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Llquld exfoliation Layered oxlde Sodium deintercalatlon

Layered oxides have been intensively studied for decades for their characteristics as electrode materials or their physical properties resulting from their structure. ln this work, we present a modification of layered oxide NaVO 2 via liquid exfoliation technique in water. This oxide bas VO, layers with Na ions trapped in between. The goal of this process is to initiate sodium removal from the lattice, which will result in the structural transfor mations. During this sodium deintercalation, we observed drastic changes in the structure and electrochemical behavior of the oxide. Following water treatment, NaV◊2 exhibited nearly linear slopping discharge voltage profile and none of the multi"'5tep reaction potential plateaus were observed, contrary to the profile of the pristine powder. lnterestingly, this material structure was able to cycled reversibly within a much l arg er voltage window, with decent capacity value (ca 160 mAb/g), compare to pristine NaVO2• Thanks to this change of behavior, the active material mean operating voltage was increased.

Introduction

Electrochemical energy storage had captured interest of the scien tific community for decades due to its broad range of applications from cell phones to electric power grids. A lot of efforts have already been put in the development of high energy density devices such as lithium ion batteries, which achieve today the best performance (240 Wh. kg-1 ), sodium ion batteries (SIB) etc. However, most of these de vices fails so far to keep high power performance together with high energy density delivery. In order to meet the growing energy demands for energy storage systems, it is necessary to increase the power density of the device without sacrificing its energy density and cycle life.

Alternatively, capacitive energy storage off ers some new interesting properties such as high power, long cycle life and fast charging me chanism. Electrochemical capacitors (ECs), also known as super capacitors, are capable of delivering / harvesting higher power ( > 10 kW.kg-1 ) and long cycle life compare to batteries, though energy performance is still a big issue (about 10 Wh. kg-1 ). ECs could be roughly divided into two major groups, depending on the charge sto rage mechanism: Electrical Double Layer Capacitors (EDLCs) store the charge electrostatically in the electrochemical double layer formed at high surface area carbons from charge separation at the carbon / electrolyte interface (1). Differently, charge storage mechanism in pseudocapacitive materials corne from electron charge transfer.

Pseudocapacitance is then not electrostatic in origin; it is a surface confined redox reaction, which is not limited by solid state diffusion unlike faradic storage in battery type materials, which involved redox reactions in the bulk of the materials [START_REF] Conway | Electrochemical Supercapacitors: Scientific Fundamentals and Technological Applications[END_REF]. Since these materials use fast redox reactions, they held great promise for improving energy densities compared to EDLCs (3). There is a variety of different classes of pseu docapacitive materials, and the most common ones are the transition metal oxides (Ru0 2, Mn0 2 , Fe 2 0 3, Nb:i() 5 etc) (4,5). These materials can be used in asymmetric cells, where pseudocapacitive transition metal oxide electrode is combined with EDLC carbon material (6). The resulting capacitance improvement alm ost twice of that of symmetric EDLCs combined with higher cell vohage make these materials very promising for preparing the next generation of high energy hybrid su percapacitors. However, pseudocapacitive transition metal oxides do have few major flaws like low electronic conductivity, low stability and difficulty maintaining high rate capability.

Considering the fact that in such aforementioned electrochemical redox reaction, in most of the cases, occurs at the surface (or near surface) of the material grains and not in the bulk it appears ap pealing to increase reactive surface as much as possible. This is even more true, since transport of ions of the electrolyte to a11 active sites continue to be a determining kinetic step; besides, another dis advantage of pseudocapacitive materials, especially oxides, is low electronic conductivity [START_REF] Béguin | Supercapacitors: Materials, Systems, and Applications[END_REF]. One of the approaches proposed in the •Corresponding author at Université Toulouse m-Paul Sabatier, CIRIMAT UMR CNRS 5085, 118 route de Narbonne, 31062 Toulouse Cedex 9, France. E-mail address: simon@chimie.ups-dse.fr (P. SÎDlon). https://doi.org/10.1016/j.materresbull.2019.110586 literature to tackle those issues is to design materials with tailored and controlled structures, such as the preparation of two dimensional (2D) materials by exfoliating materials into few layered or monolayered nanosheets [START_REF] Acerce | Metallic 1T phase MoS2 nanosheets as supercapacitor electrode materials[END_REF].

