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Abstract 

Bilayered vanadium oxide is a high-capacity intercalation host with affinity for various ions in 

energy storage systems. However, the electrochemical stability of bilayered vanadium oxide upon 

extended galvanostatic cycling, especially at high rates, is lackluster. In this study, we demonstrate 

transformative synthesis of chemically preintercalated bilayered vanadium oxides with unique 

two-dimensional (2D) morphology and improved electrochemical stability by oxidation of V2CTx 

MXene in hydrogen peroxide in the presence of alkali and alkaline-earth metal chlorides. The 

structure and composition of V2CTx-derived δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) phases 

were examined with X-ray diffraction, Raman spectroscopy, and scanning electron microscopy. 

The electrochemical properties of the V2CTx-derived δ-LixV2O5·nH2O and δ-MgxV2O5·nH2O 

electrodes in Li-ion cells were studied. Both materials exhibited high reversible specific capacity, 

improved cycling stability, and excellent rate capability. Notably, an enhanced tolerance to high 

current rates is observed with specific discharge capacity dropping from 200 mAh·g-1 to 130 

mAh·g-1 and from 192 mAh·g-1 to 146 mAh·g-1 when the current rate was changed from C/10 to 

5C in the case of V2CTx-derived δ-LixV2O5·nH2O and δ-MgxV2O5·nH2O electrodes, respectively. 

The improved capacity retention during electrochemical cycling may be attributed to the 2D 

morphology and improved crystallinity of the material enabled by the synthesis route. 
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1. Introduction 

Intercalation-based energy storage systems, such as Li-ion batteries (LIBs), have 

revolutionized energy storage, powering portable electronics, electric vehicles, and providing 

stationary grid storage, yet, there is an ever-increasing need for batteries that simultaneously store 

more energy, have longer lifetimes and enable faster charging. Transition metal compounds with 

layered nanoarchitectures are attractive candidates for electrodes in these systems due to their high 

surface area to volume ratio, fast diffusion speeds, and tailorable interlayer spacing 1-4. Within 

intercalation-based chemistry regime, transition metals with multiple oxidation states, such as 

vanadium, niobium, or molybdenum, are preferred as the redox active species because they can 

undergo several reduction steps leading to the intercalation of multiple Li+ ions per unit cell. 

However, larger numbers of intercalated Li+ ions require much free space in the interlayer region. 

Therefore, larger interlayer distances are needed, which lead to weakened van der Waals forces 

and subsequently worsened structural and electrochemical stability. To counteract this, stabilizing, 

or pillaring, species must be incorporated into the interlayer region prior to electrochemical cycling 

to strengthen the lamellar bonding in the electrode. In addition to the transition metal ion, the 

anionic sublattice affects the intercalation potentials, establishing whether the material is suitable 

as a cathode or an anode. 

 δ- or bilayered vanadium oxide (BVO) is one promising material that satisfies all the above 

criteria 5-6. The Li+ ion intercalation potential into BVO electrodes is relatively high, making it 

attractive as a cathode for LIBs. The reduction of vanadium from the +5 oxidation state in the 

pristine material to +3 corresponds to the intercalation of two Li+ ions per one vanadium redox 

center with the theoretical specific capacity of 294 mAh·g-1. The layered structure of δ-V2O5 is 

characterized by spacious galleries containing water molecules with a d-spacing of 11.5 Å, where 

d-spacing is defined as a distance between the centers of V-O layers. Therefore, the correct 

chemical formula of this material is δ-V2O5·nH2O. BVO electrodes demonstrated high 

electrochemical performance for both Li-ion and other batteries, since the wide interlayer region 

can accommodate large ions, such as sodium or potassium, during cycling and there could be 

shielding effect for highly charged species in the case of magnesium and zinc ions due to the 

presence of water in the interlayer region 6-26. Additionally, vanadium is more abundant than cobalt 

in Earth’s crust, and therefore vanadium-based chemistries could be an interesting alternative to 

the conventional cobalt-based cathode compositions 27. 
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 The capacity of δ-V2O5·nH2O, while initially high, was shown to decay as the electrodes 

are cycled at constant or increasing current densities 10, 17, 24. Three approaches that have been 

shown to enhance capacity retention are (i) pillaring with ions 26, (ii) low-temperature annealing 
28 and (iii) formation of a two-dimensional (2D) heterointerface 29. However, in many previous 

reports, bilayered vanadium oxides have been synthesized in the form of one-dimensional (1D) 

particles, such as nanowires, nanobelts, or nanorods 10, 18, 20-21, 23-26, 28-29. The repeated 

intercalation/deintercalation during electrochemical cycling disturbs van der Waals bonding 

and/or ionic forces responsible for structural integrity, leading to electrochemical instability. 

Morphological stabilization has never been explored because the formation of 2D BVO was 

deemed too challenging if not impossible, despite the inherent 2D nature of the material structure.  

