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Abstract 

Magnesium-ion Batteries (MIBs) offer a promising energy density, safety, and low-cost energy storage due to the 

large abundance of magnesium on Earth. However, only limited candidates have been proposed for MIBs cathode 

materials. In this study, the structure and electrochemical properties of magnesium ion intercalation into vanadium dioxide 

(VO2(B)) has been unveiled. VO2(B) was synthesized using a facile hydrothermal method, and confirmed by XRD, HR 

FE-SEM and TEM as a monoclinic structure with the space group of C 2/m, and a nano-belt morphology. The material 

shows reversible magnesium intercalation with a discharge capacity of 51.0 mAh g-1 at 25oC at current density of 20 mA 

g-1 in nonaqueous electrolyte (0.5 M Mg(ClO4)2 in AN). It shows good rate performance at 25, 30, 40, and 50 mA g-1. The 

cycle performance of VO2(B) still need improvement, as it delivered 62% of the initial capacity after 25 cycles, due to the 

structural degradation and vanadium dissolution in the electrolyte.  

VO2(B) also shows magnesium intercalation with a discharge capacity of 114.8 mAh g-1 with an average voltage of 

~2.47 V (vs Mg/Mg2+) at 60oC in nonaqueous electrolyte. The structural evolution at pristine, discharge, and charge state 

revealed the magnesium ion intercalation into VO2(B). The crystal structure of Mg0.11VO2 and detail magnesium ion 

position in VO2(B) is determined for the first time. It has monoclinic structure with space group of C 2/m and the 

magnesium ion is located in the largest cavity of VO2(B). TEM-EDX mapping and XPS result also revealed the reversible 

magnesium intercalation into the material. 
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I. INTRODUCTION 

1.1. Rechargeable Batteries 

The drastic growing of energy needs from modern industry have been pushing important 

works in generating high performance and efficiency energy storages. Rechargeable batteries, 

especially lithium ion battery technology, has so far provided answer for the current demand. 

As shown in Fig. 1., gravimetric and volumetric energy density of lithium ion battery which is 

the highest among other types of battery is also one of the consideration. Since its 

commercialization in 1991, modern lithium ion batteries has reach ten times cheaper prize, due 

to its large production, and distribution among all daily life technologies. However, the 

demanding of more energy density has kept the researches in enormous number. [1-3] 

 

Figure 1. Gravimetric and volumetric energy density of batteries [3] 

The principle of rechargeable batteries, in this case lithium ion batteries, involves a 

positive (cathode) and negative (anode) electrodes, and electrolyte which transports the lithium 

ions during charge and discharge process. In 1972, TiS2 was applied as intercalation cathode 

material, lithium perchlorate in dioxolane as the electrolyte, and lithium metal as the anode by 
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Exxon. Later on, lithium metal oxides, including lithium cobalt oxide, with layered structure 

was proposed by Goodenough, which commercialized as current lithium ion batteries. 

However, the safety concern of lithium metal anode in terms of dendrite growing has driven 

into graphite as commercial anode material in lithium ion batteries system. To date, the 

remaining challenge of existing rechargeable batteries lies on the design and combination of 

electrode materials, as well as electrolyte, which can provide much better life cycle and 

demanding energy density. [4,5] 

1.2. Multivalent ion Batteries 

Energy storage technologies such as lithium-ion batteries (LIBs) have enabled the 

development of ubiquitous portable electronic devices including mobile, laptop, electric 

vehicles, and energy storage systems. Since the pioneering commercialization by Sony 

Corporation in 1991 with high voltage and energy cell, rechargeable LIBs has so far offered 

astonishing prospect as the modern one exhibits more than twice in case of energy per weight. 

[1,2] Despite, the concerns of limiting lithium distributions in the world, cell engineering, and 

processing cost are in the list of challenges which must be tackled in perspective of many 

researchers. [2,5] As one type of post-LIBs technology, the multivalent-ions batteries 

(including Mg2+, Ca2+, and Zn2+) have been considered as having such properties which meet 

the criteria. [7-10] 

As lithium ion battery system, multivalent ion batteries are expected to convert chemical 

energy by the component of a cathode, an anode, and an electrolyte which transports ions. The 

intercalation of 2+ cation allows high possibility of achieving higher capacity compared to 

current lithium ion battery system. Using metallic anode, multivalent ion batteries also offer 

promising energy density improvement (3833 mAh cm-3 for magnesium metal) compared to 

lithium ion batteries (~2046 mAh cm-3 for lithium metal). Furthermore, lithium metal hasn’t 

considered good enough for commercial use due to growing of surface reaction with electrolyte 
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which cause lack of long cycle performance and safety. Even it is normally used for laboratory 

characterization, the commercial lithium ion battery still put its trust on graphite anodes (~800 

mAh cm-3). In this point of view, several developments of nonaqueous multivalent ion battery 

system has been undergoing, including its electrolyte, and especially its cathode material 

candidates. [7] 

The research on multivalent ion batteries cathode material offers discovery of new 

materials and electrochemical intercalation chemistry. Although, the intercalation process may 

occurs sluggishly into oxide materials, due to strong Coloumbic interaction between cation and 

oxygen ions in the lattice structure. As a result, the electrochemical intercalation chemistry of 

multivalent ions into cathode materials are still considered as puzzling phenomena, as well as 

discovery of the functioning materials.  

