Morphological control of nanostructured V2O5 by deep eutectic solvents. 
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[bookmark: _GoBack]Abstract
Herein, we show a facile surfactant-free synthetic platform for the synthesis of nanostructured vanadium pentoxide (V2O5) using reline as a green and eco-friendly deep eutectic solvent. This new approach overcomes the dependence of the current synthetic methods on shape directing agents such as surfactants with potential detrimental effects on the final applications. Excellent morphological control is achieved by simply varying the water ratio in the reaction leading to the selective formation of V2O5 3D microbeads, 2D nanosheets and 1D randomly arranged nanofleece. Using electrospray ionization mass spectroscopy (ESI-MS), we demonstrate that alkyl amine based ionic species are formed during the reline/water solvothermal treatment and that these play a key role in the resulting material morphology with templating and exfoliating properties. This work enables fundamental understanding of the activity-morphology relationship of vanadium oxide materials in catalysis, sensing applications, energy conversion and energy storage as we prove on the effect of surfactant-free V2O5 structuring on battery performance as cathode materials. Nanostructured V2O5 cathodes showed a faster charge-discharge response than the counterpart bulk-V2O5 electrode with V2O5 2D nanosheet presenting the highest improvement of the rate performance in galvanostatic charge-discharge tests.
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1. Introduction