Numerous studies have been already done on the liquid exfoliation of various compounds [9 12], that enables the formation of thin films and is potentially scalable [START_REF] Ruoff | Calling all chemists: graphene[END_REF]. This can be achieved by oxidation, ion intercalation/exchange, or surface passivation by solvents [START_REF] Nicolosi | Liquid exfoliation of layered materials[END_REF].

Much effort has been devoted to liquid exfoliation of graphene [ 13 15], though it has also been shown for some other materials, such as layered oxides [START_REF] Coleman | Two-dimensional nanosheets produced by liquid exfoliation of layered materials[END_REF], transition metal di chalcogenides [START_REF] Wang | Electronics and optoelectronics of twodimensional transition metal dichalcogenides[END_REF] or metal carbides (MXenes) [START_REF] Anasori | 2D metal carbides and nitrides (MXenes) for energy storage[END_REF]. The latter has proved to be an excellent pseudocapacitive two dimensional material for different applications, from aqueous systems to hybrid Na ion supercapacitors [START_REF] Dall'agnese | Two-dimensional vanadium carbide (MXene) as positive electrode for sodium-ion capacitors[END_REF][START_REF] Dall'agnese | Capacitance of two-dimensional titanium carbide (MXene) and MXene/carbon nanotube composites in organic electrolytes[END_REF]. NaxVO 2 is a lamellar compound built with[VO 2 ] -and Na + layers. NaVO 2 synthesis was reported for more than 30 years ago by Barker et al. [START_REF] Barker | Reactions of sodium oxide with the oxides VO2, V2O3, VO, and vanadium metal[END_REF] then by Chamberland et al. [START_REF] Chamberland | A study on the preparation and physical property determination of NaVO2[END_REF]. After a long break, NaVO 2 synthesis was revisited by Onoda, who show the possibility to generate, depending on the sodium content, two types of lamellar compounds namely O3 NaVO 2 [START_REF] Onoda | Geometrically frustrated triangular lattice system Na x VO 2 : superparamagnetism in x = 1 and trimerization in x ≈0.7[END_REF] and P2 Na 0.70 VO 2 phase. These compounds differ by the stacking sequence of [VO 2 ] layers leading to define octa hedral (O type) or prismatic (P type) sites for sodium while the number 3 or 2 corresponds to the number of [VO 2 ] layers in the unit cell. Then, Hamani et al. as well as Delmas et al. reported successful synthesis of various polymorphs of Na x VO 2 via solid state and electrochemical deintercalation methods, with amount of Na varying from x = 0.5 1 [ 24 28]. It was also reported that NaVO 2 does not exhibit superior electrochemical properties, such as 120 mA h/g capacity and a mean operating voltage of 1.9 V (from 1.2 to 2.5 of voltage range), making such compound less appealing although some authors reported that it could be of interest after deintercalation [START_REF] Hamani | NaxVO2 as possible electrode for Naion batteries[END_REF].

This study focuses on the structure modification of NaVO 2 for pseudocapacitive storage applications. Owning the fact that NaVO 2 has VO 2 layers with Na ions trapped in between and that Na ions could be easily removed during electrochemical cycling [START_REF] Szajwaj | Investigation of the new P′3-Na 0.60 VO 2 phase: structural and physical properties[END_REF] as well as during exposure to air (moisture) [START_REF] Guignard | P2-Na x VO2 system as electrodes for batteries and electron-correlated materials[END_REF], it is tempting to try to remove more Na from the structure and target the achievement of delaminated pure VO 2 individual layers using a simple method based on liquid exfoliation technique, using the most abundant solvent existing water.

Experimental part

O3 type NaVO 2 was prepared by NaVO 3 reduction under H 2 at mosphere, first at 500 then at 700 °C in a tubular furnace for 2 and 4 h respectively. NaVO 3 was synthesized via solid state reaction of Na 2 CO 3 (Aldrich) and V 2 O 5 under air at 520 °C for 12 h. The obtained powder was immediately transferred into the argon filled glow box with minimum exposure to air.

The delamination of the sample consisted in immersion of NaVO 2 powder in water, sonication of the solution for 1 h and filtration. This procedure was repeated multiple times until reaching neutral pH value of the solution. Collected powder was dried using lyophilization tech nique (freeze drying) or under Ar at 200 °C during 24 h.