 The most commonly used scalable synthesis of BVOs is a sol-gel reaction between the 

orthorhombic α-V2O5 vanadium precursor and hydrogen peroxide followed by hydrothermal 

treatment 10, 24-26, 28. Alternative vanadium precursors have never been explored in the H2O2-

induced sol-gel process for the synthesis of bilayered vanadium oxides. Potential 2D precursors 

for BVO can be found in a diverse family of 2D transition metal carbides, nitrides, and 

carbonitrides, known as MXenes. They have a general structure of Mn+1XnTx, where M is an early 

transition metal (V, Nb, Mo, Ti, etc.), X is C and/or N, Tx represents the surface groups (=O, -OH, 

-F, -Cl), and n =1-4 30-31. Because MXenes have controllable interlayer spacings, they are capable 

of reversible intercalation of Li+
, Na+, Mg2+, and other ions 32-35. Due to their versatile chemistry 

and 2D morphology, MXenes can be unique precursors for the synthesis of other classes of 

materials, such as oxides, metal-organic frameworks (MOFs), and composites 36-42. In these 

approaches, the MXene phase serves as a transition metal precursor with the anionic sublattice 

being modified according to the reaction conditions. For example, Ti3C2Tx was converted to TiS2 

by annealing in Ar/H2S flow 43. Oxidation, chlorination, nitridation, fluorination or sulfidation 

approaches were shown to be efficient preparation strategies leading to novel MXene-derived 

materials for energy storage applications 44. 

 The transformation of MXenes into oxide phases was previously conducted by a room-

temperature sol-gel process or hydrothermal treatment 36-40. It is believed that the oxygen-

containing functional groups facilitate the formation of oxide phases 36. By adding hydrogen 

peroxide into a Ti3C2Tx suspension, a Ti-peroxo complex gel was created in order to prepare 

TiO2/reduced graphene oxide (RGO) composites, which showed promising performance as anodes 
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in Na-ion capacitors 37. When the reaction between Ti3C2Tx MXene and H2O2 was carried out in 

alkaline solutions (NaOH or KOH), ultrathin nanoribbons of layered sodium titanate (NaTi1.5O8.3) 

and potassium titanate (K2Ti4O9), respectively, were synthesized and demonstrated high 

performance as electrodes in Na-ion and K-ion batteries 38. Carbon-doped TiO2 catalysts for 

photocatalytic hydrogen evolution were synthesized by hydrothermal treatment of tetramethyl 

ammonium-intercalated Ti3C2Tx crystals at 160 °C for 9 h 36. Transformative oxidation approaches 

have been also shown efficient for MXene phases beyond Ti3C2Tx. KNbO3 crystals with 

ferroelectric properties were fabricated from Nb2CTx dispersed in a KOH solution followed by 

hydrothermal treatment at 190 °C 39. Molybdenum oxide/carbon composites were prepared by 

mild oxidation of Mo2CTx under CO2 flow at 500 °C and 850 °C 40.  

MXenes were also used for the fabrication of MOF structures. 2D MOF sheets and thin 

films were solvothermally prepared using V2CTx and H2TCPP (meso-tetra(4-carboxyl-phenyl) 

porphyrin) ligands to produce a V-PMOF structure 41. The evolution of the layered structure was 

attributed to the highly electronegative atoms on the V2CTx surface, facilitating bridging between 

the intralayer vanadium atoms and organic ligands via a deprotonation reaction. Additionally, the 

high MXene surface area ensures sufficiently accessible attacking sites for H2TCPP ligands, which 

accelerate the reaction while preserving the 2D morphology 41. However, to the best of our 

knowledge, no reports exist on conversion of V2CTx to 2D or layered oxides. 

In this study, we demonstrate the reorganization of V2CTx framework via anionic sublattice 

modification, leading to the formation of bilayered vanadium oxides. The transformation was 

conducted in a two-step process with the sol-gel reaction followed by hydrothermal treatment 

(Figure 1). The oxidation transformation was accompanied by chemical preintercalation of alkali 

and alkaline-earth ions via the addition of inorganic chlorides into the reaction mixture, leading to 

the formation of δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) layered polymorphs with tunable 

interlayer distances. The V2CTx-derived bilayered vanadium oxides demonstrate a unique 2D 

morphology, which has never been previously achieved for this family of materials. 

Electrochemical testing of δ-LixV2O5·nH2O and δ-MgxV2O5·nH2O electrodes in Li-ion cells 

showed excellent stability in both galvanostatic cycling and rate capability experiments. We then 

discuss the factors that lead to the improved electrochemical performance of the MXene-derived 

bilayered vanadium oxide electrodes. 
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Figure 1. Schematic illustration of the two-step synthesis process, beginning with the oxidation 
transformation of V2CTx accompanied by chemical preintercalation of alkali and alkaline-earth ions, 
followed by hydrothermal treatment leading to the formation of δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) 
layered polymorphs with tunable interlayer distance. 
 