Vanadium oxides have an extensive range of applications due to their different oxidation states, crystal structures and a rich class of nanoscale morphologies developed such as nanofibers, nanotubes, nanosheets and hollow spheres1>. The ability to synthesize tuneable and controllable nanostructured vanadium oxides has attracted the attention of the scientific community due to the strong morphology-activity relationships2,3,4,5. This allows for a targeted design of materials for applications in (photo)catalysis, electrochemical capacitors6, sensors7, Li-Ion batteries8,9, etc10.   Hydrothermal methods particularly stands out  for the synthesis of vanadium oxides due to their rapid and facile reaction with cheap and scalable procedures11,12,13,14, along with the availability of various capping ligands such as polyvinylpyrrolidone (PVP) and ethylene glycol to control the formation of nanowires, nanowaxberries and nanoflowers15,16. Moreover, the addition of acids such as acetic acid and nitric acid to vary the pH in aqueous and ethanol solutions leads to the formation of nanoflowers, nanoballs, nanowires and nanorods13. Such additives are known to be excellent crystal growth modifiers to tune the formation of superstructures in solutions by its preferential adsorption into certain crystalline facets, leading to different shapes of V2O5, however, they can have detrimental effects such as passivating the nanoparticle surfaces and hence decreasing the performance in catalysis and SERS which are extremely dependent on surface properties17. In this work, we show a novel synthetic procedure using the deep eutectic solvent (DES) reline to tune the morphology of V2O5 at the nanoscale by only varying the amount of water in the reaction medium, without the addition of auxiliary reagents.
DES are a promising class of solvents discovered by Abbott et al. in 2003, formed from a combination of Lewis or Bronsted acids or bases, containing a variety of cations and anions 1>,19. In particular, DESs  consisting of a mixture of a hydrogen bond donor and a quaternary ammonium salt, offer an inexpensive, easy to prepare, biodegradable, versatile, eco-friedly and non-toxic solvent alternative for the wet chemical synthesis of nanomaterials with a minor ecological footprint20. Choline chloride-based DESs are the most popular due to their excellent solubility of a large number of metal precursors. Within these, reline composed of a eutectic molar mixture (1:2) of choline chloride (m.p.: 303°C) and urea (m.p.: 133°C) with a resulting melting point of just ~12°C (depending on the amount of absorbed water present) is particularly commonly used. In addition to its great solubility properties, deep eutectic solvents in general, and reline in particular, have negligible vapour pressures presenting an alternative to avoid the toxic emissions of volatile organic solvents normally used in materials synthesis. Herein, we demonstrate the use of reline in the solvothermal synthesis of orthorhombic V2O5. By varying the reline:water ratio, 3D microbeads and 2D nanosheets are selectively formed. Using electrospray ionization mass spectroscopy (ESI-MS), we demonstrate that alkyl amine based ionic species are formed during the reline/water solvothermal treatment, which exhibit templating and laminating capabilities that define the final material morphologies 21,22.
This work enables the understanding of the structure-property relationship for the above material morphologies as we demonstrate for the effect of the V2O5 nanomorphology on their performance as cathodes in Li-Ion batteries. Orthorhombic V2O5 is an attractive cathode material for Li-ion batteries due to its layered structure1>9. Its theoretical capacity upon two Li ion insertions/extractions per one V2O5 is higher (294 mAhg-1) than conventionally used cathode materials such as LiFePO4 (170 mAhg-1)23, LiNi0.8Mn0.1Co0.1O2, and LiNi0.8Co0.15Al0.05O2 (NMC and NCA, ~200 mAhg-1)24. Some other cathode materials for Li-ion battery applications like LiMnPO4/C nanomaterials have been reported to be synthesized in ethylene glycol-based deep eutectic solvents2526. Unlike these conventional cathodes, as-synthesised V2O5 does not contain any Li that can take part in charge transfer, and therefore V2O5 cathodes are mainly relevant for batteries using Li-metal anodes27,28. V2O5 nanostructuring is important for battery applications because of its limited electrical conductivity and slow ion diffusion27. In this paper, we have analysed the effect of different V2O5 nanoscale morphologies synthesised using deep eutectic solvents on battery performance and demonstrate that V2O5. 2D nanosheets outperform other morphologies in terms of cycling and rate performance due to improved diffusion kinetics.  
2. Experimental Section
Deep eutectic solvent reline was prepared by following a research protocol in literature2> where choline chloride and urea (in the molar ratio of 1:2 respectively) are heated in a sealed flask at 60°C for few hours until a transparent liquid was formed. The water content of pure reline before water addition is found to be 2252±519 ppm20. V2O5 nanostructures were synthesized using a solvothermal route. In a typical synthesis, 80 mL of pure reline, reline/water mixture or pure water was added to a PTFE (polytetrafluoroethylene) autoclave liner. Different reline/water molar ratios are used in this work: from 0 (pure reline), 2, 10 and 20. V2O5  as purchased from Alfa Aesar (1.8 g) was added to the solution and stirred at 80°C for two hours. The liner was placed inside a stainless steel autoclave which was heated inside an air-circulating oven for 10 hours at 180°C. After this time, the autoclave was cooled down naturally to ambient temperature. The resulting black reaction mixture was washed repeatedly with water and ethanol, centrifuged at 4200 rpm for 10 minutes and dried in a vacuum oven at 80°C for overnight. This dried black solid was then calcined at 500°C for 4 hours at a rate of 10°C/min to yield a bright yellow V2O5. For the synthesis carried out in the presence of poly(vinylpyrrolidone) (PVP), the capping ligand was added to the solvent prior the addition of the V2O5 precursor.
51V NMR measurements were carried out in a 400MHz Avance III HD Smart Probe spectrometer. For sample preparation, the samples were diluted with 750 µL of D2O prior to analysis. Stock solutions of V(V) were prepared by dissolving the initial V2O5 precursor in reline, reline/water and pure water solutions for analysis. A Bruker D8 Advance powder X-ray diffractometer with a VANTEC-1 detector and Cu Kα radiation at 40 kV and 40 mA was used to perform powder X-ray measurements of the powder samples. Electrospray ionization mass spectroscopy (ESI-MS) spectra were recorded at the National Mass Spectrometry Facility at Swansea University using a Fourier Transform MS (FTMS or Orbitrap) by nanoelectrospray (NSI). A very small aliquot (~2-4ul) of each of the samples was diluted into 1ml MeOH:H2O (1:1) for nanoelectrospray analysis on the Thermo LTQ Orbitrap XL in both positive ion and negative ion modes. The Advion NanoMate inlet was used with a 96-well plate, corresponding transfer tips and 400-nozzle spray-chip at a flow rate of approximately 0.25µL/min. The Orbitrap API source settings were as follows: source voltage +/- 1.4KV; capillary temperature 200°C; capillary voltage +/- 47V; tube lens +150V/-100V. MS scan parameters: m/z 150 to 2000 and m/z 80 to 400 for internal lock mass accurate mass measurement of low m/z ions; resolution 100000. A MIRA3 FEG-SEM (Field emission gun scanning electron microscope) with a Schottky emitter was used for SEM imaging of the samples. The samples were mounted on a conductive carbon tape followed by a 10 nm Pt sputtering. High resolution transmission electron microscopy (HR-TEM) measurements were recorded at an electron beam energy of 200kV on a Talos TEM. For TEM, the samples were diluted in ethanol and directly drop-casted on carbon/copper TEM grids.
Electrochemical measurements were conducted using a 2-electrode coin cell system (CR2032 type), where the V2O5 electrode was assembled with lithium foil (counter/reference electrode) in a glovebox (argon atmosphere). V2O5 electrodes were prepared by mixing the active material with conductive carbon (Super P, MTI Corp), carboxymethyl cellulose (CMC, MTI Corp) and styrene-butadiene rubber (SBR, MTI Corp) in 80:10:5:5 weight ratio using DI water as solvent. The homogeneous slurry was coated on an Al foil, followed by drying under room temperature (1h) and 100 °C under vacuum (5h). Dried electrodes were cut into round shape with 12 mm diameter and a mass loading of active material between 1.3 – 1.8 mg cm-2. The electrolyte used was 1.0 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 volume ratio, Sigma Aldrich). Cyclic voltammetry was conducted using a VMP3 (Biologic). A LAND cycler (Wuhan Land Electronic Corp) was used to measure charge-discharge data.