1.3. Magnesium Ion Battery 

Among multivalent-ions based batteries candidate, magnesium-ion batteries (MIBs) have 

been explored through many types of research as it offers promising efficiencies, particularly 

in case of magnesium abundance on Earth’s crust (29,000 ppm) compared to lithium (only 17 

ppm). [8] The mechanism of magnesium ion batteries system is almost similar to lithium ion 

batteries. The researches mainly focus on discovering intercalation mechanism electrode 

materials and electrolytes which facilitate magnesium-ions to transport between the cathode 

and anode. However, only limiting materials have been discovered as the cathode candidate 

for MIBs. Several reports include the pioneering magnesium battery prototype using Chevrel 

phase MgxMo3S4 cathode material with less than 15% capacity fading, published by Prof. 

Aurbach and group in 2000. [11] Intercalation mechanism of magnesium ions on the Chevrel 

phase was also investigated by later reports. [12-15] Besides, other types of material such as 

Oxides and Polyanions also have been recently studied. [16-24] 
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Figure 2. The working principle of magnesium ion battery 

The possibility of achieving higher operating voltage is by applying oxygen as anion 

species, or more familiarly called as oxide materials. Several studies have been done by 

employing layered α-MoO3, which offers high theoretical capacity of ~372.3 mAh g-1 for 2 

electrons transfer. However, the ambiguous influence of electrolyte during cycling was noticed 

as reported by some papers. The studies on magnesium intercalation into α-V2O5 also have 

been reported. Besides, magnesium-ion intercalation into this structure is relatively sluggish in 

room temperature. Some efforts including higher temperature measurement or applying wet 

electrolyte has also been studied. [7-8] 

The research on magnesium ion battery anode has focused on finding compatible metal or 

insertion material for conventional battery electrolyte. The reason behind this is the formation 

of blocking layer in the surface of magnesium metal anode while interact with conventional 

electrolyte. As a result, reversible magnesium ion diffusion seems challenging. Several reports 

include the possible magnesium insertion into Bi, Sb, and the combination of both insertion 

metal, BixSby. Since the successful replacement of lithium metal into graphite, the similar 

technique may be applied for magnesium metal. [8] 
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The studies on electrolyte is going on the suitability with magnesium metal by 

electrodeposition. Earlier reports include possible magnesium ion insertion into host material 

using ionic salt, Mg(BF4)2 and Mg(ClO4)2 in conventional solvent. However, the passivation 

nature was observed when employing the electrolyte in magnesium metal. The magnesium 

insertions into host materials also exhibited in some organoborates including magnesium 

tributylphenyl Mg(BPhBu3)2) electrolyte. However, the electrolyte still suffered from oxidative 

stability. [8] 

1.4. Vanadium Dioxides 

Vanadium dioxide polymorphs exist in several crystal phases: VO2(B), VO2(A), VO2(M), 

VO2(R), and VO2(C), where VO2(B) and VO2(A) are considered as metastable phases. [25] 

VO2(B) is the brookite phase of vanadium dioxide which considered as the most stable open 

framework phase of the material. [33] As shown in Figure 3, the crystal structure of VO2(B) 

has a monoclinic structure with space group of C 2/m and is formed by corners and edge-

sharing between VO6 octahedra, provides three diffusion cavities denoted as C1, C2, and C3, 

and two diffusion paths along b and c-axis. Meanwhile, VO2(A) crystal structure is reported to 

have low temperature phase and high temperature phase structure. Popuri et. al., suggested that 

the low temperature phase has tetragonal structure with space group of P 4/ncc, and is formed 

by four units of two edge-sharing VO6 octahedra. The schematic drawing of VO2(A) is shown 

in Figure 4. 
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Figure 3. Crystal structure of VO2(B) (a) a-c plane. (b) a-b plane. 