2. Experimental Methods 

Synthesis of V2AlC MAX Precursor 

For the synthesis of MAX phase precursor, vanadium powder (99.5%, -325 mesh, Alfa 

Aesar), aluminum powder (99.5%, -325 mesh, Alfa Aesar), and graphite (99%, -325 mesh, Alfa 

Aesar), were mixed in a 2:1.1:0.9 atomic ratio. The precursors were balled milled with 10 mm 

zirconia balls (2:1 ball:powder ratio) in plastic jars at 50 rpm for 18 h. The powder mixture was 

then transferred to alumina crucibles, which were placed into a high temperature tube furnace 

(Carbolite Gero). Ar gas (200 cm-3) was continually flown through the furnace for 1 h prior to 

heating and during the entire annealing procedure. The furnace was heated to 1550 °C at 3°C min-

1, held for 2 h, then cooled to room temperature at 3 °C min-1. 

 

Synthesis of V2CTx 

For the topochemical synthesis of multilayered V2CTx, hydrochloric acid (HCl, 36.5-38%, 

Fisher Chemical) and hydrofluoric acid (HF, 48.5-51%, Acros Organics), were combined with 

deionized water at a 12:12:6 volume ratio (60 mL total). 2 g of V2AlC powder was added to this 

etching solution over 5 min. The powder was stirred with a Teflon stir bar at 300 rpm at 35 °C for 

120 h. After etching, the mixture was added to 150 mL polypropylene centrifugation tubes and 

filled with deionized water. The mixture was centrifuged at 3500 rpm for 5 minutes, and the 

supernatant was poured off. The sediment was re-dispersed in deionized water. This washing 

process was repeated until the pH was ≥ 6. 
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Synthesis of MXene-Derived Bilayered Vanadium Oxides 

Chemically preintercalated δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) samples were 

prepared from V2CTx via an oxidation assisted transformation (Figure 1). First, 2 mL of hydrogen 

peroxide (30 wt.%, Fischer Scientific) was added to a mixture of 30 mL 0.5 M MCln solution (n = 

1 and 2) and 300 mg of V2CTx. The reaction was conducted at room temperature under stirring at 

350 rpm for approximately 2 h. Then, the resultant product, a transparent dark, green solution, was 

transferred into 23 mL Teflon liners (Parr Instruments Company), 15 mL of solution per liner, and 

autoclaved at 140 °C for 24 h. The precipitate was collected from the Teflon liners, filtered, and 

washed with roughly one liter of deionized water. The final product was dried at 105 °C for 12 h 

under ambient conditions. Thus, the synthesized MXene-derived bilayered vanadium oxides were 

called MD-LVO, MD-NVO, MD-KVO, MD-MVO, and MD-CVO for chemically preintercalated 

Li+, Na+, K+, Mg2+, and Ca2+ ions, respectively. 

Materials Characterization 

The analysis of the structure of δ-MxV2O5·nH2O samples was carried out using a Rigaku 

benchtop powder X-ray diffractometer (XRD) with Cu Kα (λ = 1.54 Å) radiation. XRD patterns 

were collected using a step size of 0.02° and step speed of 0.7 °·min-1. The morphology of the 

particles was investigated using a Zeiss Supra 50VP scanning electron microscope (SEM) 

equipped with a Schottky field emission and Everhart-Thornley in-lens secondary electron 

detector. SEM images were acquired using a beam accelerating voltage of 5 kV. Additionally, 

samples were sputter coated with a thin ~5 nm layer of Pt/Pd to prevent surface charging and 

improve image quality. Elemental analysis was carried out using an equipped Oxford energy 

dispersive X-ray (EDX) attachment. EDX spectra were collected using a beam accelerating voltage 

of 20 kV and chemical compositions were estimated by averaging the EDX spectra of three 

separate regions (10 x 10 μm) on the samples. The water content was investigated using 

thermogravimetric analysis (TGA) under ambient air flow using a TA Instruments Q50 by 

evaluating weight loss from room temperature to 1000 °C using a heating rate of 10 °C ·min-1. 

Raman spectra were collected from 100 to 2000 cm-1, using a Renishaw inVia Raman microscope 

equipped with a 514 nm Ar-ion laser. X-ray photoelectron spectroscopy (XPS) measurements were 

recorded on a Physical Electronics VersaProbe 5000 using a monochromatic Al Kα source and 

charge compensation. The high-resolution V 2p spectra were taken at a pass energy of 23.5 eV 
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with a step size of 0.05 eV. Peak fitting and data analysis were carried out using CasaXPS software. 

A Shirley background was used for V 2p spectra quantification.  

Electrode and Cell Fabrication 

Electrodes were fabricated by dispersing the active material (70 wt. %), acetylene carbon 

black (20 wt. %) and poly(vinylidene fluoride) (10 wt. %) in N-methyl-2-pyrrolidone (NMP) to 

form a viscous slurry using a Flacktek SpeedMixer. The prepared slurry was casted onto aluminum 

foil and dried in an oven at 105 °C for 12 h. 10 mm electrode disks were cut from the dried films. 

