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On the Stability of Antimony Doped Tin Oxide Supports in Proton Exchange Membrane Fuel Cell and Water Electrolysers

The electrocatalyst support antimony doped tin oxide (ATO) was investigated at low and high potentials with ex situ and in situ electrochemical techniques to assess its stability in proton exchange membrane fuel cell (PEMFC) and water electrolysis (PEMWE) operating conditions.

Introduction

Tin oxide is a support for electrocatalysts with application in proton exchange membrane fuel cells (PEMFC) [1][2][3] and water electrolysers (PEMWE), [4][5][6] combining high corrosion resistance 7,8 with strong interaction with metals, that can lead to promoted electrocatalytic effects. 9,10 Several doping agents have been used to increase the intrinsic low electrical conductivity of semiconductor SnO2, including niobium, [11][12][13] antimony [14][15][16] , aluminium 17 and tantalum, 18 to ensure minimal Ohmic resistance in the targeted energy conversion and storage devices. Tin oxide based nanomaterials with various morphologies (aerogels, nano/microparticles, fibres, tubes) have been synthesised and employed as supports for platinum nanoparticles for the oxygen reduction reaction (ORR) taking place at PEMFC cathodes. 8,9,19,20 In particular, the great stability of such electrocatalysts over prolonged cycling to potentials up to 1.5 V/RHE was highlighted as being the main advantage over conventional carbon-based electrode materials. Whereas most previous work has focused on ex situ electrochemical characterisation, some results obtained on membrane electrode assemblies (MEAs) in single fuel cell characterisation were also reported, 8,12 all of them demonstrating the excellent corrosion resistance of SnO2-based cathodes and the overall cathode stability up to 1.5 V. We have earlier described the development and electrochemical characterisation of platinum decorated niobium and antimony doped SnO2 (NTO and ATO, respectively) electrospun loose-tubes as cathode electrocatalysts. High morphological, structural and electrochemical stability of the tin oxide electrodes was demonstrated, 21,22 which opens up the opportunity for application in PEMWE anodes where high potential is experienced. 6 While the stability of ATO at the high voltage limits expected for a PEMFC is now accepted, its stability on excursions to lower potentials in an operating fuel cell, where reduction to lower oxidation states (Sn, Sn 2+ , Sb 3+ ) of the constituent metal ions can occur, have not been investigated in situ. The possible application of ATO in devices experiencing higher voltage than PEMFC cathodes, such as PEMWE anodes also opens questions on its stability at potentials greater than 1.5 V/RHE. We describe here the results obtained when applying an accelerated stress test (AST) comprising on/off and load cycling. This protocol is not dissimilar to that detailed in the "EU Harmonised Test Protocols for PEMFC MEA Testing in Single Cell Configuration for Automotive Applications" of the Fuel Cells and Hydrogen Joint Undertaking (FCHJU), [START_REF] Tsotridis | EU Harmonised Test Protocols for PEMFC MEA Testing in Single Cell Configuration for Automotive Applications[END_REF] apposite for Pt/C catalysts, and applied here to MEAs comprising cathode layers of ATO supported platinum. The aim of this test is to stress the fuel cell by means of instantaneous and alternating phases of on and off loads causing frequent changes in pressure and temperature. Furthermore, by sweeping the lower potentials where polarisation is significant (corresponding to 1,5 A cm -2 load), this protocol submits the cathode catalyst support to different voltage regimes (≤ 0.5 V) from the previously investigated cycling to high potentials. The anode and cathode exhaust water was collected and analysed by ICP-MS to determine the origin of any structural instability. Other probe spectroscopic methods including X-ray photoelectron spectroscopy, 119 Sn Mössbauer spectroscopy, energy dispersive X-ray spectroscopy were employed to characterise the support evolution upon low potential conditions. We also considered of interest to assess the stability of ATO tubes at potentials higher than those experienced in PEMFC. For instance, in PEMWE devices, where the reverse reactions occur, the voltages applied to split water into oxygen and hydrogen can surpass 1.5 V. Unsupported electrocatalysts e.g. iridium metal or oxide [START_REF] Millet | [END_REF]25 are conventionally used at the anode, where the oxygen evolution reaction (OER) takes place, but in the last years there has been a growing use of support materials, in particular ATO, 26,27 that can promote better dispersion of the catalytic sites. It is essential to know the high potential limit of electrochemical stability of such supports in view of their possible integration in a proton exchange membrane water electrolyser. Ex situ chronoamperometry was thus performed on bare supports at voltages as high as 2.0 V/RHE and coupled with ICP-MS analysis of the liquid electrolyte to assess the stability of ATO tubes at high potential. Furthermore, PEMWE catalyst anode layers were prepared with IrOx supported on ATO and were integrated in an MEA. I/V curves were performed before and after polarisation at the limit potential of 2 V and any element leaching monitored by ICP-MS analysis. The electrodes was also characterised by XPS and 119 Sn Mössbauer spectroscopies.