3. Results and discussion

The deep eutectic solvent reline was used for the solvothermal synthesis of nanostructured V2O5 with its morphology being manipulated by simply increasing the molar ratio of water as shown by the SEM images in Figure 1. When pure water or pure reline are used as solvent, similar random morphologies are obtained after solvothermal synthesis which are converted into 1D nano-units randomly arranged crystals (nanofleece) after calcination. A 1:2 reline/water molar ratio mixture leads to the formation of well-defined and uniform V2O5 hemihydrate (V2O5.xH2O) microbeads, which recrystallize during calcination but roughly retain a similar spherical shape. Due to the hygroscopic nature of pure reline2>, few 3D microbeads are observed in pure reline because of the presence of trace amounts of water. When increasing the water content in reline (reline/water, 1:10 by molar ratio), nanosheets are synthesized. A further increase of the water content (e.g. reline/water, 1:20) leads to similar layered morphologies (Figure S1). Increasing the amount of water does not only vary the resulting morphology but also the V2O5 yield (defined as the fraction of product over starting material) from < 0.5 % in pure reline to 2.6 %, 6.1 % and 19.6 % when the reline:water ratio increases from 1:2, 1:10 and 1:20 respectively. A yield of 33.3 % is obtained with pure water as solvent. These results suggest that the increase of yield can be associated to the decrease of viscosity as the water content increases 30 although water has also been proposed to have an active role in the re-crystallisation process31.


[bookmark: _Ref11077490]Figure 1: a) Schematic representation of the solvothermal synthesis of nanostructured V2O5 in reline and reline/water mixtures. Second row: 51V NMR of V2O5 precursor dissolved in b) pure water, c) reline/water molar ratio 1:10, d) reline/water molar ratio 1:2 and e) pure reline and diluted in D2O. Third row and fourth row: representative SEM images of un-calcined and calcined V2O5 samples respectively. Fifth row: XRD patterns of orthorhombic calcined V2O5 corresponding to the JCPDS card 41-1426  b) nanofleece in pure water, c) nanosheets synthesized in reline/water molar ratio 1:10 d) microbeads synthesized in reline/water molar ratio 1:2 and e) commercial V2O5. All the samples have been prepared for 10 hours at 180°C under solvothermal conditions. After preparation, the samples have been calcined in air at 500°C for 4 hours at a sweep rate of 10°C/min.