The morphology of the obtained samples was characterized by scanning electron microscopy, using JSM 6510LV Scanning Electron Microscope, and crystal structure by X ray powder diffraction mea surement using a Bruker D4 diffractometer (CuKa radiation) in a 2θ range from 10°to 60°with 2θ angle step of 0.016°. Electrodes were prepared by mixing 85 wt% of active material (pristine or treated NaVO 2 ) with 15 wt% of acetylene black then dried at 120°for 12 h under Ar atmosphere. The electrolyte used was 1 M NaPF 6 in ethylene carbonate and dimethyl carbonate mixture (EC:DMC), in 1:1 vol ratio, with water content < 50 ppm (measured by Karl Fischer titration using Sigma Aldrich titration reagent). Swagelok cells were assembled in an argon filled glovebox with oxygen and water levels below 1 ppm. The mix of pristine or treated NaVO 2 active ma terial and acetylene black was used as the working electrode, and Na metal as both counter and reference electrodes with two glass fiber (GF/B, 200 μm thick) separators between working and counter elec trodes. Galvanostatic charge and discharge cycles were conducted at room temperature with different C rates in voltage window between 1.2 and 3.8 V, starting cycling from the oxidation for both treated and pristine powders.

XPS measurements were recorded using XPS K alpha spectrometer equipped with monochromated 450 W Al K α source. The pressure of the system was below 10 -7 Pa. The sample was previously dried at 120 °C under Ar atmosphere for 12 h in order to remove surface contamina tions. The EDS measurements were performed using TEAM™ EDS System for the SEM with Apollo X Silicon Drift Detector (SDD) with 15 kV voltage.

Results and discussion

Fig. 1 shows a schematic representation of the liquid exfoliation process of synthesized NaVO 2 powders. The process was achieved in water, owing to the high sensitivity of NaVO 2 to moisture. In the case of Na removal from the NaVO 2 , water plays role of the oxidizer. During this process, the spontaneous oxidation of NaVO 2 by water leads to the formation of (partially) desodiated Na x VO 2 phase (reaction 1).

NaVO 2 + xH 2 O = Na 1 x VO 2 + xNaOH + x/2 H 2 with x < 1 (1)
Important differences were observed during the NaVO 2 delamina tion process between the suspension at the beginning and at the end of the experiment. During initial stages, NaVO 2 powder quickly pre cipitated after removing from sonication, while after a few filtration redispersion steps, decrease of ionic strength of the dispersions yields uniform dark colloidal suspensions for a couple of hours. Those ob servations may evidence the achievement of the small and well dis persed particles. About 40 wt% of the initial powder was recovered after treatment. This could be partially due to Na ion removal though it does not explain such big losses and a partial dissolution of the smallest NaVO 2 particles is assumed to occur during the process.

SEM images (Fig. 2b,c) do not show complete delamination of the NaVO 2 , that is total separation of the vanadium oxide layers. However, treated NaVO 2 powders are composed of numerous thin sheets stacked into flakes, together with some noticeable two dimensional flakes as observed for other materials such as MXene prepared from etching in acid electrolytes [START_REF] Anasori | 2D metal carbides and nitrides (MXenes) for energy storage[END_REF]. Such a morphology supports the partial delamination of the layered compound, which is also in a good agree ment with weight loss of powder measured during delamination, as mentioned above. The difference between treated freeze dried sample and treated heated one mainly lies on the flake shape. In the case of the freeze dried powder, well organized stacks of parallel sheets together with 2D like shaped layers are visible. Although the flake like structure remains similar for both samples, the flakes in case of heated sample look more disordered.

The diameter of the treated NaVO 2 flakes is beyond 1 μm, but are composed with nanosheets, as shown on the TEM image (Fig. 2d). In addition, SEM images show relatively smoothed edges of the flakes, which supports the existence of partial dissolution of smallest particles of NaVO 2 in water.