Experimental

2.1 Preparation of Pt/ATO and IrOx/ATO monodisperse Pt 10,28 and IrOx 29 nanoparticles synthesised by a microwave-assisted polyol method. The doping level (10 %at. antimony) was guided by the electronic conductivity of the resulting doped oxide.

Characterisation of ATO, Pt/ATO and IrOx/ATO

The morphology of the electrospun ATO and Pt particles was characterised by field emission-scanning electron microscopy (FE-SEM) using a Hitachi S-4800 microscope and by transmission electron microscopy (TEM) using a JEOL 1200 EXII microscope operating at 120 kV, equipped with a CCD camera SIS Olympus Quemesa (11 million pixels). For TEM analysis, samples were suspended in ethanol and sonicated before deposition onto carbon-coated copper grids. The average diameter of the Pt and IrOx nanoparticles was determined by measuring 200 selected objects using the ImageJ software. 30 Chronoamperometry measurements were carried out on ATO to investigate its stability at different potential values. Electrochemical analyses were carried out in a three-electrode cell comprising a titanium foil (geometric area 4 cm 2 ) as working electrode, a reversible hydrogen electrode (RHE) as reference electrode and a platinum wire as counter electrode, and using a Bio-Logic SP-150 potentiostat. Potentiostatic accelerated stress tests (AST) were performed by holding the working electrode potential at 1.5/1.6/.7/1.8/1.9/2.0 V/RHE for 4 h in 0.5 M H2SO4 at 80 °C. The ink was prepared by dispersing 28 mg of ATO in 6 mL ethanol/water solution (3/1 v/v) and 136 L of 5 %wt. Nafion ® EW1100 dispersion (Aldrich). After ultrasonication, the entire volume was deposited onto the Ti foil by manual spraying on a hot plate at 70 °C to remove the solvent. Inductively coupled plasma-mass spectroscopy (ICP-MS, Agilent 7900) measurements of 10 mL of the electrolyte solution after chronoamperometry were performed after addition of 1 mL of aqua regia to dissolve any solids. The amount of Pt and IrOx effectively supported on ATO was determined by X-ray fluorescence (XRF) with a PANalytical Axios Max spectrometer fitted with a Rh (4 kW) tube, and equipped with a LiF200 crystal and Omnian software. Samples were prepared by grinding 50 mg of each electrocatalyst with 25 mg of cellulose. The resulting powder was then placed in the centre of a cavity containing H3BO3 (acting as a matrix) and subsequently pressed, in order to obtain a pellet of 32 mm diameter with scanned surface of ca. 1.1 cm 2 . The same protocol was used to prepare seven standards using 15, 20, 25, 30, 35, 40 and 45 %wt of Pt black (Alfa Aesar), IrO2 (99.9% Sigma Aldrich) and ATO to obtain a calibration line.

Preparation of membrane electrode assemblies with Pt/ATO cathodes

Gas diffusion electrodes (Sigracet 10BC, with a nominal loading of 0.5 mg Pt cm -2 ) for the anode were purchased from Baltic Fuel Cell. Nafion ® 212 membranes (Ion Power) were treated as detailed elsewhere 21 before assembly with the electrodes. A catalyst ink was prepared with 7.3 mg of Pt/ATO (or 4.9 mg HiSPEC 9100, Johnson Matthey Pt/C catalyst), 35.4 µL (or 23.9 µL) of a 5 %wt. Nafion ® EW1100 dispersion (Aldrich), 1.5 mL of water and 4.5 mL of ethanol. The ink was sonicated for 10 min and sprayed with an aerograph onto a 8 cm 2 Teflon sheet placed over a heating pad at 80 °C until the target loading of 0.35 mg Pt cm -2 was reached. The resulting catalyst layer was transferred onto the Nafion ® 212 membrane to produce a Catalyst Coated Membrane (CCM). This was achieved by placing the membrane on the catalyst layer, and covering the membrane with a Teflon-glass fibre fabric. By hotpressing at 140 °C for 90 s at 18.8 MPa, the catalyst layer was transferred to the membrane. Finally, the anode and the GDL (Sigracet 10 BC) were hot-pressed in the same conditions to furnish the Membrane Electrode Assembly (MEA).

