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Introduction

Electrochemical capacitors, also called supercapacitors, present intermediate performance between batteries and conventional capacitors [START_REF] Conway | Electrochemical Supercapacitors: Scientific Fundamentals and Technological Applications[END_REF]. Currently, commercialized electrochemical capacitors are electrochemical double layer capacitors (BSCF) a EDLCs) using activated carbon as electrodes. Their specific energy and power densities are about 10 Wh.kg -δ1 [1 ] and 10 kW.kg -δ1

[2 ], respectively. However, their volumetric energy density is low, typically between 5 and 7 Wh.L -δ1 . As such, EDLCs are not the ideal devices for power applications where the volume dedicated to energy storage is limited, such as in modern electrical terrestrial vehicles.

Another type of electrochemical capacitors has been developed over the past two decades, using materials showing a pseudocapacitive behavior. The pseudocapacitive charge storage process induces a similar electrochemical signature to that of capacitive process, but its origin is faradic and involves fast and reversible redox reactions twice greater than that of a symmetrical carbon/carbon device (BSCF) a bulk density: 2.09-δ2.23 g.cm -δ3 ) while keeping the same gravimetric specific energy [START_REF] Goubard-Bretesché | Improving the Volumetric Energy Density of Supercapacitors[END_REF].

Thus, high density pseudocapacitive oxides have to be considered to improve the volumetric energy density of electrochemical capacitors. This is in the last few years only that multicationic oxides have been studied as electrode materials for electrochemical capacitors These materials present high densities but also specific capacitances close to that of standard activated carbon. In previous papers, some of us have reported the attractive properties of two oxides to be used as electrode materials for electrochemical capacitors: FeWO 4 [28 ] and Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-δδ , so called BSCF [START_REF] Lannelongue | Investigation of Ba 0.5 Sr 0.5 Co x Fe 1-x O 3-δ as a pseudocapacitive electrode material with high volumetric capacitance[END_REF]. An asymmetric aqueous electrochemical capacitors with a FeWO 4 negative electrode material has already been tested using MnO 2 as the positive electrode [START_REF] Goubard-Bretesché | Electrochemical study of aqueous asymmetric FeWO 4 /MnO 2 supercapacitor[END_REF]. This device presents a specific capacitance of 9 F.g -δ1 (BSCF) a total weight of both electrodes) at 20 mV.s -δ1 in 5M LiNO 3 with a high cycling ability over 40,000 cycles.

The crystallographic density of FeWO 4 and BSCF materials is 7.5 and 5.8 g.cm -δ3 , respectively, i.e. 6 to 7 times greater than that of standard activated carbon. As such, both materials present high volumetric capacitance in aqueous medium (BSCF) a 5M LiNO 3 ). Furthermore, their respective operational potential windows are complementary (BSCF) a -δ0.6 -0 V vs Ag/AgCl for FeWO 4 and 0 -0.8 V vs Ag/AgCl for BSCF). Thus, it seems interesting to evaluate the volumetric performance of such electrochemical capacitor devices built from these two electrode materials.

Electrochemical capacitor devices with BSCF positive electrodes have never been reported in the literature. As such, we report hereafter the study of two asymmetric devices: the first one associates an activated carbon electrode with a BSCF electrode (BSCF) a C/BSCF) and the second one associates FeWO 4 and BSCF electrodes (BSCF) a FeWO 4 /BSCF). Both devices were operated in aqueous 5M LiNO 3 electrolyte. Several devices have been built and tested to determine the conditions, in terms of electrode weight ratios and current densities, allowing a good compromise between performances and electrochemical stability window of each electrode. Specific and volumetric performance and cycling ability of these devices have been evaluated by galvanostatic cycling. Self-δdischarge measurements have been performed by a chronoamperometry/chronopotentiometry routine. Performance of these devices are commented to argue on the interest of using high density electrode materials to improve the volumetric energy density of electrochemical capacitors.

Experimental section

Materials

Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-δδ - BSCF BSCF All precursors were purchased from Sigma Aldrich. Precursors mass used are listed in Tab.S1. BSCF was prepared by a modified glycine-δnitrate process. Ba(BSCF) a NO 3 ) 2 (BSCF) a ACS Reagent, ≥99%), Sr(BSCF) a NO 3 ) 2 (BSCF) a ACS Reagent, ≥99%), Co(BSCF) a NO 3 ) 2 ,6H 2 O (BSCF) a ACS Reagent, ≥98%) and Fe(BSCF) a NO 3 ) 3 ,9H 2 O (BSCF) a ACS Reagent, ≥98%) were dissolved in stoichiometric quantities in distilled water at 100°C and under vigorous stirring. A red solution is obtained. After dissolution, glycine (BSCF) a ACS Reagent, ≥98.5%), acting as complexing agent and fuel, was added to the solution. Ten minutes after glycine dissolution, ethylenediaminetetraacetique acid EDTA, acting as complexing agent (BSCF) a anhydrous, ≥99%) was added. The stoichiometry quantities of glycine and EDTA were determined following reactions pathways (BSCF) a 1) and (BSCF) a 2) respectively: 0.5 Ba(BSCF) a NO 3 ) 2 + 0.5 Sr(BSCF) a NO 3 ) 2 + 0.8 Co(BSCF) a NO 3 ) 2 + 0.2 Fe(BSCF) a NO 3 ) 3 + 2. In order to synthesize large amounts of BSCF, expected glycine and EDTA masses were multiplied by 2.5 and 2, respectively. After EDTA dissolution, a 60 mL purple-δblack solution is obtained. At the end of the water evaporation (BSCF) a about one hour), the gelification process started. The gel was then transferred in an oven at 600°C under air atmosphere where a combustion took place 10 minutes later. Resulting ashes were kept at 600°C for one hour to remove carbon residues. Finally, ashes were manually ground and heated at 850°C for 10 hours.

