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New Anatase Phase VTi2.6O7.2 Ultrafine Nanocrystals for High-
Performance Rechargeable Magnesium-Based Batteries† 

Jinzhi Sheng,‡a Chen Peng,‡a Siwen Yan,‡a Guobin Zhang,a Yalong Jiang,a Qinyou An,*a 

Qiulong Wei,ab Qiang Ru,c and Liqiang Mai*a 

Magnesium-based batteries are regarded as a potential candidate of the next-generation energy storage devices due to 

their safety and low cost. However, the existing cathode materials still suffer from slow ions diffusion kinetics and 

relatively inferior electrochemical performance. In this work, we design and synthesize a kind of new anatase phase 

VTi2.6O7.2 ultrafine nanocrystals (VTO) with fast intercalation kinetics. As a cathode material for magnesium batteries (MBs), 

VTO exhibits the capacity of 121.9 mAh g-1 at 20 mA g-1. When applied to magnesium-lithium hybrid batteries (MLHBs), 

VTO exhibits high specific capacity (265.2 mAh g-1 at 50 mA g-1), good cycling stability (84.2% capacity retention after 1200 

cycles) and high rate capability (64.9 mAh g-1 at 2 A g-1). The good performances are attributed to the enhanced diffusion 

kinetics, increased cations storage active sites and shortened ion diffusion path. Furthermore, the lithium storage 

mechanism in VTO was studied via the in situ XRD measurement. These results demonstrate that VTO is a promising 

electrode material for magnesium-based batteries, and constructing substitutional solid solution is an effective way to 

exploit and optimize new types of electrode materials with enhanced performances. 

Introduction 

In order to alleviate the increasing serious energy crisis and 

meet the rapidly growing industrial development needs, 

environmentally friendly energy storage systems are 

demanded to provide higher energy density, improved security 

and longer service life.1-2 As a typical kind of energy storage 

device, lithium ion batteries (LIBs) have dominated the 

portable electronic products market in the past few decades 

because of their relatively high energy density and long cycle 

life.3-4 However, they may hardly be further developed owing 

to the inhibition of the growing price of lithium resources and 

the unsatisfied capacity of graphite anode (372 mAh g-1).5 In 

addition, the development of lithium batteries (LBs) are 

limited by the hidden danger of lithium dendrite growth, even 

though the theoretical capacity of lithium metal reaches 3862 

mAh g−1.3,5 Comparatively speaking, rechargeable magnesium 

batteries (MBs) recently have received significant attention 

due to its safety (no dendrites growth). The higher volumetric 

energy density of Mg (3833 mAh cm−3 vs. 2061 mAh cm−3 of Li) 

and its lower price also make MBs become the candidate of 

the next generation energy storage system.6-7 However, the 

slow kinetics of Mg2+ intercalation in the cathode host is a 

major obstacle to the development of MBs.6,8-9 Thus, exploring 

suitable cathode materials with fast ion intercalation kinetics is 

one of the most important directions to be headed for MBs. 

As a widely investigated electrode material for LIBs, anatase 

TiO2 shows stable discharge voltage plateau (~1.7 V vs. Li+/Li), 

long cycling stability and excellent rate performance.10-12 

However, the results are not satisfactory when it was applied 

in MBs due to the sluggish diffusion kinetics of Mg2+ in TiO2. 