PEMFC electrochemical characterisation

The prepared MEAs were incorporated in single fuel cell hardware, and were conditioned at 0.4 A cm -2 overnight at 100 % RH and 80 °C. Polarisation curves were recorded under H2/O2 (stoichiometry 1.5/2) in galvanostatic mode. A back-pressure of 1 bar was applied (2 bar absolute pressure). The MEAs were then submitted to on/off cycling, whereby a load of 1.5 A cm -2 was applied to the cell ("on" phase) followed by a period of shutdown ("off" phase), where the load (current) was set to zero. The cell volt age was recorded during the "on" phase. The protocol was applied after measuring the beginning of test (BoT) stable average current density at 0.65 V. This current density was taken as 100 % current density of the on/off profile. The current density was the n increased to 1.5 A cm -2 and maintained for 30 min, and subsequently decreased to the previously recorded initial current density, where the cell voltage was measured. The load was then disconnected, the reactant supply at the cell inlet (without purging) stopped and the cell cooled down to room temperature. These conditions were held for 30 min, then the initial operating conditions were set again and the cycle repeated until the cell voltage at the recorded current density had decreased by 10 % of its initial value, considered here as representing the end of test (EoT). For Pt/C and Pt/ATO, EoT corresponded to 35 cycles. Polarisation curves were measured at BoT and EoT. To identify and quantify any degradation of the catalyst or support, 20 mL samples were withdrawn from the cathode exhaust water after every five start/stop cycles. 1 mL of aqua regia was added to dissolve any solids, and the solutions obtained were analysed by inductively coupled plasma-mass spectroscopy (ICP-MS, Agilent 7900). 2 L of exhaust water was recovered in total at the fuel cell cathode after EoT.

Spectroscopic characterisation of Pt/ATO-based cathodes

The surface chemical state of the Pt/ATO-based cathode catalyst layer before and after fuel cell testing was monitored by X-ray Photoelectron Spectroscopy (XPS) on an ESCALAB 250 spectrometer (Thermo Electron). The X-ray excitation was provided by a monochromatic Al Kα (1486.6 eV) source and the analysed surface area was 400 μm 2 . A constant analyser energy mode was used for the electron detection (20 eV pass energy). Detection of the emitted photoelectrons was performed perpendicularly to the sample surface. Data quantification was performed with the Avantage software, after removing the background signal using the Shirley method. The surface atomic concentrations were determined from photoelectron peak areas using the atomic sensitivity factors reported by Scofield. Binding energies of all core levels are referred to the C-C bond of C 1s at 284.8 eV. 119 Sn Mössbauer spectroscopy was used to characterise the nature of the tin environment before and after the in situ AST. Spectra were recorded at room temperature with a constant acceleration spectrometer using a Ca 119 SnO3 source in transmission geometry, and they were fitted to combinations of Lorentzian lines. The absorbers used for the determination of the hyperfine parameters contained 1 mg cm -2 of the Pt/ATO, Pt/NTO powders. The counting time for the measurements was 74 hours in order to record high signal/noise spectra for each sample. The chemical composition of the tin oxide based cathode layer was further investigated by scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) using a FEI Quanta FEG 200.

Preparation of membrane electrode assemblies with IrOx/ATO anodes

MEA preparation was carried out as follows; for the anode side preparation, an ink was prepared by using 22.7 mg of IrOx/ATO dispersed in H2O:isopropanol (1:3) and 129.9 L of 5 wt. % Nafion ® solution. After homogenisation in ultrasonic bath, the entire volume was deposited with a Nadetech Innovations ND-SP Spray Coater onto a 6.75 cm 2 Teflon sheet placed over a heating pad at 80 °C until a loading of 1 mg cm -2 was reached. The obtained electrode was transferred onto a Nafion ® 115 membrane (Ion Power) previously treated using the procedure previously described. 21 To prepare the CCM 31 the membrane was placed over the electrode in a pre-heated press at 80 °C, and covered with Teflon-glass fibre fabric. The pressure was then increased to 8.1 MPa and the temperature to 140 °C. On reaching this temperature, the pressure was further increased to 15.7 MPa for 45 min. In a second step, the cathode (0.5 mg Pt cm -2 supported on a Sigracet 10BC GDL from Baltic Fuel Cells) was hot pressed in the same conditions.

PEMWE electrochemical characterisation

The MEA prepared as in 2.6 was incorporated into the cell set-up using fluorinated ethylene propylene gaskets at 15-20 % compression. Deionized water (Milli-Q quality, 18 MΩ) was pumped through the anode with a flow rate of 200 mL h -1 . The anode was previously flooded with deionized water. To characterize the cell, a Bio-Logic SP-150 Potentiostat with a 20 A booster was used. The MEA was conditioned at 80 °C for 24 hours at 0.2 A cm -2 to ensure the full hydration of the membrane. Polarisation curves were recorded at 80 °C by increasing the current density from 0 to 2 A cm -2 keeping the current density constant until the variation of the steady-state potential was less than 1 mV min -1 . To evaluate the stability of IrOx/ATO, a polarisation curve was recorded after polarisation of the MEA at 2 V for 4 hours. After these measurements, ICP-MS was used to investigate any electrocatalyst degradation: 5 L of water were recovered from the anode side, and 20 mL were withdrawn and added with 1 mL of aqua regia to dissolve any solids. XPS and 119 Sn Mössbauer spectroscopy were used to characterise the anode after the polarisation at high potential.