FeWO 4

FeWO 4 was synthesized by a precipitation method. Two equimolar 15 mL solutions of FeCl 2 .4H 2 O (BSCF) a puriss. p.a., ≥99%) and Na 2 WO 4 .2H 2 O (BSCF) a ACS Reagent, ≥99%), both from Sigma Aldrich were prepared. Precursor mass used are listed in Tab.S2. The iron chloride solution was heated at 70°C under magnetic stirring for 10 minutes. Then, the sodium tungstate was added dropwise into the iron chloride solution leading to a brow precipitate. The resulting solution was kept at 70°C under magnetic stirring for 3 hours. The precipitate was recovered by filtration before being washed three times with distilled water and subsequently three times with ethanol.

Activated BSCF carbon

Activated carbon was purchased from ACS Material  . The particle average size is 5 µm. Activated carbon from ACS Material is mesoporous with a pore size distribution from 2 to 2.2 nm and its BET specific surface area is 2,000 m².g -δ1 .

2.2.BSCF and FeWO 4 powder characterizations

Prepared BSCF and FeWO 4 powders were characterized by X-δray diffraction using a PANalytical X'Pert in the Bragg-δBrentano configuration with CuKα radia α radiation, from 10 to 90°w ith a step angle of 0.032°. Their morphology were observed by scanning electron microscopy on a Hitachi S4800. BSCF composition was evaluated by EDS analysis.

2.3.Electrode preparation

Electrodes were prepared by mixing active materials with acetylene black (BSCF) a Alfa Aesar) and PTFE (BSCF) a 60 wt% dispersed in water, Sigma Aldrich) in ethanol. Mass ratios (BSCF) a active material: acetylene black: PTFE) were 60:30:10 for BSCF and FeWO 4 based electrodes and 75:15:10 for activated carbon based electrodes. After ethanol evaporation at 60°C under magnetic stirring, the resulting paste was repeatedly cold rolled until a homogeneous film was obtained.

A 10 mm diameter disk was cut off from the film and pressed at 10 tons onto a folded stainless steel grid. For asymmetric devices (BSCF) a Swagelok type), electrode films were pressed onto nickel foam at 10 tons. Then, a 6 mm diameter disk shape was cut off. Electrode loadings used for electrochemical tests were 3.2-δ4.0 mg carbone .cm -δ ² (BSCF) a 5.3-δ6.7 mg electrode .cm -δ ²), 4.4-δ 15.3 mg BSCF .cm -δ ² (BSCF) a 7.4-δ25.5 mg electrode .cm -δ ²) and 4.7-δ5.5 mg FeWO4 .cm -δ ² (BSCF) a 7.8-δ9.2 mg electrode .cm -δ ²).

In contrast with the 20 wt% usually used, a larger amount of acetylene black was necessary to fabricate BSCF and FeWO 4 electrodes. Only from 30 wt%, a percolation threshold was reached allowing electrodes to have a sufficient electronic conductivity for optimal performances. At lower acetylene black content, the electrochemical signature of electrodes was less capacitive and a specific capacitance twice lower was obtained [START_REF] Lannelongue | Investigation of Ba 0.5 Sr 0.5 Co x Fe 1-x O 3-δ as a pseudocapacitive electrode material with high volumetric capacitance[END_REF]. Furthermore, the specific capacitance of acetylene black in these electrodes is 1 F.g -δ1 . With respect to the measured electrode capacitances such limited contribution was neglected.

2.4.Electrochemical tests

BSCF, FeWO 4 and activated carbon -δbased electrodes were first tested in a three electrode cell with a platinum counter electrode and an Ag/AgCl reference electrode. Cyclic voltammetry was performed in 5M LiNO 3 at 5 mV.s -δ1 to determine their potential window and specific capacitance. Specific capacitances C spe,electrode BSCF (BSCF) a in F.g -δ1 ) are calculated with the following equation:

C spe , electrode = ∫ V i V f i. dV ∆V . υ . m (3) With ∫ V i V f
i . dV the voltammogramm positive part area (BSCF) a in A.s), ΔV the potential window (BSCF) a in V), υ the scan rate (BSCF) a in V.s -δ1 ) and m the active material mass (BSCF) a in g).

Asymmetric C/BSCF and FeWO 4 /BSCF device specific and volumetric performance were evaluated by cyclic voltammetry and galvanostatic cycling (BSCF) a in a current density range from 0.2 to 4 A.g -δ1 of active material in both electrodes) in a three electrode Swagelok cell with an Ag/AgCl reference electrode, in aqueous 5M LiNO 3 . Both electrodes were separated with glass microfibers separators (BSCF) a Wathman  paper). By cyclic voltammetry, the device capacitances C BSCF (BSCF) a in F), specific capacitances C spe BSCF (BSCF) a in F.g -δ1 ) and volumetric capacitances C vol BSCF (BSCF) a in F.cm -δ3 ) were calculated using equations 4, 5 and 6 respectively.