 

Figure 4. Crystal structure of VO2(A) 

Among all the phases of vanadium dioxides, VO2(B) have been investigated as cathode 

material for Li, Na, K, and Zn-ion batteries intensively due to its structure and high theoretical 

capacity of 323.10 mAh g-1 per 1 electron.[25-40] In the recent study by Luo et. al., VO2(B) 

exhibited an initial discharge capacity of 394 mAh g-1 at 120C. Mg(ClO4)2 in acetonitrile (AN) 

was utilized as an electrolyte. However, the water content in the electrolyte was not specifically 

mentioned, which limited a deep investigation of proton co-intercalation into the structure. [37] 

Moreover, electrochemical intercalation mechanism of magnesium-ions into the host structure 

is more considered as puzzling phenomena until now. Some reports also include VO2(A) as 



- 7 - 
 

cathode material for lithium ion battery. However, most studies are still focusing on the 

synthesis process and the structure of the material. 

In this work, VO2(B) was investigated as a cathode material for MIBs using a nonaqueous 

electrolyte. We explored the electrochemical performance through galvanostatic discharge-

charge and cyclic voltammetry measurements. The evidence of magnesiation was conducted 

by X-ray diffraction, elemental analyses, transmission electron microscopy, and X-ray 

photoelectron spectroscopy. Fourier electron density analysis was used to determine the 

magnesium position in the VO2(B) structure. 

1.5. Research Objectives 

This research has several objectives, including to study the structure of vanadium dioxide 

(VO2(B)), to investigate the electrochemical properties of magnesium ion intercalation into 

vanadium dioxide (VO2(B)) in nonaqueous electrolyte, to analyze the intercalation mechanism 

and to determine the structure of magnesium intercalated vanadium dioxide (MgxVO2(B)). 
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II. METHODS 

2.1. Synthesis 

VO2(B) powder was prepared via a facile hydrothermal method by mixing V2O5 (99.8%, 

Alfa Aesar) and oxalic acid (98%, Sigma Aldrich) as reduction agent with a molar ratio of 1: 

2.4 in 50 ml of D.I. water. The mixture was continuously stirred at 40 0C for 22 h until the light 

blue color was identified. The solution was then transferred into 100 ml Teflon lined stainless-

steel autoclave, tightly closed and heated at 180 0C for 24 h. The resulting solution was filtered 

and washed with ethanol three times. Finally, the product was dried at 600C in vacuum for 6 h. 

2.2. Material Characterization 

The crystal structure of VO2(B) was characterized using X-ray diffractometer (XRD, 

Rigaku Mini-Flex 600) with Cu Kα radiation, λ = 1.5418 Å, and angle range between 10o until 

80o with continuous scanning and scan rate of 1.5o /min. The morphology of as-prepared 

powder was analyzed by high-resolution field emission scanning electron microscopy (HR FE-

SEM, Hitachi SU-8020) and a high-resolution field-emission transmission electron microscopy 

(HR FE-TEM, Hitachi SU-8020, Japan) with an energy dispersive X-ray spectroscopy (EDX) 

was used to qualitatively determine the elemental composition. Induced coupled plasma optical 

emission spectroscopy (ICP-OES, Varian 700-ES) was used to quantitate magnesium amount 

for the discharged and charged electrode. The oxidation states of vanadium were determined 

using X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi) with Al 

Kα radiation. 
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2.3. Electrode, Electrolyte, and Cell Preparation 

The electrodes were prepared by mixing active material (VO2(B)) with conductive carbon 

(Super P carbon, Timcal Graphite & Carbon) and poly(vinylidene fluoride) (PVDF) binder 

(W#1300, Kureha Co.) with the weight ratio of 8: 1: 1 in N-methyl-2-pyrrolidone (NMP). The 

mixture was coated on carbon-coated stainless steel foil (SUS-304L) with the thickness of 40 

µm and dried at 60 0C in vacuum for 6 h. The coating resultants were pressed and cut into a 

circle shape with an area of 1.53 cm2 to make electrodes. The average loading mass of electrode 

was noticed as ~3.0 mg. 

 

Figure 5. Schematic drawing of homemade cell for electrochemical measurement 

Homemade cell (Fig. 5.) was assembled with VO2(B) as working electrode, 0.8 g of 

activated carbon pellet (Daejung Chemicals) as a counter electrode. A glass fiber (GF/A, 

Whatman) was used as a separator, after fully dried at 1200C for 3 days and 0.5 M of Mg(ClO4)2 

(ACS reagent grade, Alfa Aesar) in acetonitrile (99.8%, Samchun, Korea) were utilized as an 

electrolyte. The water content of the electrolyte was 40 ppm, measured using Karl Fischer 

coulometer (Metrohm, 831 KF coulometer). The Mg(ClO4)2 was dried at 2200C for 24 h, and 

the Acetonitryl was treated with molecular sieves. Additionally, all electrochemical cell 
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components were dried at 80 0C before assembling the cell to avoid the dramatic increase of 

water content during electrochemical measurements. 