Coin cells were assembled in an argon filled glovebox.  

Electrochemical Testing 

All electrochemical data were collected in 2016 type coin cells with a two-electrode format. 

Lithium metal foil served as both the counter and reference electrodes, 

polypropylene/polyethylene membrane (2325, Clegard USA) was placed in the cells as a separator, 

and premixed LP40 product (Gotion, 1M LiPF6 in 1:1 vol/vol ethylene carbonate (EC)/diethyl 

carbonate (DEC)) was used as the electrolyte. All materials were tested in a voltage range of 2.0 – 

4.0 V vs Li/Li+. Cyclic voltammograms were collected using a BioLogic VP3 potentiostat at a 

sweep rate of 0.1 mV·s-1. Galvanostatic cycling experiments were run at a C/3 charge/discharge 

rate on an Arbin battery testing station. Additionally, the rate capability experiments were 

conducted for 5 cycles each at the follow C-rates: C/10, C/5, 1C, 5C, C/10. Finally, electrochemical 

impedance spectroscopy (EIS) measurements were collected using a Gamry potentiostat by 

applying an alternating voltage in the frequency range between 10 mHz and 200 kHz at Voc, 0% 

state-of-charge (SOC), and 100% SOC during the 1st cycle. EIS measurements were again taken 

at 0% SOC and 100% SOC after 10 cycles at C/10. Here, the SOC was defined as a range between 

the upper and lower limits of the voltage window (100% SOC at 4.0 V and 0% SOC at 2.0 V).  
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3. Results and Discussion 

XRD measurements, shown in Figure 2a, were carried out to determine the phase 

composition of the MXene-derived oxides. The XRD patterns of all δ-MxV2O5·nH2O (M = Li, Na, 

K, Mg, Ca) samples exhibit (00l) reflections, which are characteristic of bilayered vanadium oxide, 

with the (001) Bragg peak being the primary reflection. The (001) peak is located at 5-10° 2θ and 

corresponds to the d-spacing in structures of the synthesized materials 25, 28-29. The primary (001) 

reflection and the lower intensity reflections are in agreement with previous structural analysis of 

δ-V2O5·nH2O phase 5 and confirms that the vanadium oxide structure is likely a monoclinic unit 

cell (C2/m space group) comprised of bilayer stacks, which in turn are built from distorted edge 

sharing VO6 octahedra. The d-spacing of MXene-derived bilayered vanadium oxides is dependent 

on the nature and amount of chemically preintercalated species (ions and water molecules) and 

ranges between 9.79 and 13.71 Å (Figure 2a and Table 1). The XRD patterns show different 

degrees of broadening of the (001) peak (FWHM values in Table 1) suggesting that the stacking 

of V-O layers and overall crystallinity of the materials depend on the nature of chemically 

preintercalated ions. 

 
Figure 2. Structure and chemical composition of the V2CTx-derived δ-MxV2O5·nH2O (M = Li, Na, K, Mg, 
Ca) powders: (a) XRD patterns, (b) TGA weight loss curves. 
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Table 1. Structure and chemical composition characterization of MXene-derived bilayered 
vanadium oxides 
 

M in  
δ-MxV2O5·nH2O 

d-spacing, 
Å (XRD) 

FWHM for 
(001) peak, ° 

2θ (XRD) 

M : V ratio 
(EDX) 

x in  
δ-MxV2O5·nH2O 

n in  
δ-MxV2O5·nH2O 

(TGA) 
Li 11.04 0.61 - - 0.60 
Na 10.85 0.33 0.17 0.34 0.27 
K 9.79 0.81 0.22 0.44 0.09 

Mg 13.71 0.38 0.08 0.16 0.66 
Ca 10.77 0.62 0.11 0.22 0.86 

 
 Previously reported bilayered vanadium oxides, prepared using chemical preintercalation 

synthesis with α-V2O5 as the precursor, demonstrated a direct correlation between the d-spacing 

and hydrated interlayer ion radius 26. Li-, Na-, K-, and Mg-preintercalated MXene-derived oxides, 

synthesized in this work, follow the same trend: the d-spacing increases with an increase of the 

hydrated preintercalated ions radii (Table 1 and Table S1 in Supporting Information). However, 

the d-spacing of MD-CVO phase (10.77 Å) is significantly smaller than that reported for Ca-

preintercalated δ-V2O5 obtained from the α-V2O5 precursor (12.44 Å) 26 and does not follow the 

general trend. The XRD pattern of MD-CVO is in good agreement with a calcium-vanadium-

bronze phase crystallized in a monoclinic space group C2/m (a = 11.805, b = 3.709, c = 9.270, β 

= 101.87°), where Ca2+ cations are statistically distributed in two independent crystallographic 

positions 45.  