C= ∫ V i V f i. dV ∆ U .υ (4) C spe = C m'
(5)

C vol = C V (6)
Where ΔU is the device cell voltage, in V, m' is the active material mass in both electrodes in g and V is the geometrical volume of both electrodes and the geometrical volume of both nickel foam current collectors in cm 3 .

The capacitance C, the maximum energy E max BSCF (BSCF) a in Wh) and power densities P max (BSCF) a in W) were calculated from galvanostatic cycling and with equations 7, 8 and 9:

C=i.

∫

t i t f ∆ U .dt ∆ U 2 (7) 
E max = 1 2 .C . ∆U 2 (8) 
P max = ∆ U 2 4 . R (9)
Where i BSCF is the applied current density, ΔU is th U is the cell voltage of the device of the device and R is the equivalent series resistance (BSCF) a Ω) obtai ) obtained by ohmic drop measurement during galvanostatic cycling. Specific performance (BSCF) a and specific capacitances) were calculated by taking into account the active material mass of both electrodes (BSCF) a Eq. 5). As the specific capacitance of acetylene black used in the electrodes is less than 1 F.g -δ1 , its contribution was neglected. Volumetric performance were obtained by taking into account both electrodes and nickel foam current collector volume (BSCF) a Eq. 6). Self-δdischarge behaviors were evaluated through chronopotentiometry technique. Before this step, devices were fully galvanostatically charged and the cell were kept at their maximum cell voltage during 3 hours before letting the device self-δdischarged. Cycling ability of C/BSCF and FeWO 4 /BSCF devices was evaluated by galvanostatic cycling. All electrochemical tests were performed using a VMP3 potentiostat-δgalvanostat from Biologic running with the EC-δLab software. A 5M LiNO 3 electrolyte was used as the best specific capacitances for both BSCF and FeWO 4 electrodes were obtained in this given electrolyte. BSCF CV (BSCF) a Fig. 1a) depicts a box-δtype shape characteristic of a material with a pseudocapacitive behavior, with some distortions from the typical rectangular shape. BSCF -δ based electrode is stable from 0 to 0.8 V vs Ag/AgCl and displays a specific capacitance of 57 F.g -δ1 (BSCF) a 46 C.g -δ1 ). As such, it can be used as positive electrode material. Above 0.8 and below 0

Results and discussion

3.1.BSCF and

V vs Ag/AgCl, the current increases (BSCF) a in absolute value). This is assigned to oxygen and hydrogen evolution reactions, respectively. In the present case, the 50 th cycle is the cycle from which the CV shape and the specific capacitance does not change anymore. From the 1 st to the 50 th cycle, an increase of the specific capacitance from 30 to 57 F.g -δ1 was observed. FeWO 4 has already been studied as negative electrode material for supercapacitors. The electrode made from FeWO 4 prepared by a precipitation method is stable from -δ0.6 to 0V vs BSCF Ag/AgCl (BSCF) a Fig. 1b) and displays a specific capacitance of 60 F.g -δ1 (BSCF) a 36 C.g -δ1 ). Stable CV shape of FeWO 4 were rapidly obtained (BSCF) a 10 cycles). From the 1 st cycle to the 10 th , only a very slight change in specific capacitance was observed. The charge storage mechanism in FeWO 4 electrode involves the Fe 2+ /Fe 3+ redox couple. Potential below -δ0.7 V vs Ag/AgCl should be avoided because Fe 2+ is irreversibly reduced to Fe 0 . CV of activated carbon (BSCF) a as negative electrode) is representative of a capacitive behavior (BSCF) a Fig. 1c). This electrode can be cycled from -δ0.8 to 0 V vs Ag/AgCl. Below -δ0.8 V vs Ag/AgCl, the current increases (BSCF) a in absolute value), which suggests that the hydrogen evolution reaction begins, causing electrolyte degradation. In this potential window, its specific capacitance is 160 F.g -δ1 (BSCF) a 128 C.g -δ1 ) at 5 mV.s -δ1 . According to these tests, two types of asymmetric devices can be built. The first one, C/BSCF, is designed by associating a negative electrode made of activated carbon and a BSCF positive electrode. The second one is an all oxide device, with a negative electrode made of FeWO 4 and a BSCF positive electrode. 

Asymmetric devices

To keep electrode cycling in their respective potential windows, charge balance of the device has to be ensured by using an accurate weight ratio of active materials in both electrodes (BSCF) a calculated by taking into account electrode capacities and potential windows) [START_REF] Balducci | Perspective-A Guideline for Reporting Performance Metrics with Electrochemical Capacitors: From Electrode Materials to Full Devices[END_REF]. However, since each electrode material has different capabilities upon scan rate (BSCF) a or current density), this weight ratio can only be determined for a given scan rate or a given current density. In the next section, the methodology was as followed. Firstly, weight ratios were calculated to design asymmetric devices with the aim to be cycled at 5 mV.s -δ1 (BSCF) a or corresponding current density) in 5M LiNO 3 electrolyte. These specific ratios were determined using equation (BSCF) a 10):

m +¿ m -¿ = C -¿ C +¿ ¿ ¿ ¿ ¿ (10 ) 
Where m + and m -δ are the active material mass in the positive and the negative electrode respectively and C + and C -δ are the capacities (BSCF) a in C.g -δ1 ) of the positive and negative electrode respectively.