2.4. Electrochemical Characterization 

EC-lab software on a Biologic VMP3 multichannel potentiostat (Biologic Science 

Instruments SAS) was used to measure galvanostatic discharge-charge and Cyclic 

Voltammetry (CV). A constant voltage was applied during the charging process to maximize 

the extraction of magnesium-ions until the current dropped to 20% of the current density. 

2.5. Structural Analysis 

The pristine, discharged and charged electrodes crystal structure were characterized using 

a PANalytical Empyrean X-ray diffractometer was used with a copper Kα1 X-ray (λ = 1.5406 

Å) with a primary germanium (111) monochromator, a position-sensitive PIXcel3D 2×2 

detector, with a total measurement time of 12 h at room temperature. Rietveld refinement of 

the pristine material and the discharge electrode were performed using the powder profile 

refinement program, GSAS. [46] The crystal structure of discharge electrode was determined 

using a combination of the powder profile refinement program, GSAS. and the single-crystal 

structure refinement program, CRYSTALS, as described in our previous work. [47,48] MCE 

was used to obtain a three-dimensional (3D) view of the Fourier density maps. [49] 
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III. RESULT AND DISCUSSION 

3.1. Structure and Morphology 

The VO2(B) powder was successfully synthesized using a facile hydrothermal method, 

with oxalic acid as a reduction agent. The Rietveld refinement result of as-prepared powder 

XRD data presented in Fig. 6. suggests a monoclinic crystal structure with a space group of C 

2/m and cell parameters of a = 12.059 (1) Å, b = 3.692 (2) Å, c = 6.420 (1) Å. No impurity was 

evolved, which means V5+ was successfully reduced into V4+ during the synthesis process. The 

information of refined atomic parameters and interatomic distances are provided in Table 1 and 

2. 

 

Figure 6. The Rietveld refinement result of VO2(B) powder 
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Table 1. Crystallographic data and powder XRD Rietveld refinement results for VO2(B): 

atomic coordinates, site occupancies, isotropic displacement parameters, and reliability 

factors. 

 

Crystal System Monoclinic 

Space Group C 2/m 

Lattice Parameter, Volume, Z a = 12.059 (1) Å, b = 3.692 (2) Å,  

c = 6.420 (1) Å, V = 273.42 (3) Å3, 

α = γ = 90o, β = 106.96 (1)o 

Z = 4 

Atoms x y z Wyckoff Occupancy Uiso ×100 

V1 0.6006 (3) 0.0000 0.1852 (4) 4c 1 1.7 

V2 0.3011 (3) 0.0000 0.2211 (4) 4c 1 1.7 

O1 0.1213 (3) 0.0000 0.1925 (4) 4c 1 1.7 

O2 0.4433 (3) 0.0000 0.1493 (4) 4c 1 1.7 

O3 0.7663 (3) 0.0000 0.1561 (4) 4c 1 1.7 

O4 0.3602 (3) 0.0000 0.5003 (4) 4c 1 1.7 

* Rp = 0.236, Rwp = 0.341, Rexp = 0.259, R(F2) = 0.169, χ2 = 1.769 

 

 

Table 2. Selected interatomic distances (Å) in the structure of VO2(B). 

 

V1–O1 1.8616 (1) Å × 2 V2–O1 2.1219 (2) Å 

V1–O2 1.8428 (1) Å  

2.0570 (5) Å 

V2–O2 1.9010 (1) Å 

V1–O3 2.0604 (2) Å V2–O3 1.9121 (1) Å  × 2 

2.3190 (5) Å 

V1-O4 1.9340 (5) Å V2–O4 1.7251 (2) Å 
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Figure 7. TEM images with a different magnification (a) 500 nm (b) 100 nm, and (c) HR-

TEM image with (110) fringes. 

 

Figure 8. SEM images with a different magnification (a) 3 μm (b) 1μm. 

Fig.7. a and b show the TEM images of VO2(B) powder in different magnifications which 

can be seen as the nano-belt shape with a width of ~200 nm. The interplanar distance of 0.35 

nm in Fig. 7.c. can be indexed to d(110) spacing of VO2(B). Fig. 8. a. and b. show the SEM 

images of nanobelt morphology which consistent to the previous TEM images. 
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3.2. Electrochemical Properties 

3.2.1. Wet vs. Dry Electrolyte 

Firstly, the electrochemical behavior of VO2(B) was investigated at two different water 

contents of the electrolyte condition, dry (40 ppm) and wet (650 ppm) at room temperature. 

Fig. 9. a. depicts the CV profile in wet electrolyte with a scan rate of 0.1 mV s-1 figuring sharper 

reduction peak at -0.57 V vs AC, compared to in dry electrolyte. Meanwhile, the oxidation 

peak in dry electrolyte is appeared at a higher voltage (0.35 V vs AC) compared to in wet 

electrolyte (0.18 V vs AC). Interestingly, two peaks are observed in wet electrolyte at the 

voltage of 0.18 and 0.40 V vs AC, which probably due to complex redox reaction from the 

protons or hydronium ions intercalation reaction as well as magnesium ions.  