The magnesium-lithium hybrid batteries (MLHBs) system 

combines the high capacity of magnesium metal anode and 

the rapid Li+ diffusion kinetics of cathode materials, solving 

both the main defects of LIBs and MBs in a certain extent. As 

cathode materials in MLHBs, Su et al. and Meng et al. reported 

that the TiO2 shows 115 mAh g−1 at 670 mA g−1 with the 

discharged voltage plateau of ~0.7 V within 200 cycles, and 

114 mAh g-1 at 1.0 A g-1 with the voltage plateau of ~0.65 V, 

respectively.13-14 Compared to other reported cathode 

materials (VO2
15, TiS2

16-17, FeSx (x = 1 or 2)18) of MLHBs, 

although the stable anatase structure of TiO2 is advantageous, 

its low rate capacity and average discharge voltage still need to 

be further solved. Constructing substitutional solid solution is 

effective to optimize the electrochemical performances via 

adjusting interatomic interaction, which have been proved 

more than once in previous researchers, such as 

LiNi0.5Mn1.5O4
19, Li(Ni1/3Co1/3Mn1/3)O2

20 and 

Li(Ni0.5Co0.2Mn0.3)O2
21. Vanadium, as one of the few elements 

with high electrochemical activity22-24, is just next to titanium 
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in the same transition-metal of the 4th period, which is 

appropriate to form substitutional solid solution with titanium 

due to their very similar atomic radius and electronegativity.25 

In addition, according to the calculations of density functional 

theory (DFT), when V atoms replace some Ti atoms in TiO2 

crystal lattice, both the intercalation energy and volume 

expansion significantly decreases after the intercalation of Li+, 

which suggests the possibility of the optimized battery 

performance (Fig. S1 and Table S1). Therefore, combining the 

high electrochemical activity of vanadium and the structural 

stability of titanium, a new cathode material with high 

discharge voltage, high capacity and long cycling life for MLHBs 

could be probably designed and constructed.  

Herein, for the first time, we report a kind of new anatase 

phase VTi2.6O7.2 ultrafine nanocrystals (VTO) designed via 

constructing the ingenious substitutional solid solution. As the 

cathode material for MBs, VTO shows a relatively high capacity 

of 121.9 mAh g-1 at 20 mA g-1. When applied to MLHBs, it 

exhibits high capacity of 265.2 mAh g-1 (coin-type batteries), 

high rate capability of 64.9 mAh g-1 at 2 A g-1 and good cycling 

stability of 84.2% capacity retention after 1200 cycles. The 

good results are attributed to the enhanced diffusion kinetics, 

increased cations storage active sites and shortened ion 

diffusion path. Furthermore, the lithium storage mechanism in 

VTi2.6O7.2 was further studied by in situ XRD, and the Mg2+/Li+ 

co-intercalation reaction in MLHBs are proved by 

electrochemical measurements. 

Experimental Section 

Sample Preparation 

To obtain the anatase VTi2.6O7.2 (noted as VTO), 2 mmol 

V(IV)O(acac)2 blue-green crystal and 2 mmol K2TiO(C2O4) white 

crystalline powder are dissolved in 80 mL deionized water by 

stirring violently for about 30 min. Then, the acquired 

transparent and homogeneous green solution is transferred 

into 100 mL Teflon-lined autoclave followed by heating at 200 
oC for about 10 h. Next, after natural cooling to room 

temperature and several washing with deionized water and 

alcohol, blackish green precipitation can be collected. It must 

be noted that the precipitation must be dried at 60 oC in 

vacuum to obtain the final dark green product. 

Materials Characterization 

X-ray diffraction (XRD) results were obtained by the Bruker D8 

Advance X-ray diffractometer with a Cu Ka X-ray source) 

conducted employed to characterize the crystallographic 

information. Raman spectra were obtained using a Renishaw 

INVIA micro-Raman spectroscopy system.  Scanning electron 

microscope (SEM) images and energy dispersive spectrometer 

(EDS) were collected with a JEOL-7100F SEM/EDS microscope. 

Transmission electron microscope (TEM) images were 

recorded by using a JEM-2100F STEM/EDS microscope. 

Brunauer-Emmett-Teller (BET) surface areas were measured 

using a Tristar II 3020 instrument by adsorption of nitrogen at 

77 K. X-ray photoelectron spectroscopy (XPS) measurement 

was performed using a VG Multi Lab 2000 instrument. 