After analysis of the results (BSCF) a capacitances and electrochemical stability windows of electrodes), several devices with various electrode weight ratios were designed and tested by galvanostatic cycling at various current densities with the aim to find the optimal conditions allowing a good compromise between the device performances and the electrochemical stability windows of each electrodes. In this section, from one weight ratio to another, performances are not compared at the same current density, but in conditions electrodes cycle in their respective electrochemical stability window (BSCF) a i.e. BSCF in conditions a fast degradation of the device, caused by water splitting, is avoided). The conditions, in terms of electrode weight ratios and current densities, leading to the best compromise between electrochemical stability of electrodes and performances, were used to test the longterm cycling ability and self-δ discharge behavior of the fabricated asymmetric devices.

Asymmetric C/BSCF devices

As mentioned in paragraph 3.2., specific capacities of BSCF and activated carbon (BSCF) a as negative electrode) in 5M LiNO 3 at 5 mV.s -δ1 are 46 and 128 C.g -δ1 , respectively. Thus, a theoretical BSCF/C weight ratio of 2.8 is expected to allow the electrodes to cycle in their respective stable potential windows (BSCF) a i.e. from 0 to 0.8 V vs Ag/AgCl for BSCF and from -δ0.8 to 0 V vs Ag/AgCl for activated carbon). As such, electrode loadings used to build this device with a BSCF/C weight ratio of 2.8 were 14.2 mg BSCF .cm -δ2 and 5.0 mg C .cm -δ2 .

Fig. S3 depicts C/BSCF CV from 0 to 1.6 V (BSCF) a according to the electrochemical window of each electrodes), together with those of activated carbon and BSCF electrodes. The CV shape of the full device is rectangular as expected for an electrochemical capacitor. However, as shown in Fig. S3, activated carbon and BSCF do not cycle in their respective electrochemical window. In such a case, potential windows of activated carbon and BSCF based electrodes are -δ1.0 --δ0.1 V vs BSCF Ag/AgCl and -δ0.1 -0.6 V vs Ag/AgCl, respectively. As mentioned above, at -δ 1.0 V vs Ag/AgCl, water is reduced at the carbon electrode surface and loss of performance upon cycling the cell is likely to occur because of this electrolyte degradation. Actually, the same shift in the electrode potential windows was observed when using a current density ranging from 0.1 to 4 A.g -δ1 (BSCF) a of active material). As such, the BSCF/C weight ratio of 2.8 was no longer considered for the rest of the study.

To evaluate C/BSCF performance, several devices with various BSCF/C weight ratio have then been prepared and tested. BSCF/C weight ratio were 1.5, 2.1, 2.4 and 3.6. CVs at 5 mV.s -δ 1 of the fabricated devices are reported in Fig. S4. Total mass of active material and total volume of electrodes and current collectors used to evaluate device performance are listed in Tab. S4 together with the capacitances and the specific capacitances. Despite a slight decrease for the weight ratio of 3.6, the greater the weight ratio, the greater the measured capacitance. In contrast, the greater electrode masses needed for the highest weight ratio strongly impacted on the corresponding specific capacitances, as the greater the weight ratio, the lower the specific capacitance. Looking closer at electrode CVs in Fig. S4, one can notice that electrodes were operated in their safe electrochemical window only for the device with a weight ratio of 1.5, i.e. between 0 and -δ0.8 V vs Ag/AgCl for activated carbon electrode and between 0 and +0.8 V vs Ag/AgCl for BSCF electrode. For the other devices, the activated carbon electrode potential window decreases down to -δ0.8 V vs Ag/AgCl (BSCF) a hence, BSCF electrode potential window does not reach + 0.8 V vs Ag/AgCl) which could lead to electrolyte degradation.

Energy and power densities of these devices have been determined from galvanostatic cycling by applying current densities ranging from 0.2 to 4 A.g -δ1 (BSCF) a total mass of active materials in the cell). Specific and volumetric performance are shown in Fig. 2a and2b, respectively, as well as the Ragone plots. The corresponding galvanostatic cycles are depicted in Fig. S5. As generally observed for electrochemical capacitors, the energy density of fabricated C/BSCF devices decreased as the applied current density increased. At low current density, i.e. 0.2 A.g -δ 1 , the greater the BSCF/C weight ratio, the lower the energy and the power densities (BSCF) a both specific and volumetric). This behavior was assigned to both lower capacitances and greater electrode masses and volumes as the BSCF/C weight ratio increased. At 0.2 A.g -δ1 , the C/BSCF device with a weight ratio of 1.5 presented the greatest energy densities in the series at 8.6 Wh.kg -δ1 and 2.7 Wh.L -δ1 . A similar trend was observed for power densities. At 0.2 A.g -δ1 , power densities ranged from 5.6 to 3 kW.kg -δ1 and from 1.8 to 1.4 kW.L -δ1 , depending on the BSCF/C weight ratio. With the increase of the current density at 4 A.g -δ1 , the C/BSCF device with a weight ratio of 2.1 showed the greatest energy densities with 3.7 Wh.kg -δ1 and 1.3

Wh.L -δ1 . Compared to the device with a 1.5 weight ratio, this energy density improvement originated from a greater capacitance (BSCF) a 37 mF for a ratio of 2.1 vs 27 mF for a ratio of 1.5) which allowed to compensate for the larger mass and volume of the electrodes. However, power densities at the highest current density followed the same trend as 0.2 A.g -δ1 . Power densities decreased from 8.9 to 4.4 Wh.kg -δ1 and from 2.8 to 1.9 Wh.L -δ1 when the weight ratio increases.

