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Morphological and chemical dynamics upon electrochemical cyclic sodiation of electrochromic tungsten oxide coatings extracted by in situ ellipsometry

The sodiation-desodiation process of sputtered amorphous electrochromic tungsten oxide coatings in aqueousbased medium was simultaneously monitored over 99 cycles by cyclic voltammetry and in situ spectroscopic ellipsometry. This allowed extracting the evolution of optical and geometrical parameters upon cycling. The resulting electrochemical coloring-bleaching process was dynamically fitted in the 1.8-2.8 eV optical range with a four-phase model including a constrained spline parametrization of the dielectric function. This allows real time access to thickness, surface roughness and dielectric function of NaxWO3. The temporal evolution of the latter in the fully colored state was used to highlight a porosity extent of the probed coating of opened morphology. The designed spectro-electrochemical approach was applied to map the temporal evolution of the Na content (x in NaxWO3) during and between cycles, taking into account the intricate interplay between charge density, thickness and electrolyte uptake.

INTRODUCTION

Among other chromogenics used for sustainable energy, amorphous tungsten oxide (WO3) is an extensively studied cathodic electrochromic (EC) material allowing a control of its optical properties in the visible and NIR ranges in response to both external electrical charge and electrolyte's ions, M, insertion: Corresponding EC devices cover a widespread set of eco-efficient smart windows [START_REF] Granqvist | Fenestration for reducing building cooling needs[END_REF][START_REF] Somani | Electrochromic materials and devices: present and future[END_REF]. If intercalations of Li, K or H ions are currently reported, they are not easily quantifiable (Li, H) and the case of hydrogen is also limited due to sensitivity to hygrometry. Moreover, K is seldom considered due to its poor ion conduction [START_REF] Horwat | Towards a thin films electrochromic device using NASICON electrolyte[END_REF]. The intercalation of Na ions could then be alternatively considered despite its higher ionic radius, i.e. possible slower kinetics, compared to H and Li. In addition, the rising field of sodium-ion batteries is calling for a greater attention to the NaxWO3 bronze system as a potential anode material [START_REF] Zhang | New horizons for inorganic solid state ion conductors[END_REF]. Whatever the aforementioned applications, from the point of view of raw materials resources, solutions based on sodium appear more sustainable than those based on lithium [START_REF] Slater | Sodium-ion batteries[END_REF].

Many studies focused on optical measurements and debated the coloration mechanism of sodium-tungsten bronzes. Thus, after pioneering works on optical properties [START_REF] Brown | The sodium tungsten bronzes1, 2[END_REF], most reports on the dielectric functions were published in the 1970's and 1980's [START_REF] Consadori | Optical reflectivity of Na x WO 3[END_REF][START_REF] Lynch | The optical properties of some alkali metal tungsten bronzes from 0.1 to 38 eV[END_REF][START_REF] Camagni | Optical properties of metallic sodium tungsten bronzes: Analysis of free-and bound-electron contributions[END_REF][START_REF] Owen | Optical properties of the sodium-tungsten bronzes and tungsten trioxide[END_REF][START_REF] Kang | Solid state electrochromic cells: optical properties of the sodium tungsten bronze system[END_REF][START_REF] Green | Sodium-tungsten bronze thin films: I. Optical properties of dilute bronzes[END_REF] whereas Tegg et al. computed it recently by means of DFT [START_REF] Tegg | The sodium tungsten bronzesas plasmonic materials: fabrication, calculation and characterization[END_REF]. The deep blue cathodic coloration in such EC system [START_REF] Kitao | Preparation conditions of sputtered electrochromic WO3 films and their infrared absorption spectra[END_REF] arises from the cumulative generation of electronic transitions between different W n+ states, but based on different mechanisms in the amorphous or crystalline states [1] i.e. localization (e.g. small polarons) or electron delocalization (Drude behavior), respectively. We showed recently [START_REF] Zimmer | Coloration mechanism of electrochromic NaxWO3 thin films[END_REF] that optical absorption in amorphous NaxWO3 follows the generalized site saturation model as it was shown for LixWO3 [START_REF] Berggren | Optical charge transfer absorption in lithium-intercalated tungsten oxide thin films[END_REF] or HxWO3 [START_REF] Yamada | Optical charge transfer absorption in proton injected tungsten oxide thin films analyzed with spectroscopic ellipsometry[END_REF]. More particularly, we derived a unique optical model based on a constrained spline approach to draw out the pseudodielectric function spectra (0.6-4.8 eV) whatever the state of the EC layer, i.e., as-deposited, colored (x=0.1, 0.2 and 0. 
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Fit quality