Figure 1a shows a schematic representation of the different steps taking place during the solvothermal synthesis. A dark orange colour solution is obtained upon the dissolution of bulk V2O5 in pure reline, reline/water and pure water solutions characteristic of V(V). Upon heating the reactants at 80°C for 2-3 hours (prior solvothermal synthesis), the colour of the solution turns green in the presence of reline, indicating its reduction to V(III). However, in the case of using pure water as solvent, no change in colour is observed, suggesting that reline, or one of its components, is responsible for the reduction of the vanadium precursor at relatively low temperature (80°C). Indeed, preliminary data suggests that traces of ammonia are formed from the urea moiety in reline upon heating, likely to be responsible of the observed reduction. Independently of the initial solvent, solvothermal synthesis at 180°C for 10 hours leads to the formation of poorly crystalline vanadium oxide hemihydrate precipitates (black), showing different morphologies depending on the chemical environment. Upon calcination at 500 °C, the materials are then transformed into crystalized V2O5 phases. While the general morphology is retained after calcination (as shown in Figure 1), the smooth surface of the un-calcined samples are transformed into well-defined unit crystals of more than 100 nm sizes due to the release of coordinated water from the V2O5 hemihydrate materials3>. This transformation is particularly clear during the calcination of the samples synthesised in pure reline, pure water and reline/water mixtures with a 1:2 molar ratio.
51V NMR studies were conducted after the addition of V2O5 precursor to the different solvents showing the formation of decavanadate [H3V10O283-] species in the presence of water (pure water and reline/water mixtures) as seen from Figure 1. However when pure reline is used as a solvent, only [V5O155-] species are observed. This is in agreement with the decrease of the pH of the reline/water and water solutions due to the release of protons H+ associated to the formation of [H3V10O283-] ions as shown in reaction (1)3>. In pure reline (in the absence of water), decavanadate species are not formed and thus, no variation of pH is noticed (Table 1). The importance of the acidic environment is discussed later in the text to explain the formation of nanosheets. 
[bookmark: equation]                               (1)
[bookmark: _Ref5022758]Table 1: pH values of reline/water and pure water solutions before and after adding V2O5 initial precursor
	Solution
	pH value (before adding V2O5 precursor)
	pH value (after adding V2O5 precursor)

	Pure reline
	10.5
	10.6

	Reline/water (1:2)
	9.1
	6.1

	Reline/water (1:10)
	8.8
	4.4

	Pure water
	8.4
	4.0


pH values measure with ± 0.2 accuracy using a pH meter.

Figure 1 shows the powder X-ray diffraction (PXRD) pattern of the three calcined nanostructured and bulk V2O5 (for reference). The diffraction peaks at 15.36°, 20.28°, 21.73°, 26.15°, 31.03°, 32.39°, 34.31° and 41.37° are well indexed to the orthorhombic crystalline phase of V2O5 (space group: Pmmn 59) with lattice constant values of a= 11.516 Å, b= 3.5656 Å and c= 4.372 Å (JCPDS card number 41-1426) corresponding respectively to {020}, {001}, {011}, {110}, {040}, {101}, {130} and {002} lattice planes 3>. In the case of V2O5 nanosheets, the diffraction peaks at 20.28° and 41.37° are considerably more intense indicating the dominant {001} and {002} planes 35 and the other peaks are only obsevable in the logarithmic scale of the XRD pattern shown in the Figure S2. In the case of V2O5 microbeads, intense diffraction peaks are observed at 15.36°, 20.28°, 26.15° and 31.03° which corresponds to the crystal planes of {020}, {001}, {110} and {040} respectively. For V2O5 nanofleece, an intense diffraction peak is observed at 20.28° and minor peak at 15.36° indicating the dominant planes as {001} and {020} respectively. No other impurity peaks were observed in the samples.  The crystallite sizes as calculated from the Scherrer equation from the {001} peak of all the samples are 60 nm (nanosheet), 54 nm (microbeads) and 48 nm (nanofleece) in agreement with our previous microscopy observations (Figure 1).  High-resolution transmission electron microscopy (HRTEM) images of the different V2O5 materials are shown in Figure S3. All the samples exhibit good crystallinity and clear lattice fringes. 
The formation of the different V2O5 morphologies suggests a templating effect dependent on the reline/water content. Additional mechanistic insights were obtained by carrying out syntheses at shorter durations of 2.5 and 5 hours. Figure 2 shows the morphology evolution as a function of time and Figure 3 shows the effect of calcination on the material morphology. 