Fig. 2.

Ragone plots representing the evolution of the power density vs the energy density of the four C/BSCF devices tested in 5M LiNO 3 with BSCF/C ratios of 1.5 (BSCF) a black), 2.1 (BSCF) a red), 2.4 (BSCF) a blue) and 3.6 (BSCF) a green). Current densities applied are 0.2, 0.5, 0.6, 0.8, 1.0, 1.2, 2.0 and 4 A.g -δ1 . Graph a) specific power and energy densities and b) volumetric power and energy densities; gravimetric values are expressed per total active weights in both electrodes and volumetric values per volume of both electrodes and their current collector. Calculations have been done using Eqs (BSCF) a 9) and (BSCF) a 10).

In the whole range of applied current densities, only a single current density applied for each C/BSCF device allows to operate BSCF and C electrodes in their safe electrochemical window. These are 0.2, 0.5, 0.5 and 1.2 A.g -δ1 for C/BSCF devices with weight ratio of 1. weight ratio allows to reach greater charge and discharge rates. To fabricate the most performing C/BSCF device, a BSCF/C weight ratio of 1.5 and a 0.2 A.g -δ1 current density should be considered. However, in these conditions, a large discrepancy between charge and discharge times is observed. To avoid this unbalanced characteristic, the device with a weight ratio of 2.1 operated at a current density of 0.5 A.g -δ1 was selected for further tests. To move a step forward in the device characterization, self-δdischarge measurements and cycling ability tests were performed on a C/BSCF device with a weight ratio of 2.1 at 0.5 A.g -δ1 , and are presented in section 3.3.3.

Tab. 1.Specific energy and power densities (BSCF) a E spe and P spe ), volumetric energy and power densities (BSCF) a E vol and P vol ) of C/BSCF full devices with BSCF/C weight ratio of 1.5, 2.1, 2.4 and 3.6 recorded in 5M LiNO 3 at 0.2, 0.5, 0.5 and 1.2 A.g -δ1 , respectively; gravimetric values are expressed per total active weights in both electrodes and volumetric values per volume of both electrodes and their current collector.

BSCF/C

Weight specific capacitances are found to remain the same, close to 16-δ17 F.g -δ1 . The potential window of BSCF electrode, ranging approximately from 0 -0.7 V vs Ag/AgCl, was fitting in its electrochemical stability window (BSCF) a 0 -0.8 V vs Ag/AgCl). However, the potential window of FeWO 4 electrodes ranged approximately from -δ0.7 -0 V vs Ag/AgCl. This potential window could result in a fade of performance upon cycling since, at the lowest limit, the electrode potential is very close to that of the irreversible Fe 2+ → Fe 0 reduction reaction. To optimize the operating conditions for FeWO 4 /BSCF devices and to evaluate their performance, galvanostatic cycling was performed at various current densities from 0.25 to 4

A.g -δ1 . Specific and volumetric densities are reported in Fig. 4 and the galvanostatic cycles are depicted in Fig. S7. Performance of the FeWO 4 /BSCF device with a weight ratio of 0.8 are not reported because, whatever the applied current density, the FeWO 4 electrode potential always reached potentials below -δ0.7 V vs Ag/AgCl. As such, poor coulombic efficiencies at 42 (BSCF) a at 0.25 A.g -δ1 ) and 92 %(BSCF) a at 4 A.g -δ1 ) were obtained, demonstrating the limited reversibility of charge and discharge processes that could originate from an irreversible reduction of Fe 2+ to Fe 0 . As for C/BSCF devices, when the current density was greater, the corresponding energy density of FeWO 4 /BSCF devices decreased, either with FeWO 4 /BSCF weight ratio at 1.67 or 2. Specific and volumetric performance of the tested FeWO 4 /BSCF devices were approximately the same but energy densities of the device with a weight ratio of 2 were slightly weaker. At 0.25 A.g -δ1 , energy densities of FeWO 4 /BSCF devices with a ratio of 1.67 and 2 were 2.9 and 2.7 Wh.kg -δ1 respectively, and 1.2 and 1.1 Wh.L -δ1 respectively. At the same current density, power densities for both devices were similar at about 3.8 kW.kg -δ1 and 1.5 kW.L -δ1 . When the current density is increased to 4 A.g -δ1 , energy densities of the devices with a ratio of 1.67 and 2 decreased to 1.1 and 1.0 Wh.kg -δ1 , respectively and to 0.5 and 0.4 Wh.L -δ1 , respectively. With these asymmetric devices, the limit of the FeWO 4 electrode potential window was lower than the expected value at -δ0.6 V vs Ag/AgCl. For each devices, a single current density allowed to limit the FeWO 4 electrode potential above -δ0.7 V vs Ag/AgCl, thus limiting the Fe 2+ reduction to Fe 0 . These current densities are 0.4 and 0.25 A.g -δ1 of active material for FeWO 4 /BSCF devices with weight ratio of 1.67 and 2, respectively (BSCF) a corresponding galvanostatic cycles are in Fig. S8). At such current densities, the devices showed the same energy densities of 2.7 Wh.kg -δ1 and 1.1 Wh.L -δ1 . The FeWO 4 /BSCF cycling ability and self-δdischarge behavior were further evaluated on the device with a FeWO 4 /BSCF weight ratio of 2 operated at 0.25 A.g -δ1 . Evolutions of the specific capacitance of these devices vs number of cycles are depicted in Fig. 5. The specific capacitance of the C/BSCF device was 17 F.g -δ1 at the beginning of the cycling test, as shown in Fig. 5a. First, the specific capacitance increases which is due to BSCF electrode activation. Then, it progressively decreased down to 15 F.g -δ1 for the 10,000 th cycle for an overall 12 % fading. This capacitance fading of the device could be due to the BSCF electrode behavior, as it showed a specific capacitance fading of approximately 10% over 2,000 cycles [30 ], whereas activated carbon electrodes are known to be stable over hundred thousands of cycles, eventually. Furthermore, coulombic efficiency of the device was above 98 % over the entire cycling test, demonstrating the good charge/discharge reversibility of the device. To go further, impedance spectroscopy was performed after the 10 th and the last cycle of the long term cycling test. Corresponding Nyquist diagrams are shown in Fig. S9a.