The XRD pattern of pristine NaVO 2 (Fig. 3, red color) shows a mixture of O3 NaVO 2 and P2 Na 0.7 VO 2 . This is consistent with previous results showing the high sensitivity of stoichiometric O3 NaVO 2 which easily converts to Na deficient P2 Na 0.7 VO 2 when exposed to air even for a short time [START_REF] Hamani | NaxVO2 as possible electrode for Naion batteries[END_REF]. Aside from the peaks corresponding to O3 and P2 structures, there are few peaks corresponding to V 2 O 3 , which result from the reduction of remaining V 2 O 5 in the NaVO 3 starting material. The comparison of the XRD pattern of pristine sample to the treated NaVO 2 powders ones (Fig. 3, blue and green colors) shows the loss of all Bragg peaks attributed to P2 and O3 Na x VO 2 layered materials. The remaining diffraction peaks with small intensity can all be attributed to unreacted V 2 O 3 impurities. Those observations result in the conclusion that both treated powders lost long range periodicity, in accordance with TEM observations showing transparent nanosheets, which makes difficult the identification of the structural changes of the treated samples. Moreover, freeze dried and dried by heating under Ar samples display almost identical patterns, except one key feature which lies on the presence of a peak at low angle for the freeze dried powder. This peak corresponds to (001) plane of a 2D structure with an interlayer distance around 7 Å larger than that (ca 5.5 Å) of pristine NaVO 2 . This can be the evidence of the successful replacement of Na by water, which even after freeze drying process, pillar the layers. In contrast, by drying the sample at 200 °C under Ar atmosphere, the interlayer water was removed without long range restacking as confirmed by the absence of diffraction peaks. This assumption is also fully consistent with the SEM images of the freeze dried sample, which shows more layered like structure compare to more separated sheets of Ar dried treated NaVO 2 .

The XPS analysis of the pristine O3 NaVO 2 shows peaks corre sponding mainly to Na(1 s), O (1S) and C(1 s) levels indicating the presence of NaOH and/or Na 2 CO 3 on the surface with a thickness high enough to prevent the detection of V(2p) peaks in agreement with the well known high air sensitivity of O3 NaVO 2 . Differently, V, O and C were identified in the treated NaVO 2 samples. V2p and O1 s peaks were fitted using Lorentz Gaussian type curves (Fig. 4a). It can be seen from Table 1 that there is a large spread on the reported values, especially for the V 4+ and V 3+ oxidation states. The integration of the peaks of the V2p3/2 and V2p1/2 levels leads to a consistent ratio of 2:1 which is generally found when fitting the V2p energy level XPS signals [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn[END_REF]. Different methods have been proposed in the literature to calculate the oxidation states of vanadium and their relative (atomic) content from the fitting of the V2p peaks. Several authors only use the V2p3/2 signal for data analysis [30 33], while others also take the V2p1/2 signal into account for subtracting the background [START_REF] Choi | Fast and reversible surface redox reaction in nanocrystalline vanadium nitride supercapacitors[END_REF]. In our case because of the proximity of O1 s and the V2p1/2 peaks affects the background de termination accuracy, only V2p3 was considered for fitting in agree ment with reported data [START_REF] Mendialdua | XPS studies of V2O5, V6O13, VO2 and V2O3[END_REF][START_REF] Silversmit | Determination of the V2p XPS binding energies for different vanadium oxidation states (V5+ to V0+)[END_REF]. Also, Mendialdua et al. [START_REF] Mendialdua | XPS studies of V2O5, V6O13, VO2 and V2O3[END_REF] have shown that the difference in binding energy (Δ O1s/V2p3/2 ) between the O1 s and V2p3/2 level should be taken into account to accurate de termination of the V oxidation state. The fitting of V2p3/2 peak reveals two different contributions at 517.09 and 516 eV, in agreement with the broad and asymmetric peak shape, corresponding to V +V and V +IV oxidation states, respectively [START_REF] Mendialdua | XPS studies of V2O5, V6O13, VO2 and V2O3[END_REF][START_REF] Silversmit | Determination of the V2p XPS binding energies for different vanadium oxidation states (V5+ to V0+)[END_REF]. The intensity of the peak at 517.09 eV (V +V ) was notably higher than the one at 516 eV (V +IV ) (Fig. 4a). The Δ O1s/V2p3/2 is around 13 and 14 eV for V +V and V +IV , respectively, which well agrees with the literature [START_REF] Mendialdua | XPS studies of V2O5, V6O13, VO2 and V2O3[END_REF][START_REF] Silversmit | Determination of the V2p XPS binding energies for different vanadium oxidation states (V5+ to V0+)[END_REF]. Table 2 lists the results of the fitting, as well as the relative atomic content. No V +III signal was detected during this XPS analysis showing that the surface is free of V 2 O 3 , differently from the bulk as revealed by XRD experiment. The fitting of the O1 s peak (Fig. 4b) shows a peak at 530.15 eV cor responding to O1 s in VO x [START_REF] Mendialdua | XPS studies of V2O5, V6O13, VO2 and V2O3[END_REF], together with the contributions from the contamination surface layer, which can be water (peaks at 531.6 and 533.4 eV). Another important feature is the peak at 1071.5 eV, which corresponds to Na (1 s). The low intensity of the signal indicates a small amount of Na + in the compound. The atomic ratio, which were calculated from the fitting of the peaks, gives a composition of roughly Na 0.8 V +IV 0.8 V +V 1.2 O 5 or Na 0.8 V 2 O 5 for the surface of the treated NaVO 2 sample. It confirms a partial removal of Na ions from the structure, but reveals that this removal comes with an oxidation of the V +III into both V +IV and V +V at least on the material surface.