Results and Discussion

Morphological characterisation of Pt/ATO

SEM micrographs of 10 %at. Sb doped tin oxide electrospun tubes synthesised by single-needle electrospinning followed by calcination 11,22 are shown in Figure S1a, Supporting Information. The Pt nanoparticles prepared by an optimised microwaveassisted polyol method 10 and dispersed onto ATO displayed an average diameter of 3.5 nm (Figure S1b). The Pt loading evaluated by XRF was 37 %wt. on ATO.

In situ accelerated ageing of MEAs with Pt/ATO and Pt/C cathodes

Pt nanoparticles supported on Sb doped SnO2 demonstrated exceptional ORR electroactivity in ex situ electrochemical characterisation, with mass activity of 0.27 A mg -1 Pt at 0.9 V/RHE, as well as excellent stability at high potential (1.6 V/RHE) with ca 80 % ECSA and ca 65 % mass activity retention after 6,000 cycles. These results are rationalised on the basis of the strong metalsupport interaction that promotes electroactivity and strengthens nanocatalyst anchoring 10 . Better stability of Pt/ATO than Pt/C when cycled in situ at high potential was also demonstrated. 22 In the present work, MEAs were prepared by CCM instead of spraying the catalytic ink on the GDL (to form a gas diffusion electrode, GDE) and using Pt nanocatalysts prepared with the modified synthesis, leading to an exceptional performance comparable to that of Pt on carbon. In Figure 1 is depicted the initial performance of the MEA comprising a Pt/ATO cathode catalyst layer compared to that of an MEA comprising a Pt/C catalyst prepared in an otherwise identical fashion. This figure also provides the I-V curves given by the two MEAs after completion of the accelerated ageing protocol described in section 2.4. The polarisation curve of the MEA comprising the Pt/ATO cathode catalyst layer is practically identical to that given by the MEA with a Pt/C cathode, throughout the current density range to 2 A cm -2 . Both catalysts had similar Pt loading (0.35 mg Pt cm -2 ). This is a remarkable result, which is consistent with the high mass activity of the Pt/ATO catalyst determined with a rotating disk electrode, 10 as well as the high electrical conductivity of the metal oxide support (almost reaching that of carbon) 22 that leads to low resistance of the catalyst layer. The support surface area is sufficient to allow for a Pt loading of 37 %wt, which enables the preparation of a thin, low resistance catalyst layer that did not give greater mass transport resistance than the Pt/C layer. The strong anchoring and thus electrical connectivity between Pt particles and support, 10 and the deposition method used to prepare the electrocatalyst layer may also play crucial roles. Indeed, in our previous work, electrodes prepared by spraying similarly prepared electrocatalysts onto GDLs led to lower power densities than those reported here at 0.6 V (0.61 W•cm -2 , 1.6 A•cm -2 ) despite a higher Pt loading of 0.5 mg Pt cm -2 . 21,22 It is concluded that the optimised Pt particle size, deposition and post-treatment 10 as well as the CCM method used in this work provide more effective fuel cell catalyst layers. Dou et al. reported similar performance as that described here, for Pt/ATO and commercial Pt/C-based MEAs prepared by spraying the catalyst ink on the GDL. 32 On the other hand, Mohanta et al., who also used the CCM method as in this work, reported significantly lower performance of an MEA with Pt/ATO cathode than with Pt/C in single cell tests with H2/air. 8 Kakinuma et al. also reported lower performance for a Pt/ATO-cathode MEA compared to Pt/C or Pt/NTO-based MEAs, all of them based on GDEs, and attributed this finding to Pt poisoning by Sn dissolution and reprecipitation 14 . This phenomenon, occurring only for the Sb doped oxide, was avoided by operating at potentials > 0.4 V, where the Pt/ATO-based MEA was observed to out-perform that with the Pt/C cathode. Several groups have reported studies of Pt/SnO2-based MEAs using high potential accelerated stress tests. 12,14,21,22 Due to the high corrosion resistance of the tin oxide support, in these conditions these cathodes have reproducibly displayed higher durability than carbon-based ones. For instance, in previous work we observed that Pt/ATO tubes suffered no significant degradation after 1,200 cycles under 0.9-1.4 V potential excursions. 21,22 The i/V curves before and after the high voltage cycling were practically superimposable. 22 In contrast, the polarisation curves obtained before and after load cycles with Pt/ATO and Pt/C based MEAs are shown in Figure 1. This accelerated stress test mimics start/stop conditions and differs from previous work by reaching high current density, i.e. quite low potentials, instead of high potentials/low current density. The initial open circuit voltages (OCV), around 0.97 V for Pt/ATO based MEAs and 0.99 V for Pt/C based MEA, were practically unchanged after 35 start/stop cycles. At higher current density values, the performance of the Pt/C-based MEAs slightly decreased, while that of the Pt/ATO cathode diminished strongly, from 0.53 to 0.40 V at 1.5 A cm -2 . This significant performance drop for the assembly comprising Sb doped SnO2 can be related to the specific instability of this support in low potential conditions. As explained above, Pt/ATO electrocatalysts were previously reported to present degradation in fuel cell operation in similar low potential conditions (E < 0.4 V), which was attributed to Sn dissolution/redeposition from the SnO2. 14,33 Another possible explanation for the instability of the Pt/ATO is the segregation and consequent dissolution of antimony species, leading to lower electrical conductivity that impacts fuel cell performance 34 . Indeed, the segregation of Sb at the surface of electrospun ATO loosetubes has been already shown by XPS. 10 The instability of antimony species in ATO at low potentials (< 0.36 V/RHE) was earlier demonstrated in electrochemical tests by means of a scanning flow cell. 35 Using ex situ electrochemical characterisation of Pt/ATO aerogels, Cognard et al. concluded that at low potential (0.1 V/RHE), Sb atoms back-spillover from ATO, adsorb onto the Pt nanoparticle surface and block the catalytic sites. 33 At higher potential values (0.7 V/RHE), they are stripped and dissolved into the electrolyte. The adsorption of Sb adatoms on Pt surfaces was already reported to leading to suppression of hydrogen adsorption/desorption, thus blocking of active sites. 36 Thermodynamic calculations show that at low pH (ca 0) et low potential (ca 0.4/RHE) antimony is present as soluble species (soluble oxides Sb2O3 and Sb2O5, and SbO + ) [START_REF] Pourbaix | Atlas of Electrochemical Equilibria[END_REF] , giving further insights on the preferential leaching of Sb in the on/off test conditions. From the present results, the onset of the degradation of ATO tubes is observed already at 0.5 V. In order to evaluate the stability of tin and antimony in Pt/ATO upon load cycling and identify the origin of the decrease of the Pt/ATO cathode performance, several probe spectroscopic methods were deployed here to investigate the eventual modification of the end of test chemical composition (Sn, Sb) of the supports and describe the degradation mechanism taking place.