[image: ]
[bookmark: _Ref11139221]Figure 2: Effect of increasing the hydrothermal reaction time on morphology evolution of nanostructured V2O5. Electrospray ionization-mass spectroscopy (ESI-MS) is used to identify the formation of alkyl based amine ionic species during the synthesis. a) In pure water, no formation of alkyl amine ionic species; b) In reline/water (1:10), formula of the alkyl amine ionic based species in ESI positive (A+) and negative mode (B-); c) In reline/water (1:2), formula of the alkyl amine ionic based species in ESI positive ion (C+) and negative mode (D-). SEM images of calcined V2O5 samples synthesised in a) pure water, b) reline:water 1:10 molar ratio and c) reline: water 1:2 molar ratio as a function of time (2.5, 5 and 10 hours). Samples synthesised under solvothermal conditions at 180°C and calcined at 500°C for 4h.

Similar V2O5 nanocrystals of a few hundreds of nm in size are obtained in pure water and in the reline/water mixture with a 1:2 molar ratio at 2.5 and 5 h. Interestingly, microbeads with 1.5-2 μm diameters are only formed in the 1:2 reline/water mixture after 10 h, suggesting that templating agents are formed during the solvothermal treatment of the reline components which interact with the V2O5 nuclei. On the other hand, well-defined V2O5 blocks with sizes ranging between 20 – 50 μm are formed in the 1:10 reline/water mixture after only 2.5 h of solvothermal treatment. These blocks swell and exfoliate into nanosheets as the solvothermal treatment time increases. Nanosheet formation takes place during the synthesis and not during the calcination process as demonstrated by SEM pictures before and after calcination (Figure S1).
In order to understand the nature of the templating compounds formed in the different reline/water mixtures during their thermal treatment, electrospray ionization mass spectroscopy (ESI-MS) analyses were carried out on the reline/water mixtures as depicted in Figure 2. For this, reline/water mixtures (both 1:2 and 1:10 molar ratios) were treated at 180°C for 10 hours (without addition of V2O5 precursor) in an autoclave and then the solutions were analysed by ESI-MS technique. In both cases, a number of alkyl based amine ionic species (with the general formula of [CxHyNzOjCli]±) were formed. Full identification of the formed species is shown in Table 2. The length of the hydrocarbon chain of these species varies with the reline/water molar ratio. With a reline/water molar ratio of 1:2, C4-15 alkyl amines were formed while additional C16-20 amines were also present when the reline/water molar ratio increases to 1:10. 
[bookmark: _Ref11239108]Table 2: List of species from ESI-MS from the hydrothermal decomposition of reline/water solutions (1:2 and 1:10 by molar ratio)
	Reline/water (1:2)

	Reline/water (1:10)

	[C4H12NO]+
[C4H12NCl2]-
[C5H14NO] +
[C5H11N4Cl3] -
[C5H14NOCl2] -
[C6H16O2N3] +
[C7H18O2N3] +
[C8H24O2N2Cl] +
[C10H28O2N2Cl] +
[C10H28O2N2Cl3] -  [C10H32ON3Cl4] - [C11H34O2N3Cl4] - [C14H40O2N3Cl4] - [C15H42O3N3Cl4] -
	[C4H12ON] +
[C4H17NCl2] -
[C4H17N2O5Cl] –
[C5H13NOCl] -
[C5H14NO] +
[C5H14NOCl2] -
[C6H16NO2] +
[C6H13NO3Cl] -
[C6H16NO4Cl2] -
[C6H20N2OCl3] -
[C7H26N3OCl4] -
[C8H24N2O2Cl] +
[C10H27N2O2Cl2]  
[C10H27N3O2Cl2] +
[C10H28N2O2Cl3] - 
[C10H28N2O2Cl] +
[C10H32N3OCl4] -
[C11H34N3O2Cl] -
[C12H29O3Cl2] -
[C14H40O2N3Cl4] - [C15H41N3O3Cl3] - [C15H37N3O3Cl4] - [C15H42N3O3Cl4] - [C18H43N3O3Cl4] - [C19H45N3O4Cl4] - [C20H55N4O4Cl4] - [C20H51N4O4Cl5] - 