The EDS analyses show presence of Na, V and O peaks (See Fig. 5). Taking into account estimated composition of the sample (Table 3), the average composition of the powder is Na 0.16 V 3 O 5 . This results in an average oxidation state of the vanadium of (V +3.3 ) in the bulk powder. This finding is first consistent with partial sodium removal from the original NaVO 2 structure. Also, the comparison of the EDS and the XPS analyses shows that the oxidation state of vanadium on the surface of the material differs from the one in the bulk, consistent with a higher reactivity of the surface versus the bulk.

Both treated samples were electrochemically tested in the 1.2 3 V vs Na voltage range. However freeze dried NaVO 2 exhibited poor capacity and cycling life. Such performance could be attributed to presence of water in between the VO 2 layers which is known to be detrimental to electrochemical performance [START_REF] Lee | Synthesis and characterization of sodium vanadium oxide gels: the effects of water (n) and sodium (x) content on the electrochemistry of NaxV2O5•nH2O[END_REF]. Then only the sample dried at 200 °C has been further investigated. Fig. 6 shows the electrochemical galvanostatic charge/discharge characterizations of the treated (red) and pristine (black color) NaVO 2 in the 1.2 3 V vs Na voltage range. The electrochemical signature of the synthesized pristine NaVO 2 was similar to the previously reported ones for O3 type phase [START_REF] Didier | Electrochemical Na-deintercalation from NaVO2[END_REF], which well agrees with the XRD data. More specifically, the presence of several potential plateaus on charge (oxidation) evidences Na ion de intercalation process through multiple two phase transformations in the 1.2 3 V vs Na potential range. The discharge (reduction) cycle shows a drastic decrease of the capacity, in good agreement with the results reported by Didier et al. [START_REF] Didier | Electrochemical Na-deintercalation from NaVO2[END_REF]. Indeed, the removal of Na ions from the structure by potential excursion up to 2.8 V is fully reversible [START_REF] Hamani | NaxVO2 as possible electrode for Naion batteries[END_REF] while beyond 3 V an irreversible crystallographic phase transformation occurs leading during the first discharge and the second charge to a small capacity and poor electrochemical signature [START_REF] Didier | Electrochemical Na-deintercalation from NaVO2[END_REF]. Drastic changes were observed in the electrochemical signatures of treated and dried NaVO 2 samples (Fig. 6, red color). First, the open