Characterisation of MEA with Pt/ATO cathode at end of test

To evaluate the eventual loss of elements during the on/off cycling, the chemical composition of exhaust water recovered at the fuel cell Pt/ATO cathode was analysed. In particular, traces of the elements composing the cathode materials (Pt, Sn, Sb) were analysed by ICP-MS every 5 AST cycles, and the results are depicted in Figure 2. No significant amount of Sn (or Pt) was detected, differently from what is reported for ex situ 33 and in situ 14 tests in similar load cycling operation conditions (Figure 2 b,d,f). In contrast, a high concentration of Sb (7.1 µg/L) was detected in the exhaust water. In particular, a peak indicating a sharp increase of Sb leaching is observed at the 20 th cycle, which may be ascribed to the progressive segregation of Sb to the support surface during cycling, followed by its loss to the electrolyte. Other experimental techniques were employed to probe the supported catalyst material. X-ray photoelectron spectroscopy (XPS) was carried out to investigate the effect of the AST on the chemical state of the surface of the Pt/ATO-based cathodes. In particular the analysis was performed on the catalyst layers at the cathode side on all the elements present (Pt, Sn, Sb, and O) before and after on/off cycling. In Figure 3 are depicted the XPS core level spectra of Sn3d for Pt/ATO (spectrum 1). A doublet at 487.6 eV and 496.0 eV is present, which can be assigned to Sn(IV). [START_REF] Senthilkumar | [END_REF]39 However, the difficulty in distinguishing Sn(IV) from Sn(II) by XPS is well-known and should be kept in mind. 11 No changes were detected in the Sn3d binding energies after start/stop cycling (spectrum 2), indicating that this element was not significantly affected by the accelerated stress test. The study of the XPS spectra of the Sb dopant will give further information for discussion and interpretation. The Sb3d region (Figure 4) for BoT (1) and EoT (2) of the Pt/ATO cathode was investigated. The Sb3d and O1s regions are overlapped, and thus peak deconvolution was performed to separate the respective contributions. Five components are evident: at 531.5 eV (band A) the peak is related to O 2-ions in an oxide lattice structure, at 531.9 eV (band B) to Sb3d5/2 (Sb(V)), [40][41][42] at 532.4 eV (band C) to H2O, OH or CO species adsorbed on the surface, [START_REF] Bomben | Handbook of X-ray photoelectron spectroscopy: a reference book of standard spectra for identification and interpretation of XPS data[END_REF][START_REF] Elezovic | [END_REF] at 535.2 eV(band D) to ether groups in the Nafion ® ionomer present in the catalyst layer, 45 at 541.1 eV (band E) to Sb3d3/2 (Sb(V)). 41,42,46,47 The Sb3d spectrum for the Pt/ATO cathode after the load cycling ( 2) is very similar to that of the BoT sample (1), and XPS analysis provided no evidence of a change in the degree of oxidation for the elements comprising the electrocatalyst/support surface. However, the loss of antimony seen in the ICP-MS study was confirmed by the decrease of the Sb/Sn ratio from 0.17 to 0.11 after load cycling. 41,46,48 The Pt4f region was also evaluated for the Pt/ATO cathode before (1) and after (2) the load cycling (Figure 5). For the pristine cathode, a doublet corresponding to Pt4f7/2 and Pt4f5/2 at 71.4 and 74.7 eV (A bands), indicating metallic Pt, and a doublet at higher energy (B bands) corresponding to PtOads were observed. 49 After the load cycling, the Pt/Pt 2+ ratio was practically unchanged (1.36).