 The d-spacing in hydrated complex layered compounds depends on both the nature and 

amount of interlayer ions and structural water content. To determine the hydration degree of the 

MXene-derived bilayered vanadium oxides (i.e. n in δ-MxV2O5·nH2O), we analyzed TGA weight 

loss curves from 25 – 1000 °C (Figure 2b). Generally, the weight loss observed below 100 °C is 

attributed to the evaporation of weakly bound water on the surface of the materials. To assess the 

interlayer water content, the weight loss from approximately 100 – 400 °C (440 °C in case of δ-

MgxV2O5·nH2O) was used. A summary of the hydration degrees is shown in Table 1. The d-

spacing increases with the increase of interlayer water content for all materials, except for MD-

CVO. The hydrated ion radius is estimated assuming octahedral water coordination (Table S1, 

Supporting Information). However, previous calculation of Mg2+ and Ca2+ hydration properties 

revealed that while Mg2+ is at the global free-energy minimum for six-fold coordination, the 

hydrated Ca2+ free-energy curve shows several shallow local minima, suggesting that the hydration 
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structure of Ca2+ ion is variable 46. Therefore, it is possible that interlayer Ca2+ ions and water 

molecules form clusters with different geometries contrary to the interlayer region of δ-

MxV2O5·nH2O (M = Li, Na, K, Mg), causing δ-CaxV2O5·nH2O to be the exception from the 

observed trend. A weight gain observed above ~450 °C may occur due to the filling of oxygen  

vacancies in V-O layers 47. Similar thermogravimetric behavior has been reported for bilayered 

vanadium oxides synthesized from α-V2O5 precursor 28. 

 To better understand the transformation of V2CTx into bilayered vanadium oxides, it is 

important to discern the destiny of the carbon in the initial MXene structure. To answer this 

question, Raman spectra were collected between 100 – 2000 cm-1 (Figure 3). The absence of bands 

in the double bond region (i.e. -C=O, -C=C-; 1600-1800 cm-1), which are characteristic of the 

carbon within MXenes 48, confirms that the transformation was completed. Additionally, for all 

V2CTx-derived δ-MxV2O5·nH2O samples, there are no D and G spectral bands present in the 1100-

1800 cm-1 Raman shift region indicating an absence of any bonded or disordered carbon. A 

previous report showed that heating Ti3C2Tx in air yields nanocrystalline anatase TiO2 formed on 

the surface of disordered graphitic carbon sheets, confirmed by the presence of D and G bands 49. 

Here instead, a possible mechanism (Equation 1) occurs where CO/CO2 gas is formed during the 

transformation and emitted from the reaction vessel, similar to a previous study on the chemical 

oxidation of Ti2CTx 50. This is consistent with the observed formation and emission of gas during 

synthesis for all V2CTx-derived δ-MxV2O5·nH2O samples. 

 

  

𝑉2𝐶 + 𝑥𝑀(𝑎𝑞)
𝑧+ + 6𝐻2𝑂2 → 𝑀𝑥𝑉2𝑂5 + 𝐶𝑂𝑦(𝑔) ↑ + 6𝐻2𝑂            (1) 



12 
 

 

Figure 3. Raman spectra of V2CTx-derived δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) powders 
 
The Raman spectra from 100 - 1100 cm-1 contain bands associated with the fingerprints of the 

bilayered vanadium oxide framework, where the spectral bands are characteristic of the backbone 

of the material. Generally, V2CTx-derived δ-MxV2O5·nH2O samples exhibit similar spectra. The 

prevalent low wavenumber band at 157 cm-1 is assigned to the skeletal bent vibration of the 

structural framework and is characteristic of the layered δ-V2O5 structure 21. The spectral bands 

observed at 265 cm-1 are attributed to the bending vibrations of the O–V–O bond 51-52. Additionally, 

the spectral bands at approximately 519 and 702 cm-1 are associated with the bending and 

stretching vibrations of the V–O bond, respectively 51-52. Lastly, the bands observed at 1021 cm-1 

are attributed to the vanadyl mode corresponding to the stretching of the V=O bond 51, 53-54. The 

skeletal bent vibration mode around 157 cm-1 together with the vanadyl mode at 1021 cm-1 are 

indicative of the layered δ-V2O5 structure 21. Notably, the most intense band at 157 cm-1 in the 

Raman spectrum of δ-LixV2O5·nH2O sample, exhibits a decreased intensity and appears at higher 

Raman shift values compared to the other δ-MxV2O5·nH2O samples. This could be attributed to 

the significant differences in d-spacing of the (001) plane (9.79 – 13.71 Å) leading to varying 

levels of structure distortion and bond strengths. The Raman spectra in tandem with the powder 

XRD data confirm the distorted bilayered structure of δ-MxV2O5·nH2O. 