[bookmark: _Ref6921466]Thermal treatment of the 1:2 reline/water molar ratio mixture leads to the formation of short chain alkyl based amine species originated from the choline chloride component of reline (C4H12NO+/ C5H14NO+). The formation of these species after 10 h of solvothermal treatment leads to the recrystallization of V2O5 microbeads. Interestingly, if the 1:2 reline/water mixture is thermally treated at 180°C for 10 h prior the addition of the vanadium precursor, no microbeads formation is observed after 2.5 h of solvothermal treatment (Figure S4) indicating that similar synthetic times (10 h) are required even in the presence of the alkyl amine species detected by the ESI-MS analysis for the formation of the microbeads. Similar structures have been previously reported in the presence of poly(vinylpyrrolidone) (PVP) with a analogous chemical structure (C6H9NO)n which is well known to form micelle-type structures with a number of transition metallic precursor36,37,38. Indeed, we have further demonstrated the capping role of the thermally treated 1:2 reline/water mixture by obtaining similar V2O5 nano-units in the pre-thermally treated solvent and in the presence of PVP as shown in Figure S4. In the presence of PVP (polyvinyl pyrrolidone), non-uniform microbeads are observed at lower times (at 2.5 h) while longer times (10 h) are needed in the presence of 1:2 reline/water leading to uniform microbeads.
Similar alkyl amine based species are also formed in the reline/water mixture (1:10), however, the higher water ratio promotes the hydrolysis of urea (component of the DES reline), leading to the formation of V2O5 blocks. Similar morphologies have been reported by hydrothermal synthesis of ammonium metavanadate (NH4VO3) in oxalic acid3>. The subsequent formation of the V2O5 nanosheets as the solvothermal time increases, is likely to take place through the osmotic swelling of the V2O5 blocks followed by exfoliation. The acidic environment created in the presence of water, as shown above in the 51V NMR in Figure 1, is critical for the protonation of the thermally formed alkyl based amine species which have a high affinity for the vanadium species due to their Brønsted acid nature (NH+….O=V). Such acid-base reactions 40 enable the initial intercalation of short amine ionic species leading to the osmotic swelling of the vanadium blocks observed after 2.5 and 5 hours of synthesis (Figure 2). Similar swelling effects have been reported for other layered compounds like titanate and clay when a large volume of water (in presence of certain electrolytes) is introduced into the interlayer spacing41. Swelling of the V2O5 blocks causes their elastic deformation, creating inter-layer gaps where longer amines (e.g. C16-20) can penetrate leading to its exfoliation into nanosheets40-42. This work provides fundamental understanding of the role of DES reline as exfoliating agent through the formation of alkylamine species rather than the previously hypothesised route of the decomposition of urea to produce ammonium ions43, explaining the previously observed role of DES as exfoliating agents for the formation of thin graphene sheets44 and MoS245.
[image: ]
[bookmark: _Ref11148513]Figure 3: SEM images of uncalcined and calcined V2O5 samples synthesised at 2.5 and 5h in a) Pure water b) Reline/water molar ratio 1:10 and c) reline/water molar ratio 1:2. All the samples were synthesised at 180°C and calcined at 500°C for 4h at a rate of 10°C/min.

We investigated the use of these orthorhombic V2O5 nanostructures shown in Table 3 as active materials for lithium ion batteries (LIBs). 
Table 3: Summary of V2O5 nanomaterial properties
	Solvent type
	V2O5 morphology
	Porosity
	Product yield
	Cycling performance a