The resistance measured at high frequencies, at the intercept between the EIS plot and the Z' axis, corresponds to the resistance of the separators impregnated by the electrolyte. This resistance is approximately 1 Ω) obtai after the 10 th cycle and does not seem to further increase after the 10,000 th cycle. At lower frequencies a semi-δcircle can be observed. It is usually assigned to the interface resistance between the active material and current collector [START_REF] Soeda | Outstanding features of alginatebased gel electrolyte with ionic liquid for electric double layer capacitors[END_REF]. This charge transfer resistance (BSCF) a 0.8 Ω) obtai ) showed limited changes upon cycling. It only increased up to 1 Ω) obtai from the 10 th to the 10,000 th cycle. The equivalent series resistance evaluated at high frequency was 2.7 Ω) obtai after 10 cycles and increased at 3 Ω) obtai after 10,000 cycles. The limited changes upon cycling of the various resistances measured demonstrate the high stability of the device.

Cycling ability of the FeWO 4 /BSCF device has been evaluated over 45,000 cycles. The choice to apply for a greater number of cycles for this specific device was motivated by the opportunity to evaluate the cycling ability of an all-δoxide device as only a few studies depict such performance over such a large number of cycles. Changes in the specific capacitance of the FeWO 4 /BSCF device upon charge/discharge cycling at 0.25 A.g -δ1 is shown in Fig. 5b. Its initial specific capacitance at 12 F.g -δ1 goes down to 10 F.g -δ1 at the end of the cycling test, corresponding to an overall 17% fading of the specific capacitance after 45,000 cycles. In comparison with the C/BSCF device, operated at 0.5 A.g -δ1 , the specific capacitance fading of the FeWO 4 /BSCF device is limited to about 3% after the 10,000 th cycle, demonstrating the remarkable cycling ability of this device, especially when operated at a moderate current density of 0.25 A.g -δ1 . As it can be observed on this graph, the capacitance fading is more pronounced after 22,000 cycles. This behavior is not necessarily assigned to the electrodes but to a non-δoptimized setup. The Coulombic efficiency of this device upon the entire cycling test is about 95%, lower than for C/BSCF or what is generally observed in electrochemical capacitors (BSCF) a 98-δ99%). This can be due to some parasitic Fe 2+ reduction reaction to Fe 0 because of a potential limit of FeWO 4 electrode close to -δ0.7 V vs Ag/AgCl. Nyquist diagrams after 10 cycles and 45,000 cycles are depicted in Fig. S9b. The resistance measured at high frequencies increased from 1.3 to 1.7 Ω) obtai after the 45,000 th cycle. The semi-δcircle assigned to the charge transfer resistance is not clearly defined after 45,000 cycles, but, it is clear that this resistance was increased upon cycling. Finally, the equivalent series resistance also increased during cycling, from 7.4 to 18.3 Ω) obtai .

In the literature, only a few studies deal with long term stability evaluation of symmetric or asymmetric aqueous devices with at least one pseudocapacitive oxide. Among them, asymmetric devices were reported with a negative activated carbon electrode such as structure. Initial C/BSCF device capacitance faded down by 12% over 10,000 cycles (BSCF) a 0.5 A.g -δ 1 , 1.6 V, 5M LiNO 3 ) while it was 17% fading for the FeWO 4 /BSCF device over 45,000 cycles (BSCF) a 0.25 A.g -δ1 , 1.4 V, 5M LiNO 3 ). This cycling ability, similar to that of FeWO 4 /MnO 2 , originates from the good cycling stability of individual electrodes. 