Figure 4 shows SEM images of the V2CTx-derived δ-MxV2O5·nH2O powders synthesized 

in this work. Strikingly, all five phases crystallized as 2D sheets, which has never been reported 

for bilayered vanadium oxides synthesized from α-V2O5-based sol-gels. Past reports demonstrated 
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1D nanobelt or nanowire particles 24-26, 28. In this study, MD-LVO formed flexible nanoflakes 

stacked into a film-like architecture with some pores between the flakes (Figure 4a, b). Na-, K-, 

Mg- and Ca-preintercalated δ-V2O5·nH2O phases showed a flower-like morphology comprised of 

2D nanoplatelets growing outward from the center of the flower (Figure 4, c-j). In case of MD-

NVO and MD-KVO, the nanoplatelets are mostly straight, while MD-MVO and MD-CVO twist 

and form more intricate agglomerates. Analysis of the high magnification SEM images (Figure 

4b, d, f, h, i) revealed that some nanoplatelets were composed of co-aligned nanobelts intergrown 

together. The lateral dimension of the nanoplatelets ranges from a few to 10 µm. The unique 

morphology of V2CTx-derived δ-MxV2O5·nH2O nanoparticles may stem from the 2D nature of the 

V2CTx precursor. The oxidized sol particles formed during the reaction between V2CTx and H2O2 

are likely to maintain a 2D shape, thus forcing condensation on the edges of such a nucleus. Since 

no capping agents were used in our synthesis protocol, multiple 2D nuclei could agglomerate 

giving rise to a flower-like morphology observed for most V2CTx-derived bilayered vanadium 

oxides.  
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Figure 4. SEM images of the V2CTx-derived (a, b) δ-LixV2O5·nH2O, (c, d) δ-NaxV2O5·nH2O, (e, f) δ-
KxV2O5·nH2O, (g, h) δ-MgxV2O5·nH2O and (i, j) δ-CaxV2O5·nH2O samples. (a, c, e, g, i) Low and (b, d, f, 
h, j) high magnification images are shown. 
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Figure 5. Electrochemical characterization of the V2CTx-derived (a, c, e, g) δ-LixV2O5·nH2O and (b, d, f, 
h) δ-MgxV2O5·nH2O electrodes in Li-ion half-cells. (a, b) Cyclic voltammograms collected at a scan rate 
of 0.1 mV·s-1. (c, d) 1st, 2nd and 5th cycle galvanostatic discharge/charge profiles at a current rate of C/3. (e, 
f) Extended cycling and coulombic efficiency of both electrodes cycled at current rate of C/3. (g, h) Rate 
performance of both electrodes consisting of 5 cycles at each of the following current rates: C/10, C/5, 1C, 
5C and C/10.  



16 
 

 The electrochemical performance of V2CTx-derived δ-MxV2O5·nH2O electrodes was 

evaluated in Li-ion half-cells. Galvanostatic discharge/charge cycling for 50 cycles revealed that 

Li- and Mg-preintercalated bilayered vanadium oxides demonstrated the highest stability (Figure 

S1, Supporting Information). Interestingly, when used as a cathode in Li-ion cells, MD-LVO 

represents a material that is chemically preintercalated with electrochemically cycled ions. 

Previous reports indicated that in these cases, facilitated diffusion is achieved due to the 

synthetically-controlled formation of intercalation sites well-defined for the insertion and 

movement of electrochemically cycled ions 25. MD-MVO, on the other hand, represents a pillared 

layered phase in which chemically preintercalated ions (Mg2+ ions) and electrochemically cycled 

ions (Li+ ions in Li-ion cells) are different. Moreover, in case of the bilayered vanadium oxides 

obtained from α-V2O5-based sol-gels, δ-MgxV2O5·nH2O electrode showed the highest initial 

capacity, greatest capacity retention, and highest rate capability of all five materials 26. Therefore, 

MD-LVO and MD-MVO phases have been selected for a more detailed electrochemical study. 

 Figure 5 shows the electrochemical performance of V2CTx-derived δ-LixV2O5·nH2O and 

δ-MgxV2O5·nH2O electrodes in Li-ion cells. The CV curve of the MD-LVO exhibits two reversible 

and broad cathodic peaks at 2.85 and 2.50 V vs Li/Li+. The corresponding anodic peaks appear at 

2.60 and 2.90 V. The shape of the CV curve of the MD-MVO electrode is distinctly different with 

a prominent single pair of cathodic and anodic peaks at 2.75 and 2.55 V, respectively, and several 

peaks with lower intensities at ~2.80 – 3.40 V. These peaks are indicative of reversible ion 

intercalation type behavior. The small difference (< 300 mV) between the corresponding cathodic 

and anodic peak voltages suggests high reversibility of ion intercalation and deintercalation 

leading to low overpotential. However, the difference in the shape of CV curves implies that the 

crystallographic sites for Li+ ion intercalation in MD-LVO and MD-MVO phases are different. In 

fact, electrochemically cycled Li+ ions in the interlayer spacing of MD-LVO can move through 

the positions defined by chemically preintercalated Li+ ions. While, for MD-MVO, the 

electrochemically cycled Li+ ions might require pathways to bypass chemically preintercalated 

pillaring Mg2+ ions to move within the interlayer region. The cathodic peak at ~2.50 V present in 

the CV curves of both materials could correspond to the diffusion of electrochemically cycled Li+ 

ions around chemically preintercalated ions. While the prominent reversible cathodic peak at ~2.85 

V, which only appears for MD-LVO, could be attributed to the replacement diffusion mechanism, 

whereby electrochemically cycled Li+ ions replace chemically preintercalated Li+ ions by pushing 
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them further inside the 2D structural tunnel. Despite the similar electrochemical charge storage 

behavior of the δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca), our results indicate that the electrodes 

could be substantially different and depend on the nature of chemically preintercalated ion. More 

detailed -in-situ studies are needed to completely understand the diffusion of Li+ ions in the 

interlayer region and differences between these materials. 

