

 31 Scheme 1. Illustration of the used strategy to produce a library of bismuth-based materials by regulating the coordination between tartaric acid and bismuth (III).

Fig. 1 .

 1 Fig. 1. SEM characterization of the as-synthesized bismuth-based materials at different molar ratios: R = n(NaOH)/n(Bi(NO3)3•5H2O). Left to right, materials for R = 0, 6, 12, 24 and 30. Top to down: from an overview to a closer-view.

Fig. 2 .

 2 Fig. 2. EDX characterization of the as-synthesized bismuth-based materials at different molar ratios: R = n(NaOH)/n(Bi(NO3)3•5H2O). (a) Overall mass composition. (b) Overall atomic composition. (c) Atomic ratio of oxygen/bismuth.

Fig. 3 .

 3 Fig. 3. Powder XRD patterns of the as-synthesized bismuth-based materials at different molar ratios: R = n(NaOH)/n(Bi(NO3)3•5H2O). (a, b) Overall comparison of R = 0-36 (a) and R = 6-36 (b). (c, d) Indexed patterns for R = 8-36 (c) and R = 0-6 (d).

Fig. 4 .

 4 Fig. 4. XPS analysis the as-synthesized bismuth-based materials at different molar ratios: R = n(NaOH)/n(Bi(NO3)3•5H2O). (a-e) High-resolution of the Bi 4f region of: (a) R = 0, (b) R = 6, (c) R = 12, (d) R = 24, and (e) R = 30. (f) Surface atomic composition of bismuth-based species asdetermined from XPS.

Fig. 5 .

 5 Fig. 5. XPS analysis the as-synthesized bismuth-based materials at different molar ratio: R = n(NaOH)/n(Bi(NO3)3•5H2O). (a) Picture showing the portion of the analyzed part by XPS. (b) Overall surface atomic composition of the chemical species as-determined from XPS.

Fig. 6 .

 6 Fig. 6. Characterization by CV of the materials obtained at different molar ratios: R = n(NaOH)/n(Bi(NO3)3•5H2O). (a-e) CVs at 100 mV s -1 in 0.1 M KOH in the presence of Ar (bleu curves, 30 th cycle) and in O2 (red curves: 1 st cycle): (a) R = 0, (b) R = 6, (c) R = 12, (d) R = 24, and (e) R = 30. (f) CVs at 100 mV s -1 in Ar-saturated 0.1 M KOH for different upper potential limits for the material obtained for R = 0.

Fig. 7 .

 7 Fig. 7. ORR in 0.1 M KOH for the materials obtained at different molar ratios: R = n(NaOH)/n(Bi(NO3)3•5H2O). (a) OCP vs time. (b) LSV curves recorded from a RRDE setup at 5 mV s -1 for the ring (top, normalized by the geometry surface area of the ring (0.11 cm 2 )) and disk (bottom, normalized by the geometric surface are of the disk (0.196 cm 2 )): the rink was set at 1.2 V vs RHE. (c) Quantitative results in terms of HO2 -(left y-axis) and transferred number of electrons (right y-axis). (d) Tafel plots by the kinetic current density normalized by the catalyst loading. (e) Complex-plane Nyquist impedance at Eappl = 0.672 V vs RHE (inset shows the corresponding electrochemical equivalent circuit of R+QCPE//Rct). (f) Tafel plots by Rct.

Fig. 8 .

 8 Fig. 8. RRDE measurements during ORR in 1 M KOH for the materials obtained at R = 12 (a, b), R = 30 (b-f) before AST (a-d) and after AST (e, f). (a, c, e) LSV curves recorded at 5 mV s -1 for ring (top, normalized by the geometry surface area of the ring (0.11 cm 2 )) and disk (bottom, normalized by the geometric surface are of the disk (0.196 cm 2 )): the rink was set at 1.2 V vs RHE. (b, d, f) Quantitative results in terms of HO2 -(left y-axis) and transferred number of electrons (right y-axis).

Fig. 9 .