Measurements of Electrochemical Performances 

The electrochemical properties were measured by assembly of 

2016 coin cells in a glove box filled with pure argon gas. In MBs 

and MLHBs with Mg foil as the anode, the All-phenyl complex 

(APC) and APC-LiCl (1 M LiCl in 0.25 M APC) electrolytes were 

prepared on the basis of the reported method, respectively. In 

lithium and sodium half cells with Li and Na metal was used as 

the anode, 1 M solution of LiClO4/NaClO4 in ethylene carbon 

(EC)–dimethyl carbonate (DMC) (1:1 w/w) with 5% FEC were 

used as the electrolyte, and a whatman glass fiber (GF/D) was 

used as the separator. The electrodes were fabricated to form 

a freestanding film with a weight ratio of 60% VTi2.6O7.2 active 

material, 30% acetylene black and 10% PTFE using a roller mill 

and dried in an oven over 12 h at 70 °C. The mass loading was 

approximately 5.0-10.0 mg cm-2. Galvanostatic charge–

discharge measurement was tested by a multi-channel battery 

testing system (LAND CT2001A). Voltammetry (CV) curves and 

electrochemical impedance spectra (EIS) were carried out at 

an Autolab PGSTAT 302 electrochemical workstation. 

Results and Discussions 

 

Fig. 1 Crystal structure and element composition of VTO. (a) 
The Rietveld plot for refined VTi2.6O7.2 XRD pattern with 
experimental data in black dots, calculated curve in red, 
difference curve in green and short vertical line in purple. (b) 
Crystal structure. (c) EDS microanalysis. (d, e) XPS spectra of V 
2p and Ti 2p in the initial state. 
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To analyze the crystal structure of VTO, the Rietveld refined 

XRD pattern of VTO is shown, in which the major diffraction 

peaks matched well with the calculated pattern, suggesting 

the pure phase of VTi2.6O7.2 (Fig. 1a). The refined crystal 

structure (Fig. 1b) shows an anatase structure, which belongs 

to tetragonal system with cell parameters of a=b=3.80 Å and 

c=9.51 Å. After Ti atoms are partially substituted by V atoms, 

the TiO6 octahedron distorted and the cell parameters 

increased compared with the standard anatase TiO2 (JCPDS 

NO. 01-073-1764), indicating the larger lattice spacing for ions 

storage.26 More detailed calculations are shown in Table S2 

and S3. To further verify the interaction between Ti, V and O 

atoms, Raman spectroscopy is carried out  (Fig. S2). The 

characteristic peaks located at 393, 506, 625 cm-1 match well 

with the anatase phase, corresponding to the O-Ti-O 

symmetric bending vibration (B1g modes), O-Ti-O 

antisymmetric bending vibration (A1g modes) and O-Ti-O 

symmetric stretching vibration (Eg modes), respectively.27-28 

And the bands at 150 and 186 cm-1 are very close to that in 

vanadium oxide, associated with the lattice vibration (external 

modes)29-30, suggesting the strong chemical bond (not weak 

Van der Waal’s force) between the V atoms and the O atoms in 

the crystal structure. The EDS result shows that the atomic 

ratio of V: Ti is 1:2.60 (Fig. 1c), which is coincide to the result of 

1:2.67 obtained by the inductively coupled plasma (ICP) 

measurement. XPS measurement is carried out to confirm the 

primary valence states of V and Ti for the final chemical 

formula of this new anatase material. In the V 2p core-level 

spectrum (Fig. 1d), the peaks at 517.58 and 524.78 eV are 

associated with 2p3/2 and 2p1/2 of V4+, respectively.31-32 In the Ti 

2p core-level spectrum (Fig. 1e), the peaks at 458.88 and 

464.68 eV corresponds to 2p3/2 and 2p1/2 of Ti4+, 

 

Fig. 2 Morphology and microstructure of VTO. (a) Low-
magnification SEM images. (b) High-magnification SEM images. 
(c) TEM images. Red dotted line, the boundry between two 
regions of different density. (d) TEM images. (e) HRTEM 
images. Red dotted ellipse, amorphous region. (f) Nitrogen 
adsorption and desorption isotherms and pore size 
distribution (Inset). (g) EDS-mapping of large-scale area. 

respectively.33-34 According to the results of EDS, ICP and XPS, 

the chemical formula that VTi2.6O7.2 can be confirmed for the 

law of conservation of charge. 