 

 

Figure 9. (a) CV profile of VO2(B) in dry electrolyte (39 ppm) and wet electrolyte (650 ppm) 

at 25 oC (b) The galvanostatic discharge-charge of VO2(B) in dried and wet condition at 25 

oC with a current density of 20 mA g-1. 

 

As shown in Fig. 9. b. the galvanostatic discharge-charge was applied at 1.0 and -1.2 V vs 

AC with a current density of 20 mA g-1 in both electrolyte condition. VO2(B) exhibited much 
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larger discharge and charge capacity of 250 mAh g-1 in wet electrolyte compared to dried 

electrolyte (51 mAh g-1). Nevertheless, the registered discharge-charge capacity is still lower 

than previously reported by Luo et. al. [37] Therefore, it is reasonable to conclude that the 

drastic increase of specific capacity and sharper CV reduction peak was probably stimulated 

by proton co-intercalation rather than only magnesium-ion intercalation, forming MgxHyVO2 

discharge product. [51] The XRD profile after discharge in wet electrolyte is shown in Fig. 10. 

In order to confirm the proton or hydronium ions intercalation, ICP (Table 3) and TEM-EDX 

mapping (Fig. 11.) were applied for after discharge in the wet electrolyte, observing a very 

small amount of magnesium, and not match with the correspondence discharge capacity. 

 

Figure 10. XRD after discharge in wet electrolyte 

 

Table 3. Elemental ratios estimated from the ICP-OES analysis for the discharged electrode 

in the wet organic electrolyte (water contents of the electrolyte is 650 ppm). 

 

Sample 
Mass Ratio (%) Relative Atomic Ratio 

Mg V Mg V 

Discharged  2.25 97.7 0.05 1.000 
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Figure 11. TEM-EDX mapping of discharge electrode in wet electrolyte 

3.2.2. Room Temperature 

The CV profile of VO2(B) at room temperature was measured at 0.1 mV s-1 at the voltage 

range of -1.5 V – 1.0 V vs. AC using the nonaqueous electrolyte, 0.5 Mg(ClO4)2 in AN (water 

content is 40 ppm). As shown in Fig. 12. The reduction peak appeared very broadly, suggesting 

a sluggish magnesium ions intercalation, and difficult V4+ reduction into V3+. Morover, the 

existing broad peak in the first cycle continues at the following cycle. Meanwhile, the oxidation 

peak appeared sharply at 0.35 V vs AC, or estimated to be 2.96 V vs. Mg/Mg2+. The oxidation 

peak position doesn’t change at the following cycle, suggesting a stable oxidation processes. 

The current at the 2nd cycle is found to be higher than the 1st cycle, suggesting the activation 

process of the material. 
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Figure 12. CV 1st and 2nd cycle at room temperature with scan rate of 0.1 mV s-1  

The galvanostatic discharge-charge at voltage range of -1.2 V – 1.0 V vs AC with a current 

density of 20 mA g-1 (Fig 13.) shows the material delivered discharge capacity of 51 mAh g-1. 

According to the theoretical capacity of ~323.10 mAh g-1, the delivered discharge capacity 

correspond to 0.16 electrons transfer or 0.08 magnesium ions intercalation. Therefore, the 

discharge electrode is estimated to have a formula of Mg0.08VO2. At the same current density, 

the material delivered reversible charge capacity of 48 mAh g-1, correspond to 0.15 electrons 

or 0.07 magnesium ions were extracted from the host material. Additionally, the material shows 

higher and reversible capacity of 57 mAh g-1 after the 2nd cycle. 
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Figure 13. The galvanostatic discharge-charge at voltage range of -1.2 V – 1.0 V vs AC with 

a current density of 20 mA g-1 at room temperature 

The cycle performance of VO2(B) with current density of 20 mA g-1 at room temperature 

is shown in Fig. 14.a. The discharge capacity is 35 mAh g-1 (62 % of the 2nd cycle capacity) 

after 25 cycles. The capacity loss probably corresponds to structural degradation of VO2(B) 

after cycles (Fig. 15) and vanadium dissolvation in the electrolyte, as 2 ppm Vanadium is 

noticed using ICP-OES. The rate performance of VO2(B) is shown in Fig. 14. b. The material 

exhibit discharge capacity of 38, 33, 31, and 30 mAh g-1  at current density of 25, 30, 40, 50 

mA g-1 respectively. The discharge capacity was recovered to 47 mAh g-1 after it was changed 

back to the initial current density (25 mA g-1). The properties shows that VO2(B) has good rate 

performance at room temperature in nonaqueous electrolyte.  
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Figure 14. (a) The cycle performance of VO2(B) at 25oC at current density of 20 mA g-1 (b) 

The rate performance of VO2(B) at 25, 30, 40, and 50 mA g-1 

 

Figure 15. XRD profile of VO2(B) after 25 cycles at 25oC 
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Figure 16. (a). The CV profile at scan rates of 0.1, 0.2, 0.3, 0.5, and 1.0 mV s-1 at room 

temperature. (b). log (I) vs log (scan rate) plot. (c) and (d). Capacitive and intercalation 

distribution in anodic and cathodic, respectively.  