Conclusion

We report for the first time, two asymmetric electrochemical capacitors based on BSCF positive electrode material. The first one includes an activated carbon based negative electrode. The second, a FeWO 4 -δbased negative electrode, leading to a device with two high density multicationic oxides as electrode materials. The high densities of both oxides, together with the low capacitances of the electrodes led to lower specific performance than those of a symmetrical C/C device. However, the high densities of BSCF and FeWO 4 enable electrodes of smaller volume. On one hand, the small volume of electrodes was not sufficient to compensate the limited capacitance of the FeWO 4 /BSCF device. On the other hand, the high density of BSCF, associated to the high capacitance of activated carbon electrode led to similar volumetric energy density as for the C/C devices, despite a limited capacitance. At low current density (BSCF) a 0.2-δ0.4 A.g -δ1 ), the C/BSCF device volumetric energy density was even greater than that of the C/C device, at 2.3 Wh.L -δ1 (BSCF) a relative to the volume of electrodes and current collectors). Furthermore, both devices presented attractive cycling abilities upon cycling with a capacitance retention of 88% over 10,000 cycles for the C/BSCF device and 83% over 45,000 cycles for the FeWO 4 /BSCF device. It is important to notice that such a long cycling test of an asymmetric device built on two pseudocapacitive oxides is scarce in the literature. Furthermore, asymmetric devices present better self-δdischarge characteristics than the C/C device. Asymmetric devices built on two pseudocapacitive multicationic oxides could be an attractive strategy to improve the volumetric energy density of electrochemical capacitors. However, in aqueous based electrolytes, large specific capacitances are mandatory to compete with symmetric C/C devices, at least 100 F.g -δ1 .

  [1,3]. Such behavior has been observed for various electrode materials including metal oxides such as RuO 2 [4-6 ], MnO 2 [7-9 ], Fe 3 O 4 [10,11], but also nitrides such as VN [12,13] and Mo x N [14 ], conducting polymers [15 ] or Mxenes [16 ]. Thanks to their high density compared to that of activated carbon, pseudocapacitive oxides are attractive materials to improve the volumetric energy density of electrochemical capacitors. As such, Goubard-δBretesché et al. predicted a volumetric energy density of a symmetrical electrochemical capacitor MnO 2 /MnO 2 (BSCF) a bulk density: 4.5 g.cm -δ3 )

[ 18 ]

 18 . Among them, ABO 3 perovskite materials [19-23 ], AB 2 O 4 spinel materials [24-27 ], MWO 4 tungstate materials [28 ] or A 2 B 2 O 7 pyrochlore materials [29 ] have been considered.

  FeWO 4 powder characterizations BSCF and FeWO 4 XRD patterns are shown in Fig. S1. BSCF XRD pattern is characteristic of a perovskite structure with the expected Pm-δ3m space group. BSCF XRD pattern is similar to those of previous studies where BSCF was prepared by various sol-δgel synthesis [32-36 ], including the glycine-δnitrate process [32 ], and by solid state reaction [35 ], which all needed a minimum calcination temperature of 900°C. FeWO 4 XRD pattern shows broad peaks of low intensities, characteristic of the poor crystallinity of FeWO 4 prepared by precipitation method. FeWO 4 XRD pattern is different of those of FeWO 4 prepared by hydrothermal synthesis of polyol-δmediated synthesis which allowed to prepare crystalline particles because a minimum annealed temperature of 180°C was used [28,37]. In our case, the temperature used from the beginning to the end of the synthesis is 70°C and the XRD pattern is similar to the one of NiWO 4 prepared by the same route [38 ]. EDS analysis of BSCF powder showed that the atomic ratio Ba/Sr is close to 1. Furthermore, the atomic percentage of Co in the B site of the perovskite is 80%. Finally, the atomic ratio (BSCF) a Ba+Sr)/(BSCF) a Co+Fe) is close to 1 (BSCF) a see Tab. S3). The overall chemical composition is thus confirmed for the prepared BSCF. SEM pictures of BSCF and FeWO 4 powders are depicted in Fig. S2. BSCF prepared powder is composed of 5-δ 20 µm particles whereas FeWO 4 SEM micrography shows that the powder is composed of 20-δ 40 nm particles. 3.2.Electrochemical tests with BSCF, FeWO 4 and activated carbon electrodes In Fig. 1 are shown the cyclic voltammograms (BSCF) a CVs) of BSCF (BSCF) a 50 th cycle), FeWO 4 (BSCF) a 10 th cycle) and activated carbon (BSCF) a 10 th cycle) based electrodes, recorded in 5M LiNO 3 at 5 mV.s -δ1 .

Fig. 1 .

 1 Fig. 1.CVs recorded at 5 mV.s -δ1 in aqueous 5M LiNO 3 of a) BSCF based electrode (BSCF) a 50 th cycle), b) FeWO 4 based electrode (BSCF) a 10 th cycle) and c) activated carbon electrode (BSCF) a 10 th cycle); gravimetric values are expressed per active weight in electrodes.

Fig. 3 .

 3 Fig. 3. Total active material mass, total volume of electrodes and current collectors, capacitances and specific capacitances of fabricated devices are listed in Tab. S5. As for C/BSCF devices, the CV of FeWO 4 /BSCF device shows a distorted rectangular shape, characteristic of a pseudocapacitive behavior. From FeWO 4 /BSCF weight ratio at 0.8 to 2,

Fig. 3 .

 3 Fig. 3.CVs recorded at 5 mV.s -δ1 in 5M LiNO 3 of FeWO 4 /BSCF devices (BSCF) a black line) together with FeWO 4 (BSCF) a green dots) and BSCF electrodes (BSCF) a green line) CVs with BSCF/FeWO 4 weight ratio of a) 0.8, b) 1.67 and c) 2; gravimetric values are expressed per active weight in both electrodes.

Fig. 4 .