The Pt/Sn ratio showed a decrease of ca. 22 % from 0.36 to 0.28, which seems to indicate a partial loss of platinum after on/off cycling. In order to better evaluate the oxidation state of tin in the Pt/ATO cathode, still controversial in XPS, and its eventual modification (reduction) after the AST, the materials were also characterised by 119 Sn Mössbauer spectroscopy. The results are compared to those obtained on a non-doped pristine sample synthesised in the same way. 11 Figure 6 displays the spectra as well as the corresponding parameters (isomer shift, δ, and quadrupole coupling constant, e 2 qQ). The results obtained indicated in all cases the presence of only Sn 4+ , and neither Sn 2+ nor metallic Sn were detected. The non-zero quadrupole splitting is indicative of the presence of oxygen vacancies around Sn 4+ ions, while the isomer shift is slightly different from that of non-doped SnO2 tubes (δ = 0 mms -1 ), which suggests a small variation in the Sn-O bond length in ATO compared to that in SnO2. Line widths, Г = 0.88 mm s -1 , are similar for doped and undoped SnO2 and indicative of small particle size. The Mössbauer spectra of the Pt/ATO cathode layer before and after the load cycling are practically identical. The only minor difference is a slight decrease of the isomer shi ft from 0.03 to 0.01 mms -1 . The same tendency was found by Nomura et al., which was associated with Sb concentration decrease in SnO2 films. 50 However, here the variation is negligible, so no certain assumption about the Sb loss can be inferred. These results corroborate the conclusion that the degradation of the activity of the Pt/ATO cathode is due to Sb (rather than Sn) instability in the support during excursions to low potential. The leaching of elements identified by the above characterisation may lead to material degradation or particle agglomeration and detachment, which could explain the evolution of i/V curves during the load cycling. To investigate this possibility, the morphology and chemical composition of the Pt/ATO-based cathodes were followed by FE-SEM and EDX (Figure 7). Clearly, the overall fibrein-tube morphology is retained after on/off cycling. A slight decrease of the Pt/Sn atomic ratio from 0.38 to 0.34 after the AST was observed, in agreement with the low level of Pt leaching detected by ICP-MS analysis. Furthermore, the EDX-determined Sb/Sn atomic ratio dropped from 0.18 at BoT to 0.13 at EoT, in agreement with the detection of Sb ions in the cathode exhaust water by ICP-MS. All the spectroscopic and analytical probes employed to investigate the Pt/ATO-cathode and the corresponding exhaust water converge in confirming the drop in performance in fuel cell test with the low (electro)chemical stability in on/off cycling conditions. No modification of the oxidation state of the atoms comprising the support or the catalyst materials was observed. From this work, it is concluded that the performance loss of the MEA with Pt/ATO cathode upon experiencing low potentials cannot be attributed to the dissolution of tin as reported elsewhere 14,33 , but rather to the dissolution of the antimony doping agent that is detrimental to the cathode properties at various levels. The surface segregation of Sb, followed by its sublimation or dissolution, already reported to occur upon high temperature or prolonged annealing and voltage cycling, is a reasonable explanation of this phenomenon. 34 On the one hand, Sb leaching will lead to a decrease in the electrical conductivity of the support 22,34,35 , which can lead to both ohmic drop and local deactivation of the Pt catalyst. On the other hand, leached antimony atoms can adsorb onto the Pt surface and block the active sites 33 , prior to being stripped and lost into solution.