The morphology and microstructure of VT2.6O7.2 is 

characterized by the SEM and TEM. Fig. 2a and 2b show that 

the product consists of micron bulks packed tightly by many 

dendritic-like nanoparticles with rough surface and numberous 

small holes. The BET measurement dispalys that its surface 

area reaches 156.7 m² g-1, and the broad peak in the inset of 

Fig. 2f suggests that the size of pores distributes in 2-20 nm 

formed via nanoparticles stacking.35 In Fig. 2c, many roe-like 

solid nanopaticles on the surface of dendritic-like short 

nanorods are distributed with different density in different 

regions, of which the boundary is clear, and the ultrafine 

nanocrystals of ~10 nm diameter are observed (Fig. 2d). In 

high revolution TEM (Fig. 2e), two obvious lattice fringes with 

interplanar distances of 3.53 and 2.43 Å are indexed with the 

lattice plane (011) and (013), respectively. To further observe 

the elements distribution of the substitutional solid solution, 

EDS-mapping was carried out, and the result shows that Ti, V 

and O are uniformly distrubed in the sample (Fig. 2g). 

Coin-type batteries were assembled to investigate the 

electrochemical performances of VTO. As cathode material in 

MBs, under the voltage range of 0.01–1.9 V (vs. Mg2+/Mg) and 

the scan rate of 0.1 mV s-1, no obvious peaks are observed (Fig. 

3a), in agreement with the charge−discharge curves shown in 

Fig. 3b. Because the particle size of the VTO sample is very 

small and the specific surface area is large, the Mg storage 

capacity tends to be contributed by the Faradaic 

pseudocapacitance charge storage on the surface instead of 

diffusion-controlled intercalation.36-37 The pseudocapacitance 

charge storage process may not lead to the same changing of 

the Gibbs free energy, so the plateau is not exhibited 

obviously.38 Under the current density of 100 mA g-1, it exhibits 

the initial discharge capacity of 195.8 mAh g-1, and 103.9 mAh 

g-1 remains in the second cycle. The irreversible capacity loss is 

caused by the formation of the solid electrolyte interphase 

(SEI). Under the relatively low voltage range, the magnesium 

metal anode corrodes in the A1Cl3-MgCl2 solution, forming a 

passivating layer consisted of some insoluble products of the 

reaction of the metal with the solution.39 This process will 

provide a certain charge transfer, which reflects as the 

irreversible capacity. After 100 cycles, the reversible capacity 

of 56.3 mAh g-1 with amost 100% coulombic effciency is still 

obtained (Fig. 3c), which is much better than the reported 

TiO2.13,14 The relatively high discharge capacity of 121.9 mAh g-

1 at 20 mA g-1 is obtained, and at 500 mA g-1, the capacity 

remains 29.4 mAh g-1 (Fig. 3d). After the current density 

reverted to 20 mA g-1, the capacity of 72.3 mAh g-1 is still 

attained. The maximum value of intercalating Mg2+ can be 

estimated at 0.68 per formula unit with Equation S1 according 

to the largest reversible capacity of 121.9 mAh g-1. For 

comparison, the pure phase anatase TiO2 synthesized via the 
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Fig. 3 Electrochemical performance of VTO in MBs. (a) Cyclic 
voltammogram curve (scan rate, 0.1 mV s-1). (b) Charge-
discharge curves of different cycles at 100 mA g-1 in the voltage 
window of 0.01-1.9 V. (c) Cycling performance at 100 mA g-1. 
(d) Rate performances. 

same method of VTi2.6O7.2 without adding V(IV)O(acac)2 is 

fabricated. The refined XRD pattern and the crystal parameters 

are given in Fig. S3a, Table S4 and Table S5. The XRD results 

and SEM image (Fig. S3b) show that the crystal structure and 

morphology of TiO2 is very similar with that of VTi2.6O7.2. When 

applied in MBs, the sample exhibits the capacity of 18 mAh g-1 

in the first cycle, and almost no capacity from the second cycle, 

which indicates that introducing vanadium into TiO2 is 

effective to improve the magnesium storage performance (Fig. 