 4 Fig. 4.Ragone plots representing the evolution of the power density vs the energy density of the two FeWO 4 /BSCF devices tested in 5M LiNO 3 with BSCF/FeWO 4 ratio of 1.67 (BSCF) a black) and 2 (BSCF) a red). Current densities applied are 0.25, 0.4, 0.5, 0.6, 0.8, 1, 1.2 and 4 A.g -δ1 . Graph a) represents specific power and energy densities and b) represents volumetric power and energy densities; gravimetric values are expressed per total active weights in both electrodes and volumetric values per volume of both electrodes and their current collector. Calculations have been done using Eqs (BSCF) a 9) and (BSCF) a 10).

Fig. 5 . 6 .

 56 Fig. 5.Cycling ability test performed on a) C/BSCF device with a BSCF/C ratio of 2.1 at 0.5 A.g -δ1 in 5M LiNO 3 (BSCF) a evolution of the specific capacitance in black and coulombic efficiency in blue) and b) FeWO 4 /BSCF device with a BSCF/FeWO 4 weight ratio of 2 at 0.25 A.g -δ1 in 5M LiNO 3 (BSCF) a evolution of the specific capacitance in black and coulombic efficiency in green). Insets are galvanostatic cycles after various cycles; gravimetric values are expressed per total active weights in both electrodes.

Fig. 6 .

 6 Fig. 6.Self-δ discharge profile of C/C, C/BSCF and FeWO 4 /BSCF devices.

  

  Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3 + 4.8 CO 2 + 3.84 H 2 O + 2.58 N 2

	13 HOOC-δCH 2 -δNH 2	
	↓	(1)
	Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3 + 4.26 CO 2 + 5.33 H 2 O + 3.165 N 2	
	0.5 Ba(BSCF) a NO 3 ) 2 + 0.5 Sr(BSCF) a NO 3 ) 2 + 0.8 Co(BSCF) a NO 3 ) 2 + 0.2 Fe(BSCF) a NO 3 ) 3 + 0.48 C 10 H 16 N 2 O 8	
	↓	(2)

  Potential ranges of activated carbon and BSCF electrodes at such optimized current densities are -δ0.8 -0 V vs Ag/AgCl and 0 -0.8 V vs Ag/AgCl, respectively, corresponding to targeted electrochemical stability windows of both electrodes. For lower current densities, activated carbon electrode potential goes below -δ0.8 V vs Ag/AgCl and for higher current densities, BSCF electrode potential rises to 0.8 V vs Ag/AgCl and above. According to Tab. 1, increasing the BSCF/C

5, 2.1, 2.4 and 3.6, respectively. Respective galvanostatic cycles at such current densities are shown in Fig. S6 and corresponding performance are reported in Tab. 1.

  The study on all oxide asymmetric FeWO 4 /BSCF devices followed the same methodology as for C/BSCF devices. According to specific capacities measured for FeWO 4 and BSCF electrodes, respectively 36 and 46 C.g -δ1 at 5 mV.s -δ1 in 5M LiNO 3 , a FeWO 4 /BSCF weight ratio of 0.8 should lead to suitable potential windows for both electrodes. Alternatively, two other devices with FeWO 4 /BSCF weight ratio at 1.67 and 2 were tested. These devices have been cycled between 0 and 1.4 V.

	3.3.2. Asymmetric FeWO 4 /BSCF devices			
		E spe	P spe	E vol	P vol
	ratio	Wh.kg -1	kW.kg -1	Wh.L -1	kW.L -1
	1.5	8.6	5.5	2.7	1.7
	2.1	6.5	5.3	2.3	1.9
	2.4	4.5	3.8	1.9	1.6
	3.6	3.9	3.9	1.8	1.8

CVs of the various FeWO 4 /BSCF device, together with those of their electrodes, are shown in

  FeWO 4 /MnO 2 device had a 84% retention over 40,000 cycles (BSCF) a 20 mV.s -δ1 , 1.6 V, 5M LiNO 3 ) [31 ]. As MnO 2 electrode has demonstrated a fair cycling stability, the greater cycling ability of the FeWO 4 /MnO 2 device when compared to that of Fe 3 O 4 /MnO 2 device was assigned to the stability of the Fe 2+ /Fe 3+ redox couple in the FeWO 4

	C/BiMn 2 O 5 [41 ] and C/MnO 2 [42 ]. The first one presented only a 90% retention of its
	capacitance over 1,000 cycles (BSCF) a 10 mA.cm -δ2 , 1.8 V, 0.5M Na 2 SO 4 ). On the other hand, the
	C/MnO 2 device presented the greatest cycling ability ever reported in the literature with a
	87.5% of retention over 195,000 cycles (BSCF) a 40 mA.cm -δ2 , 2 V, 0.1M Kα radia 2 SO 4 ). Some symmetric
	devices have also been tested, such as ZnFe 2 O 4 /ZnFe 2 O 4 (BSCF) a composite electrodes with carbon
	nanotubes) which maintained only 70 % of its capacitance over 2,000 cycles (BSCF) a 0.9 V, 1M LiCl)
	[43 ]. Finally, a few studies on asymmetric devices free of activated carbon have been
	reported. For example, VN/MnO 2 (BSCF) a composite electrodes with carbon nanotubes) retained only
	80% of its initial capacitance over 1,000 cycles (BSCF) a 10 mA, 1.8 V, 0.5M Na 2 SO 4 ) [44 ]. The first
	asymmetric device with two oxides ever reported, Fe 3 O 4 /MnO 2 , presented also a limited

cycling ability with a 50% capacitance fading over 5,000 cycles (BSCF) a 1.8 V, 0.1M Kα radia 2 SO 4 )
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. As a comparison with this latter device,
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