The top panel of Fig. 5 presents MSE values obtained during the whole sodiation-desodiation process. For the sake of brevity, only some cycles between the 5 th and the 99 th cycle are represented. For each the of the 11 cycle datasets, it is noticeable that a clear MSE minimum value exists and which strictly coincides to the maximum sodiation when correlated with corresponding electrochemical datasets, i.e. with the fully colored state. In contrast MSE maxima coincide with the bleached state. The overall MSE level (ca. ≤ 0.01 up to N=99) indicate that the output parameters can be considered with good confidence, i.e. the quality of the fit further supports the validity of the model. The bottom panel of Fig. 5 displays some illustrative matches between measured and best-fitted spectra. However, the model better applies in the insertion state than in the deinsertion one. The relative drift of the MSE values from N=5 to N=99 is undoubtedly a sign of the ongoing deterioration of the coating as it has been explained above in Section 3.A.2, but with some 'optical healing' effect at the fully colored states (min. MSE ca. ≤ 0.001 up to N=99).

In addition, some misfits usually occur in more or less quantity due to the inherent quality of kinetic spectra that imply e.g. to reduce the fitted spectral range to get optical parameters, as shown in Fig. 2c and Fig. 2d. Yet, the general evolution remains valid.

B. Coulometric and geometrical factors

Charge density

After the first initial 5 cycles, the excessive porosity revealed by Fig. 3 impairs the sodiation-desodiation process in such a way that |qc|≃qa and CE values decrease with electrochemical cycling (Fig. 4). It is possible to get deeper in this analysis taking into account not only the charge during each cycle but also a full geometrical picture i.e. the available volume, in terms of porosity and both expansion and erosion-loss effects through thickness, to estimate the evolution of the Na content x in the tungsten bronze. This can be derived thanks to the dynamic properties determined by in situ SE.

Thickness and roughness

Based on observations of the film morphology before and after experiments (see Fig. 1) and knowing the dynamics of the electrical parameters, it is possible to derive a complete picture of the temporal evolution of both film geometry and composition.

Typical dynamics of the geometrical parameters are presented in Figure 6a for the reference cycle (i.e. the 5 th ). First of all, the thickness dynamics reveals the oxide expansion [38] upon Sodium insertion distinguishable from 0 to ~35 s, followed by the oxide contraction upon Sodium removal with another threshold from ~60 s to 88 s (Fig. 6a, filled symbols). In between, a mean level around 534 nm at 48 s can be estimated including the maximum Sodium insertion of this initial cycle (arrow on the axis of Fig. 6a). This thickness evolution obtained here in situ is consistent with previous ex situ one [START_REF] Zimmer | Coloration mechanism of electrochromic NaxWO3 thin films[END_REF]. The roughness is also found to evolve in such a manner, the colored state being slightly rougher than the bleached one (Fig. 6a, half-filled symbols).

The morphological evolution during the 99 cycles is summarized in Figure 6b. The following quantities are calculated 
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 4 Fig. 4. (Left axis) Inserted (|qc|) and extracted (qa) charge densities and (Right axis) Coloration efficiency (CE) calculated at 650 nm for a representative sputtered amorphous WO3 coating on ITO coated glass substrate, during the electrochemical cycling in a 0.1 M Na2SO4 solution buffered by a phthalate salt at ~2.7 pH unit.
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 5 Fig. 5. (Top) Best-fitted mean square error (MSE) values during a whole sodiation-desodiation sequence for a representative sputtered amorphous WO3 coating. To minimize the calculation effort only 11 cycle datasets on 99 available cycle datasets are fitted (each cycle dataset consists of ca. 129 spectra) (Bottom) Representative measured and best-fitted (Ψ,∆) spectra for N=5 and N=99.
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