The CV measurement was further acquired at five different scan rates, 0.1, 0.2, 0.3, 0.5, 

and 1.0 mV s-1 to identify diffusion controlled and surface limited behavior in VO2(B) structure. 

As shown in Fig. 16.a. the reduction peaks are observed broadly at all scan rate. Meanwhile at 

faster scan rate, the oxidation peaks are shifted toward higher voltage, corresponds to slower 

ionic diffusion. In order to elucidate the magnesium storage mechanism during CV 

measurement, the power-law relationship was calculated between i (current density) and v 

(scan rate), i = avb, where a and b are constant. As the value of b is between 0.5 and 1, some 

of the electrochemical reaction is contributed by capacitive behavior (Fig. 16.b.). The 
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quantification of the intercalation and capacitive contribution was calculated using the equation 

of i = k1v + k2v
1/2, where k1 and k2 are the intercalation and capacitive contribution, respectively. 

[49] As shown in Fig. 16.c and d. the reduction and oxidation reaction is dominated by the 

intercalation mechanism, around 81-75% of magnesium ions are intercalated at a scan rate of 

0.1 mV s-1. As the increasing of scan rate to 1 mV s-1, the surface-limited mechanism slowly 

increases. The results clearly demonstrate that the diffusion-controlled reaction is the mainly 

contribute to the magnesiation mechanism of VO2(B). 

3.2.3. Elevated Temperature 

In order to gain more intercalated magnesium ions, the galvanostatic discharge-charge was 

also investigated at 60 °C (Fig. 17.). The discharge capacity at 20 mA g-1 was 115 mAh g-1, 

corresponds to 0.35 electron transfer or ~0.17 magnesium ions intercalation. The increased 

specific capacity and number of magnesium ions intercalation at 60 oC compared to at 25 oC 

probably corresponds to the activation energy of VO2(B) which has a relationship with the 

measurement temperature. However, at this measurement condition, the magnesium ions 

intercalation process seems to be not reversible, as the material only delivered charge capacity 

of 105 mAh g-1, correspond to only 0.32 electrons transfer or 0.16 magnesium ion extraction. 

The rest of magnesium ions we expect to be stucked in the host material, due to difficult V3+ 

to V4+ oxidation process. 
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Figure 17. the galvanostatic discharge-charge investigated at 60 °C 

The CV measurement was also acquired at five different scan rates, 0.1, 0.2, 0.3, 0.5, and 

1.0 mV s-1 to identify diffusion controlled and surface limited behavior in VO2(B) structure at 

60oC. The measurement was conducted with a voltage window between -0.6 V and 1.0 V vs 

AC at 60 oC. As depicted in Fig. 18.a. the reduction peaks are observed slightly at ~0.37 V vs 

AC at all scan rates. The peaks indicate that the reduction process occurred more facile 

compared to at 25 oC. The reason for the peak appearance may be related to the activation 

process at a higher temperature. Furthermore, the sharp oxidation peak appeared at -0.13 V vs 

AC with a scan rate of 0.1 mV s-1 and started shifting to a higher voltage in increasing scan 

rates. The voltage of reference electrode (AC) was estimated to be 2.61 V vs Mg/Mg2+ by 

comparing the redox peaks of CV profiles using the AC reference electrode with that obtained 

using a Ag/Ag+ reference electrode calibrated by the ferrocene/ferrocenium (Fc/Fc+) redox 

couple (Fig. 19). The average redox peaks voltage of VO2(B) was noted as ~2.47 V vs Mg/Mg2+. 

As shown in Fig. 18 c. and d. the reduction and oxidation reaction is dominated by the 

intercalation mechanism, around 89-83% of magnesium ions are intercalated at a scan rate of 

0.1 mV s-1. 
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Figure 18. The CV profile at scan rates of 0.1, 0.2, 0.3, 0.5, and 1.0 mV s-1 at 60oC. (b). log 

(I) vs log (scan rate) plot. (c) and (d). Capacitive and intercalation distribution in anodic and 

cathodic, respectively. 