	Pure reline
	nanofleeceb
	Macroporosity
	< 0.5 %
	-

	Reline/water 1:2
	microbeads
	Macroporosity
	2.6 %
	141

	Reline/water 1:10
	nanosheet
	Macroporosity
	6.1 %
	170

	Reline/water 1:20
	nanosheet
	Macroporosity
	19.6 %
	-

	Pure water
	nanofleece
	Mesoporosity
	33 %
	139


a: Expresssed in mA h g-1
b: traces of microbeads also observed

V2O5 3D microbeads, 2D nanosheets and 1D nano-units randomly arranged nanofleece materials were mixed with conductive carbon (Super P) and polymeric binder (CMC-SBR) with mass ratio of 80:10:10 using DI water as a solvent. Orthorhombic V2O5 is an attractive cathode Li+ host material because of its high theoretical capacity (294 mA h g-1, for γ-Li2V2O5), low cost and easy preparation4>,47,48. Despite this, low electronic conductivity and poor rate/cycle performance are issues to be addressed for the practical utilisation of nanostructured V2O5 in LIBs. Downsizing this intercalation material into nanoscale particles is a promising approach to solve these problems because it increases the lithium insertion surface area and shortens the ion diffusion length49,50,51. To understand the redox reactions and morphological effects of all V2O5 samples, Li+ storage behaviour was evaluated by cyclic voltammetry (CV) and galvanostatic charge-discharge at different rates. For control experiments, a bulk-V2O5 cell was prepared and tested under the same conditions (SI).
Figure S5 shows cyclic voltammetry curves obtained between 4.0 and 2.0 V range. All V2O5 electrodes have similar peaks which are in accordance with literature 5>,53,54. In the cathodic scan, multiple peaks between 3.5 and 3.0 V relate to the phase transitions from V2O5 to α-LixV2O5 (0<x<0.01), ε-LixV2O5 (0.35<x<0.7) and δ-LixV2O5 (0.9<x<1). The large peak below 2.5 V is associated to the formation of γ-LixV2O5 (1<x<2)52,53. Similarly, three peaks appear in the following delithiation process, indicating the reverse reactions from γ to α phase. CV results show that while all the V2O5 samples have similar peak positions with varying broadness. These data suggest that all electrode store Li+ are following the same intercalation mechanism but their different capacity contributions in each state are due to the different material morphologies.
[image: C:\Users\CAU\AppData\Local\Microsoft\Windows\INetCache\Content.Word\figure 4.tif]

[bookmark: _Ref13206556]Figure 4: a) Charge-discharge profiles of V2O5 electrodes under 25 mA g-1 current density. b) rate performance of V2O5 electrodes and c) capacity retention plots under different current densities (25 to 800 mA g-1). d) Cycle performance of all V2O5 electrodes.

In the first cycle, all V2O5 electrodes show a sloped curve and plateau around 2.3 V (charge-discharge curves in Figure 4a with different capacity contribution in each redox reaction). This indicates that different V2O5 morphologies and exposed crystal facets affect the initial lithium insertion process5>35. In the following cycles, the charge-discharge profiles can be divided into 3 regions, two plateaus at (i) 3.6 - 3.1 V and (ii) 2.4 V, and (iii) a sloped curve between 3.1 and 2.4 V. As the cycle number increases, all V2O5 electrodes show an increased capacity contribution from the sloped region (ii), attributed to the down-sizing or crystal structure changes during the Li+ insertion/extraction processes. It has been reported that nanostructured intercalation of materials shows a shorter plateau and an extended sloped region because of the surface charge process derived from the high surface area and the defects sites of the nanosized crystals51,49,50. Initial charge-discharge capacities are 279/308, 256/281, 263/282, and 260/283 mA h g-1, for the microbeads, nanosheets, nanofleece and bulk-V2O5 electrodes respectively, which corresponds to initial Coulombic efficiencies (ICE) of 90.6% (microbeads), 91.1% (nanosheets), 93.3% (nanofleece) and 91.9% (bulk). 
Nanostructured V2O5 electrodes showed faster charge-discharge response than the bulk-V2O5 electrode (Figure 5 b and c). When varying the current densities from 25 to 800 mA g-1, the nanosheet electrode delivers 172 mA h g-1 at 800 mA g-1, which corresponds to 64.5 % of its maximum capacity. In comparison, V2O5 microbeads, nanofleece and bulk electrodes retain 45.3%, 50.0 %, and 12.5% of their initial capacity at 800 mA h g-1, respectively. Finally, the cycling stability of all the electrodes is measured at 250 mA g-1 current density (Figure 4d). The V2O5 nanosheet electrode exhibits the most stable cycling performance, with 170 mA h g-1 (73.8% retention) after 100 cycles. The other two V2O5 nanomaterials (microbeads: 141 mA h g-1, 63.6% and nanofleeces: 139 mA h g-1, 66.4%) also deliver better cycle performance compared with that of bulk-V2O5 electrode (114 mA h g-1, 61.4%).
We observed that the 2D V2O5 nanosheets achieve a higher electrode density than the 3D microbeads and 1D nanofleece. This means that for the same areal mass loading, a thinner electrode is achieved for the nanosheets, which may provide a shorter diffusion distance and better electron transport. Further, the nanosheet structure provide a short solid state diffusion paths for ions in the active material. Moreover, it has been reported that (001) facet-dominant V2O5 nanosheet based materials show fast ion insertion/extraction processes, resulting in fast charge-discharge performance3>,55,56. 
We have compared the performance of our V2O5 samples with those of V2O5 studies in the literature. The direct comparison of the rate performance values is difficult as it is highly affected by the electrode condition including active material mass loading, electrode density and content of carbon additive. Therefore, we provide comparison data of the initial charge-discharge processes and cycling performance with reported papers with similar experimental condition in Table S1.  One can observe that our materials present competitive reversible capacity and initial Columbic efficiency as well as capacity retention after cycling while presenting a simple preparation route.
[image: Figure 5]