 The galvanostatic discharge/charge curves for the 1st, 2nd and 5th cycles of MD-LVO and 

MD-MVO electrodes at a current rate of C/10 are shown in Figure 5c and 5d, respectively. The 

initial cycling revealed that MD-LVO delivered a reversible specific capacity of 210 mAh∙g-1 

(Figure 5c), while the specific capacity of the MD-MVO decreases from 212 mAh∙g-1 in the 1st 

cycle and stabilizes at ~198 mAh∙g-1 (Figure 5d). The specific capacities at relatively low cycling 

rates were used to calculate C-rates for the following extended galvanostatic cycling and rate 

capability experiments. To further understand the specific capacity values shown by MD-LVO and 

MD-MVO, XPS measurements were carried out to determine the oxidation state of vanadium in 

pristine electrodes (Figure 6). Analysis of the V 2p spectra revealed that the vanadium is present 

in a mixed V5+/V4+ oxidation state. The fraction of V5+ is approximately 84% for both MD-LVO 

and MD-MVO. This value is in excellent agreement with the formula for V2CTx-derived Mg-

preintercalated bilayered vanadium oxide, δ-Mg0.16V2O5·0.66H2O (Table 1), estimated via EDX 

analysis. Interestingly, MD-LVO and MD-MVO phases have the lowest fraction of V4+ ions, 

(Figure S2 in Supporting Information) which could be related to the highest electrochemical 

performance exhibited by these two materials. Partial reduction of vanadium occurs due to the 

introduction of the chemically preintercalated ions into the interlayer regions. However, the large 

fraction of V5+ indicates high redox activity and agrees with high values of the observed specific 

capacities. The specific capacity of 193 mAh∙g-1 delivered by the δ-MgxV2O5·nH2O electrode 

corresponds to a ~1.4 electron process and can be described by the following equation: 

 

 

  

𝑀𝑔0.16𝑉2𝑂5 · 0.66H2𝑂 + 1.4𝑒− + 1.4𝐿𝑖+ → 𝐿𝑖1.4𝑀𝑔0.16𝑉2𝑂5 · 0.66H2𝑂            (2) 
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Figure 6. XPS spectra of the V2p region for the V2CTx-derived (a) δ-LixV2O5·nH2O and (b) δ-
MgxV2O5·nH2O materials. 
 

 The electrochemical stability of the MD-LVO and MD-MVO electrodes was accessed by 

cycling at a current rate of C/3 for 50 cycles (Figure 4e and 4f, respectively). Both phases exhibited 

good cycling stability with coulombic efficiencies of ~99-100% in all Li+ intercalation/ 

deintercalation cycles. After 50 cycles, the MD-LVO electrode demonstrated a specific discharge 

capacity of 193 mAh·g-1 with capacity retention of 90%. The MD-MVO electrode demonstrated a 

specific discharge capacity of 184 mAh·g-1 with a capacity retention of 94% after 50 cycles. 

Interestingly, the best performing bilayered vanadium oxide synthesized from α-V2O5 showed a 

capacity retention of only 81.8% after cycling for 50 cycles at a current density of 20 mA∙g-1 26. 

Typically, the δ-(Mx)V2O5·nH2O phases synthesized via sol-gel approaches exhibit severe 

capacity fading upon extended cycling which is largely attributed to the loss of the lamellar order 

of the V-O layers 9. Here, the improved capacity retention may be attributed to the improved 

stacking of the V-O layers owed to the novel synthesis route possibly leading to the morphological 

stabilization of the material structure during extended cycling. 

 The tolerance of the MD-LVO and MD-MVO phases to high currents, which is important 

for fast charging, was tested by cycling at a constant symmetrical current rate for five cycles and 

then increasing the current rate stepwise. The drops in specific discharge capacity with increasing 

current rate were evaluated. To understand the stability and recovery of the electrodes, the current 

rate was brought back to the lowest value after cycling for five cycles at the highest current rate. 

The selected current rates were C/10, C/5, 1C, 5C before returning to C/10 (Figure 5g and 5h). 

Both materials showed excellent rate capability and tolerance to high C-rates. MD-LVO electrode 
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exhibited a specific discharge capacity of 130 mAh·g-1 at a current rate of 5C. More impressively, 

the MD-MVO electrode demonstrated a specific discharge capacity of ~146 mAh·g-1 at the 5C 

current rate. The higher discharge capacity at the highest current rate of MD-MVO electrodes may 

be attributed to the elaborate flower-like surface morphology of the Mg-preintercalated phase, 

which enables higher contact area with electrolyte compared to the MD-LVO particles (Figure 4). 