S4). To investigate the magnesium storage mechanism, ex situ 

XRD measurement was taken out (Fig. S5). During the first 

discharge and charge process, the diffraction peaks belonged 

to VTi2.6O7.2 show no significant change, indicating that the 

anatase crystal structure does not change during Mg ions 

storage. This result precludes the possibility of conversion 

reaction or alloying reaction. Bases on the previous 

electrochemical measurement results, the Mg ions storage 

reaction tends to be the Faradaic pseudocapacitance charge 

storage. 

In order to investgate the ability of lithium storage, LIBs 

were assembled. Fig. S6a shows the cyclic voltammogram 

curve at the scan rate of 0.1 mV s-1. The cathodic/anodic peaks 

at 1.84/2.19 V are consistent with the Li+ ion 

incalatation/deincalatation11,12, correspongding to the 

plateaus in the charge-discharge curves (Fig. S6b). The rate 

performance is shown in Fig. S6c, and the a high-rate capacity 

of 113.8 mAh g-1 is obtained even at 10 A g-1, demonstrating 

the fast diffusion kenetic of Li+ ions in VTO host. Furthermore, 

 

Fig. 4 Electrochemical performance of VTO in MLHBs. (a) Cyclic voltammogram curve (scan rate, 0.1 mV s-1). (b) Charge-
discharge curves of different cycles at 0.5 A g-1 in the voltage window of 0.01-1.9 V. (c) Cycling performance at 0.5 A g-1. (d) Rate 
performances. (e) Charge-discharge curves at different rates. (f) GITT curves of VTO in the second cycle. (g) Long cycling 
performance at 1 A g-1. 
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this new anatase material can also storage Na+ and good 

performances are obtained (Fig. S7). The above results 

demonstrate its versatile application in different secondary 

battery systems. 

Daniell-type batteries can effectively improve the specific 

energy density by adding Li salt into the electrolyte of MBs, 

which combine the advantages of high specific capacity, fast 

diffusion kinetics of Li+ and no dentrite growth in MBs.40-41 

Inspired by this concept, we assembled the MLHBs with VTO as 

cathode, Mg metal as anode and APC-LiCl mixture as eletrolyte. 