Ex situ characterisation of ATO at potentials ≥ 1.5 V/RHE

In the context of PEMWE application, the stability of ATO tubes was evaluated at potentials higher than those experienced in PEMFC using ex situ and in situ electrochemical characterisation, by submitting ATO to increasing potentials from 1.5/RHE to 2.0/RHE in acidic medium. Every step consisted of a 0.1 V increase in potential and had a duration of 4 hours. Oxidation currents were followed by chronoamperometry, while the support integrity was monitored by analysing any Sn and Sb ions eventually released into the electrolyte by ICP-MS (Figure 8). Negligible corrosion current and charge were observed, in agreement with the expected metal oxide corrosion resistance 51,52 . Elemental analysis of the electrolyte showed that both tin as well as antimony dopant are leached under these conditions. The detected Sn amount was negligible (5.5 µg L -1 up to 1.8 V/RHE, 17 µg L -1 at 1.9 V/RHE, and 64.2 μg L -1 at 2.0 V/RHE). The Sb amount released was greater, and, although negligible up to 1.9 V/RHE (22.6 µg L -1 to 59.8 μg L -1 , Figure 8), when a potential of 2.0 V /RHE was applied to ATO, a step change in antimony release was detected (371 μg L -1 ). It may be concluded from these results that the loss of elements into solution is not due to Sb-SnO2 detachment from the electrode, but to preferential leaching of antimony at high potential as already reported. 34 As discussed above, the loss of the Sb dopant leads to a decrease of the electrical conductivity of the oxide support, with subsequent loss of performance of the electrode. Therefore, for the optimal performance of ATO as support for OER electrocatalysts in PEMWE, 1.9 V/RHE should be considered as the potential limit. Further data to support this conclusion are given by the in situ characterisation of the catalysed support material IrOx/ATO described in the following paragraphs. 

In situ characterisation of the stability of IrOx/ATO-based MEAs

IrOx nanoparticles were prepared by microwave-assisted polyol method 29 and dispersed onto ATO. Their average diameter is 1.1 nm (Figure SI2), and the catalyst loading on ATO evaluated by XRF was 23 %wt.. An MEA having an IrOx/ATO anode side characterised in an electrolysis cell at 80 °C, and the corresponding polarisation curve is depicted in Figure 9a. The MEA provided an average voltage of 1.71 V at 1 A cm -2 and 1.92 V at 2 A cm -2 . The stability of IrOx/ATO at high potential was evaluated by monitoring the evolution of the polarisation behaviour and of the chemical composition of the electrocatalyst after polarisation of the MEA at 2 V for 4 hours, similar to the conditions used in the ex situ characterisation. As expected after this potentiostatic hold, the cell overpotential was higher, being 1.80 V at 1 A cm -2 , and 2.10 V at 2 A cm -2 ; in particular the ohmic contribution increased at density currents > 200 A cm -2 (Figure 9b). ICP-MS analysis of anode exhaust water showed that tin and antimony were leached from the catalyst layer. The detected Sn amount was negligible (0.08 µg L -1 ), and significantly lower than the amount of the released Sb (2.2 µg L -1 ), demonstrating the preferential leaching of the doping agent. This result is further confirmed by EDX-SEM analysis (not shown), which demonstrated that the Sb/Sn atomic ratio decreased to 8 % after polarisation at 2 V. A low amount of iridium from the deposited catalyst was also detected in the exhaust water (0.11 µg L -1 ). The observed increase in the MEA resistance can be thus rationalised by the decrease in the doping amount in the tin oxide support, with overall decrease in its electrical conductivity. The electrolysis cell testing results confirm that the upper potential limit of utilisation of ATO to preserve its chemical composition and properties is < 2 V/RHE. It is relevant to note that the 2 V/RHE limit corresponding to the step change in stability exceeds the 1.5/RHE limit already reported in several studies, [33][34][35] although a low level degradation regime is observed at 1.5 V/RHE. The electrochemical stability of ATO strongly depends on the existing surface segregation of the doping agent, which in turn is related to the applied thermal treatment 34 during the synthesis. The electrode composition was examined following polarisation at 2 V with XPS and 119 Sn Mössbauer spectroscopies. The latter indicated that no change of the oxidation state occurred, as the obtained spectrum and calculated parameters correspond to those of undoped ATO (Figure 10). This result was expected because, as this technique already demonstrated, the support was in its highest oxidation degree (Sn 4+ ). No differences were detected for IrOx/ATO before and after the polarisation at high potential, except a slight reduction of δ from 0.14 to 0.10 mm s -1 . XPS analysis of the IrOx/ATO electrode after high potential polarisation showed the same Sn3d, O1s and Sb3d signals at identical positions as the materials before the electrochemical characterisation (Figure 11), meaning no change in the oxidation state of the various elements. However, a significant reduction of the Sb/Sn atomic ratio by 5.9 at% was observed. It can be concluded that the loss of performance in electrolysis cell can be mainly ascribed to a reduced conductivity related to the loss of Sb from the surface of the support material.