Conclusions

In summary, the work presented here shows that a careful mod ification of the structure of NaVO 2 by a simple liquid exfoliation process in water can lead to drastic change in the electrochemical performance for energy storage applications. XRD and electrochemical cycling techniques show that we managed to change the long range order of the layered materials. While we do not achieve reaching full delamination, this has allowed suppressing irreversible structure changes known to restrict reversible capacity. The galvanostatic cycling of the treated and Ar dried powder showed close to linear voltage profile together with enlarged voltage window leading to the possible activation of several redox couple and a drastic increase of the accessible reversible capacity. Although additional work has to be done to improve the high rate performance via a careful selection of intrinsic properties of layers, these results open the way to explore randomly stacked layered mate rial with enlarged operating voltage windows and high reversible ca pacity. circuit voltage (OCV) of the treated NaVO 2 sample (3.1 V), is almost 1.5 V higher than the one measured for pristine O3 NaVO 2 . This is in accordance with the XPS results, which spotted the formation of V +IV / V +V from pristine sample. Second, treated sample shows nearly linear potential slopping discharge voltage profile and none of the multi step reaction potential plateaus observed for pristine sample are present. These points out a major change in the electrochemical behavior, moving from 2 phase reaction process to a one phase like process. Another difference is the significant enlargement of the operating po tential window, from 1.2 V to 3.8 vs. Na/Na + compared to pure O3 NaVO 2 with potential window from 1,2 to 2,5 V. Such large voltage window could suggest that several oxidation states (V +5 to V +4 and V +3 ) are involved. This suggestion is consistent with the XPS and EDS analyses. Moreover, treated NaVO 2 can achieve capacity as high as 160 mA h.g -1 at C/10 that is about twice larger than that of the pristine sample in the same potential range as well as 120 mA h/g at C/5 rate together with 90% coulombic efficiency. These results show that the modification of the long range ordering of NaVO 2 by even partial ex foliation results in drastic change of the electrochemical signature.

Another interesting effect of the partial exfoliation of NaVO 2 is the suppression of irreversible structure changes. This allows operating compounds in a larger voltage range thus making accessible several redox couples leading to a drastic increase of the reversible capacity. Extending this concept involving partial disordering in the stacking sequence to other layered compounds could pave the way for the design of new materials with larger accessible voltage range and tuned elec trochemical properties allowing enlarging reversible capacity.
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 1 Fig. 1. Schematic representation of the NaVO 2 delamination process where water used as an oxidizer.
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 2 Fig. 2. SEM images of the NaVO 2 powders: a) pristine O3 -type, b) treated and freezedried c) treated and heated to 200 °C under Ar, d) TEM image of NaVO 2 treated and heated to 200 °C under Ar.
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 3 Fig. 3. XRD pattern of the a) pristine NaVO 2 (red) and b) treated and Ar-dried NaVO 2 to 200 °C (blue) c) treated, freezedried NaVO 2 (green), the identified peaks correspond to V 2 O 3 impurities.
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 4 Fig. 4. XPS analysis of treated NaVO 2 heated to 200 °C under Ar: a) fitting of the V2p3 peak, b) fitting of the O1 s peak.
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 5 Fig. 5. EDS analysis of the treated NaVO 2 sample.
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 6 Fig. 6. GCPL curves of the a) pristine NaVO2 (black) and b) water treated and heated to 200 °C under Ar (red).

Table 1

 1 Reported XPS data.

	Material	V2p3		Δ O1s/V2p3/2 (eV)
		BE (eV)	FWHM (eV)	
	V2O5	517,0 [30]	1,4	12,8
		517,7 [31]	0,9	12,8
		515,65 [30]	4,0	14,35
	VO2	516,2 [31]	3,2	13,7
		515,2 [30]	4,8	14,84
	V2O3	515,9 [31]	4,9	14,4

Table 2

 2 Fitted XPS data.

	Name	Peak BE (eV)	FWHM (eV)	Atomic %
	C1s CC, CH	284.55	1.42	30.96
	C1s C O	286.22	1.44	4.67
	C1s COO/C]O	288.62	1.44	3.40
	O1s A (VOx)	530.1	1.30	32.18
	V2p3/2 (IV)	516.00	1.32	4.98
	V2p3/2 (V)	517.09	1.47	9.23
	Na1s	1071.56	1.41	1.36
	V2p3/2 (III)	515.18	1.34	0.00
	O1s B (OH, CO)	531.63	1.71	11.16
	O1s C (CO, H2O)	533.34	1.32	2.05

Table 3

 3 Estimated chemical composition of the treated NaVO 2 sample from EDS analysis.

	Element	Wt %	At %
	C K	00.04	00.11
	O K	33.01	60.38
	NaK	01.44	01.83
	AlK	00.48	00.52
	SiK	00.47	00.49
	PtM	01.18	00.18
	S K	00.29	00.26
	V K	62.78	36.06
	CrK	00.31	00.17
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