Comparing with the cathodic/anodic peaks at 1.00/1.47 V of 

MLHBs and 1.84/2.19 V of LIBs in CV curves (Fig. 4a, S5a), the 

Li+ ions are likely to intercalate/deintercalate in the host in this 

process due to the~0.7 V higher potential of Mg2+/Mg than 

Li+/Li.6,8 Combining the previous results in MBs, it may 

suggested a co-intercalation reaction of Mg2+ and Li+.42 The 

charge-discharge curves in different cycles at 500 mA g-1 and 

its corresponding cycling performance are shown in Fig. 4b and 

4c. The charge and discharge plateau is about 1.50 V and 0.85 

V, respectively. The capaity of 182.7 mAh g-1 is obtained under 

the current density of 0.5 A g-1, and still maintained 126.1 mAh 

g-1 after 500 cycles. The theoretical capacity of VTi2.6O7.2 is 

calculated according to Equation S1 based on the complete 

valence states changing that all the V4+ and Ti4+ change into V3+ 

and Ti3+, respectively. This result corresponds to 3.6 charge 

transfer, which will provide the theoretical capacity of 331.6 

mAh g-1. The initial discharge capacity reaches to 363.4 mAh g-1 

at the current destiny of 0.05 A g-1. The extra capacity beyond 

the theoretical capacity may be contributed by the capacitive 

charge storage.43 Even at 2.0 A g-1, it still delivers 64.9 mAh g-1 

(Fig. 4d, 4e), wihch is better than reported TiO2.14,15 Under the 

high current density, the Faradaic pseudocapacitance 

capacitive charge storage will account for a significant 

proportion instead of the diffusion-controlled intercalation 

contribution.36-37 The pseudocapacitance charge storage 

process may not lead to the same changing of the Gibbs free 

energy, so the plateau is not exhibited obviously.38 

Galvanostatic intermittent titration technique (GITT) curves in 

the second cycle at 0.1 A g-1 displays that the actual maximum 

value of spcificic discharge capacity is 265.2 mAh g-1 ( Fig. 4f), 

meaning that the specific energy density is about 265.2 Wh kg-

1 (the average discharge voltage is estimated at around 1.0 V). 

The long cycling performance at high current density of 1 A g-1 

was shown in Fig. 4g. The capacity of 122.2 mAh g-1 is obtained 

with 84.2% retention after 1200 cycles, exhibitng an excellent 

cycling stablity. The as prepared TiO2 sample is also tested as 

the cathode in MLHBs (Fig. S8). When cycling under the 

current density of 100 mA g-1, it shows the reversible capacity 

of ~120 mAh g-1. After 200 cycles, the capacity decreases 

obviously to less than 20 mAh g-1. The result confirms the 

positive effect of constructing substitutional solid solution. 

Because of the limits of the immature technoogy (the 

stainless steel electrode shell will accelerate the 

decomposition of APC electrolytes during the measurement) 

of in situ XRD in rechareable MBs, the Li+ storage mechanism 

of VTO as the cathode in LIB was investigated instead. Fig. 5a 

shows both the charge-discharge curves of VTO in the 

first/second cycles under the voltage window of 0.01-3.5 V at 

the current density of 0.5 A g-1 and the corresponding 2D in 

situ XRD pattern. When the coin cell was discharged to ~1.75 V 

in the first cycle, the peak at ~25° associated with the (101) 

lattice plane shifts to a lower angle, indicating the increased 

lattice spacing, which is ascribed to the selective inserting of 

Li+ to these lattice planes.43 During the discharge process from 

1.75 V to 0.01 V in the first cycle and the charge process from 

0.01 V to 2.00 V in the second cycle, no obvious change is 

observed. When charged from 2.00 V to 3.5 V, the peak at ~25° 

shifts back to the higher angle, because of the reversible lattice 

distortion caused by the excessive extraction of Li+.44 Because 

the other peaks of VTO are too weak to be observed under the 

strong peaks of Be and BeO, so we only display the peak of 

VTO at ~25° in the in situ XRD pattern. To further study the 

mechanism of Mg2+/Li+ co-intercalation in MLHBs, XPS 

measuraments are carried out to confirm the valence state 

 

Fig. 5 Mechanism of ions storage in VTO. (a) In situ XRD 
measurement in LIBs. (b, c) XPS spectra of Ti 2p and V 2p after 
the sample was charged to 1.9 V in MLHBs. (d, e) XPS spectra 
of Ti 2p and V 2p after the sample was discharged to 0.01 V in 
MLHBs. 
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Fig. 6 Comparison in coin-type MLHBs electrochemical 
performances. (a) Comparison of the reported TiO2, VO2 and 
this work in electrochemical performance. (b) Comparison of 
the reported different cathode materials and this work in 
specific energy density. 