Conclusions

This study on bare and catalysed ATO electrospun tubes with ex situ and in situ electrochemical and spectroscopic techniques allowed to determine the potential window for its optimal utilisation as electrocatalyst support in proton exchange membrane fuel cells and water electrolysers. The lower (0.5 V/RHE) and upper limits (2.0 V/RHE) are different from those reported in other studies on ATO materials, 14,[33][34][35] highlighting that the stability of the oxide strongly depends on the existing surface segregation of Sb, which in turn depends on the synthesis conditions 34 . Despite the high stability of Pt/ATO after cycling to relatively high voltages (1-1.6 ex situ 10 and 0.9-1.4 V in situ 22 ), the performance of MEAs with a PEMFC cathode comprising Pt/ATO significantly decreased after load cycling comprising excursions to low potentials. Microscopy and probe spectroscopic techniques applied to the materials at end of test, as well as on the exhaust water recovered at the cathode side, show that Sb leaching occurs at the low potential conditions, leading to increased support electrical resistance, catalyst local deactivation and/or blocking of catalyst active sites, which cause performance loss. Excursion to potential higher than that typically used in proton exchange membrane fuel cell accelerated stress tests were investigated with the objective of assessing the upper potential limit for application of ATO at the anode of a PEM water electrolyser, by monitoring both the support and the liquid electrolyte. Further in situ studies on a MEAs comprising IrOx/ATO at the anode confirmed that potentiostatic hold at 2 V led to Sb leaching with significant decrease in PEMWE performance. The established stability of electrospun ATO tubes at potentials up to 1.9 V/RHE paves the way for the optimal exploitation of its high electronic conductivity and strong interaction with metal catalyst in high-potential applications such as water electrolysis anodes.
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 1 Figure 1. Polarisation curves of MEAs including cathodes with Pt deposited on ATO and carbon (with loading of 0.35 mg Pt cm -2 ) at 80 °C and 100 % RH before and after 35 load cycles (56 hours).

Figure 2 .

 2 Figure 2. ICP-MS analysis of Sn, Pt and Sb detected in the cathode exhaust water during load cycling AST on Pt/ATO-based MEAs.

Figure 3 .

 3 Figure 3. XPS core level spectra of Sn3d before (1) and after (2) start/stop cycling AST for Pt/ATO cathode.

Figure 4 .

 4 Figure 4. XPS core level spectra of Sb3d and O1s for Pt/ATO cathode before (1) and after (2) start/stop cycling AST. A) O 2-ions in the oxide; B-E) Sb(V) doublet; C) adsorbed oxygenated species; D) ether groups in Nafion ® .

Figure 5 .

 5 Figure 5. XPS core level spectra of Pt4f before (1) and after (2) start/stop cycling AST for Pt/ATO (b) cathode. A) Pt(0) dou blet; B) PtO adsorbed species.

Figure 6 .

 6 Figure 6. 119 Sn spectra of Pt/ATO catalyst layers before and after load cycling accelerated stress test and comparison with undoped tin oxide (TO) fibres.

Figure 7 .

 7 Figure 7. SEM micrographs of Pt/ATO-based cathodes before (a, b) and after the AST (c, d).

Figure 8 .

 8 Figure 8. Coupling of chronoamperometry results on ATO supports at 1.5 -2.0 V with ICP-MS analytical results of the liquid electrolyte (10 mL) after every 4h step.

Figure 9 .

 9 Figure 9. I/V curves at 80 °C for MEAs comprising IrOx/ATO at the anode side before (a) and after (b) polarisation at 2 V for 4 hours.

Figure 10 .

 10 Figure 10. 119Sn Mössbauer spectra of IrOx/ATO catalyst layers before (a) and after (b) polarisation at 2 V.

Fig 11 .

 11 Fig 11. XPS core level spectra of Sn3d (a) and O1s/ Sb3d (b) for IrOx/ATO anode before (1) and after (2) polarisation at 2 V.

Acknowledgements

The research leading to these results has received funding from the European Research Council under the European Union's Seventh Framework Programme (FP/2007-2013) / ERC Grant Agreement n. 306682 and from the Project PEMFC-SUDOE SOE1/P1/E0293, which is co-financed by the European Regional Development Fund in the framework of the INTERREG SUDOE programme. SC thanks the French IUF for its support. I. J.-M. acknowledges financial support from the French National Research Agency under the MOISE contract (ANR-12-PRGE-0007). The authors thank Dr. Moulay Sougrati for Mössbauer spectroscopic characterisation.

Conflicts of interest

There are no conflicts to declare