 

Figure 19. (a) The the ferrocene/ferrocenium (Fc/Fc+) redox couple. (b) The CV profile of 

VO2(B) vs Ag/Ag+
. (c) Estimated working voltage of VO2(B) 
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3.3. Structural Analysis 

The XRD profile of discharge electrode at 25oC is shown in Fig. 20. The peaks evolution 

is hardly observed, due to only small amount of magnesium ion was intercalated (0.08). 

Therefore, further structural analysis was conducted with the electrodes at 60oC measurement. 

The evolution of the XRD patterns of pristine, discharge and charge state at 60oC is shown in 

Fig. 21. The nano-belt morphology of VO2(B) governed a preferred orientation in (00l) peaks, 

as pressure was applied during electrode preparation. In bigger magnification, (110) peaks 

shifted slightly into a lower angle during discharge, indicating the unit cell parameter a and b 

slightly increased by 12.059 to 12.067 Å and 3.692 to 3,709 Å at discharge state of -0.6 V, 

respectively. Upon the following charge, the peaks returned into initial position almost the 

same as the pristine. Interestingly, all (00l) peaks were slightly shifted to a higher angle, 

possibly corresponds to decreasing unit cell in c-axis. 

 

Figure 20. XRD profile of VO2(B) at pristine and discharge at 25oC 
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Figure 21. XRD profile evolution of VO2(B) at pristine, discharge, and charge state. Carbon 

support is noted with (*). 

Based on ICP-OES analysis, the discharge electrode has the amount of magnesium was 

0.11 per unit formula, suggesting the chemical formula of Mg0.11VO2 (Table 4). This amount 

of magnesium is about 65% of that calculated from the discharge capacity (115 mAh g−1 at 20 

mA g−1, or Mg0.16VO2). Thus, it is suggested that rest of magnesium in the surface of VO2 (B) 

was probably washed out during sample preparation, and also confirmed previously by 

electrochemical magnesium storage analysis that only ~83% of magnesium was perfectly 

intercalated. 

Table 4. Elemental ratios calculated by ICP-OES analysis for pristine VO2(B), discharge, 

and charge electrode. 

Sample 
Mass Ratio (%) Relative Atomic Ratio 

Mg V Mg V 

Pristine N.D. 100 0.00 1.00 

Discharge 4.85 92.1 0.11 1.00 

Charge 1.12 98.4 0.02 1.00 

 

 

The crystal structure of Mg0.11VO2 was determined and refined for the first time in this 

work, the magnesium position was solved by Fourier electron-density map from powder XRD 
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data using GSAS38 and Crystals39 as shown in Fig. 22. The Rietveld refinement of Mg0.11VO2 

with the new magnesium position is presented in Fig. 23. It has the space group of C2/m with 

the unit cell of a = 12.067 (3) Å, b = 3.709 (2) Å, c = 6.416 (2) Å. The detail refined unit cell 

information and selected distances of Mg0.11VO2 are presented in Table 5 and 6, respectively. 

 

Figure 22. Electron density map of Mg0.11VO2 

 

Figure 23. Rietveld refinement of Mg0.11VO2 
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Table 5. Crystallographic data and powder Rietveld refinement results for Mg0.11VO2: atomic 

coordinates, site occupancies, isotropic displacement parameters, and reliability factors. 

 

Crystal System Monoclinic 

Space Group C 2/m 

Lattice Parameter, Volume, Z a = 12.067 (3) Å, b = 3.709 (2) Å,  

c = 6.416 (2) Å, V = 274.66 (8) Å3, 

α = γ = 900, β = 106.974 (2)0 

Z = 4 

Atoms x y z Wyckoff Occupancy Uiso ×100 

V1 0.5978 (7) 0.0000 0.1887 (1) 4c 1 1.8 

V2 0.2988 (6) 0.0000 0.2213 (2) 4c 1 1.8 

O1 0.1190 (6) 0.0000 0.1924 (2) 4c 1 1.8 

O2 0.4399 (7) 0.0000 0.1456 (1) 4c 1 1.8 

O3 0.7629 (6) 0.0000 0.1568 (3) 4c 1 1.8 

O4 

Mg 

0.3672 (1) 

0.5580 (8) 

0.0000 

0.5000 

0.4979 (7) 

0.7077 (3) 

4c 

4c 

1 

0.22 

1.8 

1.8 

* Rp = 0.059, Rwp = 0.083, Rexp = 0.045, R(F2) = 0.17943, χ2 = 3.497 

 

Table 6. Selected interatomic distances (Å) in the structure of discharged Mg0.11VO2. 