changes of Ti and V elements. When charged to 1.9 V, the 

peaks at 459.27 and 464.87 eV are associated with 2p3/2 and 

2p1/2 of Ti4+, respectively (Fig. 5b).45-46 After discharged to 0.01 

V, these two peaks shifted to lower bondingnergy located at 

458.78 and 464.48 eV, corresponding to the Ti3+ (Fig. 5d) 47-48, 

indicating the 2.6 charge transfer per formula unit. When 

charged to 1.9 V, the peaks for V 2p3/2 and 2p1/2 were observed 

at 517.47 and 524.77 eV, respectively, corresponding to the 

V4+ (Fig. 5c).31-32 After discharged to 0.01 V, after fitting, the V 

2p3/2 spectrum can be deconvoluted into two peaks located at 

515.98 and 517.18 eV, which belong to V3+ and V4+, 

respectively.31,49 And the V 2p1/2 spectrum can also be 

deconvoluted into two peaks located at 523.48 and 524.68 eV, 

which are associated to V3+ and V4+, respectively (Fig. 5e).32,50 

In addtion, the peak areas of V3+ and V4+ are closed to ~1:1, 

suggesting that almost 50% of V4+ were reduced to V3+, which 

is corresponded to ~0.5 charge transfer. These result are 

consistent with the actual maximum value of spcificic 

discharge capacity of 265.2 mAh g-1 with about 3 charge 

transfer (if calculated based on the theoretical capacity, it will 

be more than 3 charge transfer) per formula unit. Obviously, 

the redox pair of Ti4+/Ti3+ and V4+/V3+ are both highly 

reversible10-11, 22-23, which explained the good cycling stability 

of VTO. 

In order to intuitively reflect the advantages of VT2.6O7.2 in 

rechargable MLHBs, comparison of typical cathode materials in 

coin-type MLHBs performances are displayed. As shown in Fig. 

6a, VTO exhibits higher rate capacity than both VO2
15 and 

TiO2
13-14, especially in high current density. Besides, the 

capacity of 98.4 mAh g-1 at 1 A g-1 with 1200 cycles is obtained, 

which is much better than VO2 in cycle life. In addition, the 

dischage voltage of ~1 V is also 0.2 V higher than TiO2. 

Moreover, in MBs, VO2 and TiO2 basically do not provide much 

reversible capacity except TiO2 reported by Meng et al14. On 

the contrary, VTO shows a high reversible capacity of 121.9 

mAh g-1 in MBs. The specific energy density calculated based 

on the mass of different cathode materials in coin-type MLHBs 

was displayed in Fig. 6b. Compared to other reported cathode 

materials of TiO2
13-14, Li4Ti5O12

39, Mo6S8
51-52, MoS2

53, MoO2
54, 

LiCrTiO4
55 (at low current density, not more than 100 mA g-1), 

VTO delivers higher discharged capacity of 265.2 mAh g-1, 

which demonstrates its great potential in magnesium-based 

batteries. The detailed experiment parameters of these works 

are listed in Table S6. 

After comparing the different important indexes in battery 

field , it is apparent that VTO exhibits higher specific capacity, 

higher voltage than TiO2 and higher cycling stability than VO2. 

The improved electrochemical performances owe to the 

successful V substitution design. Firstly, after V occupied part 

of the sites of Ti, the new phase preserves the stable anatase 

structure of TiO2, which is beneficial to longer cycle life. 

Secondly, with the accession of V, the transferable charge in 

the material increases substantially, resulting in higher 

reversible capacity. Thirdly, the lattice spacing is expanded 

after V substitution, which will provide larger ion diffusion 

channel. These results prove that constructing substitutional 

solid solution is effective to optimize the electrochemical 

performances. 

Conclusions 

In summary, we designed a new type anatase VTi2.6O7.2 

ultrafine nanocrystals with fast intercalation kinetics via 

constructing substitutional solid solution. As the cathode 

material for the MBs, a reversible capacity of 121.9 mAh g-1 

was obtained. When applied to MLHBs, it exhibited high 

capacity of 265.2 mAh g-1, high rate capability of 64.9 mAh g-1 

at 2 A g-1 and good high-rate cycling stability with 84.2% 

capacity retention after 1200 cycles at 1 A g-1. The good 

electrochemical performances are attributed to the fast 

intercalation kinetics in VTO host. Furthermore, the 

mechanism of lithium storage was thoroughly studied by in 

situ XRD. Our work paves the way for the original design of 

new type phase cathode materials from the atoms level and 

various effective research ideas in rechargeable batteries of 

Mg system. 
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