For both materials, the capacity recovered when the current rate was returned back to the value of 

C/10 after cycling at 5C-rate, suggesting that no significant damage to the structure of MD-LVO 

and MD-MVO phases occurred at high currents. 

 

Figure 7. EIS data of the Li-ion cells containing V2CTx-derived (a, b) δ-LixV2O5·nH2O and (c, d) δ-
MgxV2O5·nH2O electrodes in (a, c) the 1st electrochemical cycle and (b, d) after 10 electrochemical cycles 
at a current rate of C/10. The EIS spectra were collected during the 1st cycle at OCV, 0% SOC and 100% 
SOC; and after 10 cycles at 0% and 100% SOC. 
 

 To understand the reasons for the capacity decay observed in both galvanostatic extended 

cycling and rate capability experiments, the charge/discharge behavior of the MD-LVO and MD-

MVO electrodes was analyzed using electrochemical impedance spectroscopy (EIS). Figure 7 
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shows the Nyquist plots obtained in the first Li+ ion intercalation/deintercalation cycle and after 

10 electrochemical cycles. All of the impedance spectra have similar shapes: a medium-to-high 

frequency depressed semicircle corresponding to the solution and interfacial charge transfer 

impedance, and an inclined low-frequency tail attributed to the lithium diffusion impedance. EIS 

studies showed that the interfacial charge transfer resistance increases with cycling which could 

be due to the formation of poorly conducting solid-electrolyte interface (SEI) layer. The growing 

SEI layer could contribute to the observed slow loss of capacity during cycling. Still, the V2CTx-

derived bilayered vanadium oxide electrodes with 2D morphology demonstrated record stability 

in Li-ion cells compared to δ-MxV2O5·nH2O phases synthesized via sol-gel process-based methods 

starting from alternative vanadium precursors. 

 

4. Conclusions 

 In this study, we have developed a new synthesis route for preparation of δ-MxV2O5∙nH2O 

with enhanced properties. This approach uses a H2O2-assisted MXene oxidation method consisting 

of a sol-gel process in the presence of alkali and alkaline-earth metal chlorides followed by 

hydrothermal treatment of the resulting peroxo vanadium gel for the synthesis of chemically 

preintercalated bilayered vanadium oxides with tunable d-spacing. By utilizing V2CTx as the 

vanadium precursor, the synthesis time was shortened because an extended aging step was not 

needed, and the energy consumption was reduced by lowering the hydrothermal treatment 

temperature from 220 °C to 140 °C compared to approaches using α-V2O5 24-26, 28-29. V2CTx-

derived δ-MxV2O5∙nH2O (M = Li, Na, K, Mg, Ca) phases demonstrated a unique 2D flower-like 

morphology, possibly resulting from the 2D nature of the V2CTx MXene precursor. Raman 

spectroscopy analysis showed absence of carbon bands, indicating that the MXene-to-oxide 

transformation was accompanied by formation of volatile carbon-based compounds.  

The V2CTx-derived δ-MxV2O5∙nH2O (M = Li, Na, K, Mg, Ca) electrodes demonstrated 

high initial specific capacities in Li-ion cells, while Li- and Mg-preintercalated bilayered vanadium 

oxides showed initial specific discharge capacities of 200 mAh·g-1 and 192 mAh·g-1, respectively, 

and excellent electrochemical stability during extended cycling with 89% and 94% capacity 

retention after 50 cycles when cycled at a C/3 rate (178 mAh∙g-1 and 180 mAh∙g-1, respectively). 

Impressively, V2CTx-derived δ-LixV2O5∙nH2O and δ-MgxV2O5∙nH2O electrodes demonstrated 

exceptional tolerance to high current rates and specific discharge capacities of 130 mAh·g-1 and 
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146 mAh·g-1 at a current rate of 5C, respectively. The advanced electrochemical properties are 

attributed to 2D morphology of V2CTx-derived bilayered vanadium oxides combined with the 

structure and composition of the synthesized materials. While this study focused on bilayered 

vanadium oxides, this synthesis route can be used with other MXenes enabling the production of 

oxides with different chemistries or mixed oxides. Furthermore, it is possible for new metastable 

phases with enhanced functionalities that cannot be synthesized using traditional routes to be 

produced by utilizing MXenes as precursors. 

 

Supporting Information 

Table containing the size of chemically preintercalated ions in the ionic and hydrated ion forms; 

1st, 2nd, 10th, 20th and 50th discharge/charge curves of the Li-ion cell containing MXene-derived δ-

MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) electrodes at a current rate of C/3; and XPS spectra of the 

V 2p core level for δ-MxV2O5·nH2O (M = Li, Na, K, Mg, Ca) powders. 
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