 9 Fig. 9. Bulk electrolysis. (a) Control CVs at 100 mV s -1 in the H-type cell in 1 M KOH for the bare CP electrode and the modified CP electrode by catalytic ink of the material obtained for R = 30: in the presence of Ar (30 th cycle) and in O2-saturated electrolyte (1 st cycle starting at OCP = 0.98 V vs RHE and 2 nd cycle). (b) Electrical charge passed during the potentiostatic electrolysis at an applied potential of 0.6 V vs RHE (iR-uncorrected). (c) UV-Vis spectra of a sulfuric acid + potassium titanium oxalate solution in the absence and presence of the hydrogen peroxide from the electrolysis (after stabilization to pH = 3.5). (d) Quantified hydrogen peroxide by the UV-Vis assays in terms of productivity (left y-axis) and faradaic efficiency (right y-axis). (e-g) Postmortem SEM and HRSEM images of the CP-R30 electrode after bulk electrolysis: The scale bar = 15 µm for panels (e, f) and 0.15 µm for panel (g). Error bars represent 1 SD (n ≥ 3).

  

Table 1 .

 1 Results at 0.6 V vs RHE from RRDE measurement and bulk electrolysis in 1 M KOH.

	Entry	RRDE(1600 rpm) HO2 -1 (%) nex jk(A g -1 )	Electrolysis and UV-Vis Assays HO2 -1 (mol kg -1 cm -2 ) FE(%)
	R30	95.5	2.1	30	69 ± 3	92 ± 4
	R12	90.2	2.2	29	44 ± 3	62 ± 5
	CP	-	-	-	38 ± 4	37
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To confirm the efficiency observed with the RRDE method, hydrogen peroxide was spectrophotometrically tracked following bulk electrolysis, which was done with the catalyst deriving from R = 30. To this end, 2 hours electrolysis at an applied potential of 0.6 V vs RHE (iRuncorrected) was carried out in an H-type cell, wherein the two compartments were separated with an anion-exchange membrane. The entire results are shown in Fig. 9. Before the bulk electrolysis, control CVs were taken at 100 mV s -1 in the H-type cell for the bare carbon paper (CP) electrode and the ink-modified CP electrode (CP-R30). Fig. 9a shows the CV profiles in the absence and presence of oxygen, which are similar to the findings of Fig. 6 (note that the three dimensional (3D) structure of the carbon paper can slightly alters the voltammogram). This result justifies the choice of 0.6 V vs RHE for the electrolysis. Furthermore, the bare carbon paper has activity towards the electrocatalytic oxygen reduction at the applied potential of 0.6 V vs RHE. This explains the high value of the recorded electrical charge that was passed during the potentiostatic electrolysis. Fig. 9c depicts the UV-Vis spectra of a sulfuric acid + potassium titanium oxalate solution in the absence and presence of the hydrogen peroxide resulting from the electrolysis (after stabilization to pH = 3.5). This control experiment confirms that the wavelength of λ = 390 nm resulting from the pertitanic acid complex between and potassium titanium oxalate can be utilized to selectively quantify any produced hydrogen peroxide as previously reported. 40,[56][57][58] Fig. 9d and Table 1s report the quantified hydrogen peroxide by the UV-Vis assays by two metrics. Those findings in terms of the produced hydrogen peroxide and faradaic efficiency (FE, %) after 2 hours of electrolysis are: (i) 69 ± 3 mol kg -1 cm -2 and 92 ± 4 % for CP-R30, (ii) 44 ± 3 mol kg -1 cm -2 and 62 ± 5% for CP-R12, and (iii) 38 ± 4 mol kg -1 cm -2 and 37 ± 3% for CP. Those quantitative analytical results support the high performance for the catalyst fabricated from the materials obtained by R = 30. The production rate are comparable to up-to-date data gathered in ref. 34 In additional to that, it is important to mention that the faradaic yield of 92 ± 4% is higher than the reported efficiency of 70-87% 39,79 and approaches the benchmarked record values of 94-95%. 33,35 We finally performed post-mortem SEM and HRSEM of the CP-R30 electrode after the bulk electrolysis to reveal the localization and morphology of the particles within the 3D network of the carbon paper support. Figs. 9e,f present the recorded pictures, taken at different places. It can be seen that the particles are well attached to the surface of the microfibers as it is indicated in Fig. 9f. However, a slight modification of the morphology is observed in the high-resolution image, which could be attributed to the electrochemical treatments consisting of preliminary thirty cyclic Supplementary Information † Electronic supplementary information (ESI) available.
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