[bookmark: _Ref11156373]Figure 5: Cyclic voltammetry curves of a) microbeads, b) nanofleece, c) nanosheet and d) bulk-V2O5 electrodes (C and A indicate the cathodic and anodic peaks, respectively. C1: 2.2~2.4 V, C2: 3.0~3.2 V, A1: 2.5~2.7 V, and A2: 3.4~3.7 V). Scan rate and peak current relationships of a) microbeads, b) nanofleece, c) nanosheet and d) bulk-V2O5 electrodes obtained from CV curves with different scan rates (a-d, 0.2 – 1.5 mV s-1).

To better understand the differences in performance between different V2O5 structures, cyclic voltammetry was measured with varying scan rates between 0.2 and 1.5 mV s-1 (Figure 5 a-d). The Li+ charge-discharge mechanisms can be analysed by correlating scan rates with peak currents. Based on the power-law relationship, current (i) and scan rate (ν) have the relationship of i = aνb, where a and b are variables5>,58. b-values of 0.5 suggests that Li+ is intercalated by diffusion-controlled intercalation, while b = 1 indicates the material inserts the ions by capacitor-like surface controlled reaction. The slope of the log(i) versus log(ν) curve indicates b-values of each peak (Figure 5 e-h). The b-values from bulk-V2O5 electrode are mainly around 0.5, which means the reaction mechanism of bulk material is by diffusion controlled intercalation. On the other hand, most of b-values in nanostructured V2O5 electrodes are higher than those of bulk-V2O5 electrode, indicating additional contribution from capacitive reactions. Especially, the V2O5 2D nanosheet electrode has higher b-values which is probably due to the improved diffusion kinetics by a combination of both nanostructures and the 2D geometry. 

4. Conclusions
We have developed a novel facile and surfactant-free green solvent platform for the solvothermal synthesis of nanostructured V2O5 using the deep eutectic solvent reline. Upon changing the amount of water in reline, different morphologies of V2O5 can be obtained such as 3D microbeads, 2D nanosheet and 1D randomly arranged nanofleece. Through advanced electrospray ionization mass spectroscopy we have demonstrated for the first time the mechanism of formation of the different morphologies. At low reline/water ratios (1:2), the in-situ formation of short-chain alkylamine species interact with the vanadium precursor leading to the formation of 3D microbeads through a templating effect similar to the one created by capping ligands. Increasing the reline water ratio (1:10), forms longer chain alkylamine species under solvothermal conditions and consequently, the formation of high quality thin 2D nanosheets by ionic intercalation, osmotic swelling and delamination into thin sheets. The activity-morphology relationship of the different V2O5 nanostructured morphologies is demonstrated on their Li-Ion battery performance using cyclic voltammetry, rate performance analysis and cycling stability. All nanostructured V2O5 show faster charge-discharge response than their bulk counterpart. The 2D V2O5 nanosheet electrodes achieved the best cycling and rate performance according to the galvanostatic charge-discharge tests, likely this is due to its higher electrode density and its improved diffusion kinetic promoted by the (001) facet predominant in the 2D morphology. 

Supporting information. SEM pictures of V2O5 nanostructures prepared in reline/water mixtures (1:10 and 1:20)  before and after calcination. Logarithmic X-ray diffraction spectra of V2O5 nanosheet. High-resolution TEM characterisation of the different V2O5 morphologies. Effect of the presence of PVP on the resulting morphology. Cyclic voltammetry curves of the different V2O5 nanostructures and comparison of the electrochemical performance with literature data.
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