 

V1–O1 1.8713 (6) Å x 2 V2–O1 2.1225 (3) Å 

V1–O2 1.8448 (1) Å, 

2.0584 (4) Å 

V2–O2 1.9021 (3) Å 

V1–O3 2.0612 (3) Å V2–O3 1.9218 (6) Å x 2, 

2.3205 (5) Å 

V1-O4 1.9301 (4) Å V2–O4 1.7251 (4) Å 

Mg-O1 2.4020 (2) Å Mg-O3 2.0800 (6) Å 

Mg-O2 2.0760 (9) Å × 2 Mg-O4 2.5870 (2) Å ×  2 

Mg-Mg 2.6200 (4) Å   

 

 

The crystal structure of Mg0.11VO2 is shown in Fig 24.a. The magnesium-ions occupy the 

edge of the largest cavity in b-axis. Considering that non-bonded magnesium-oxygen is 2.59 

Å, magnesium atom has 6-oxygen coordination in total, where 4 nearest oxygen coordination 

file:///E:/PhD%20lyf/2.%20Multivalent%20battery/papers/VO2%20(B)%20MG/1_publ%20_pd_proc_ls_prof_R_factor
file:///E:/PhD%20lyf/2.%20Multivalent%20battery/papers/VO2%20(B)%20MG/1_publ%20_pd_proc_ls_prof_wR_factor
file:///E:/PhD%20lyf/2.%20Multivalent%20battery/papers/VO2%20(B)%20MG/1_publ%20_pd_proc_ls_prof_wR_expected
file:///E:/PhD%20lyf/2.%20Multivalent%20battery/papers/VO2%20(B)%20MG/1_publ%20_refine_ls_R_Fsqd_factor
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(O1, O2, and O3) have the interatomic distance of 2.40, 2.08, and 2.08 Å, respectively 

(Fig.24.b.). Meanwhile, the other 2-oxygen coordination is considered as weak bonding (Mg-

O4) with the interatomic distance of 2.58 Å. 

 

Figure 24. (a) The crystal structure of Mg0.11VO2. (b) Magnesium position at ab plane. 

3.4. Elemental Analysis 

The TEM-EDX mapping of pristine, discharge, and charge electrode shows in Fig. 25. A 

homogeneous distribution can be clearly seen in discharge electrode, which is vanished in the 

charge electrode, corresponding the reversible reaction. 

 

Figure 25. TEM-EDX of pristine, discharge, and charge electrode 
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XPS analysis results (Fig. 26) provide magnesium distribution evidence. The formation of 

the Mg 1s peak appeared in binding energy of 1304.4 eV during the discharge and disappeared 

after the charge state, demonstrate the successful magnesium intercalation into VO2(B). 

Moreover, the V 2p spin-orbital spectra also observed in V4+ 2p1/2, V
4+ 2p3/2 and V3+ 2p3/2 at 

524.1, 516.7, and 515.8 eV, respectively. The V3+ 2p1/2 started to appear at lower binding 

energy during the discharge process and disappear as the original state at the charge, and in 

good agreement as reported previously.30 

 

Figure 26. XPS analysis results (a) Mg1s. (b) V2p 
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IV. CONCLUSION 

VO2(B) has been synthesized using hydrothermal method and the structure of the material 

has been studied. The magnesium intercalation into the material also has been investigated in 

nonaqueous electrolyte. The material shows reversible magnesium ion intercalation in a 

nonaqueous electrolyte with a discharge capacity of 51 mAh g-1 at current density of 20 mA g-

1 at room temperature. It also exhibits a discharge capacity of 114.8 mAh g-1 at a same current 

density, and an average voltage of ~2.47 V vs Mg/Mg2+ at 60oC. The diffusion-controlled and 

surface-limited reaction was revealed using CVs, the intercalation was dominated ~80 % at 0.1 

mVs-1. The electrochemical analysis results provide feasibility of VO2(B) to become MIBs 

cathode material.  

The magnesium ion intercalation mechanism has been analyzed. The magnesium ion 

intercalation causes (110) plane enlarges. The more magnesium ion intercalation may cause 

irreversibility at the first cycle and further structural degradation. The magnesium ion position 

has been determined for the first time. Magnesium ions occupy the largest cavity of VO2(B). 

The results clearly provide magnesium intercalation mechanism into VO2(B) in 

nonaqueous electrolyte and open up possibilities to discover new oxide cathodes with high 

performance for MIBs. 
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요 약 문 

이산화바나듐으로의 마그네슘 이온 삽입의 구조 및 전기 화학적 특성 

 

리튬 이온 배터리 (LIB)와 같은 에너지 저장 기술은 모바일, 랩탑, 전기 자동차 및 

에너지 저장 시스템을 비롯한 유비쿼터스 휴대용 전자 장치의 개발을 가능하게했다. 

1991 년 소니가 최초로 고전압 및 고에너지 셀을 상용화 한 이후, 현대의 LIB 는 중량 

당 에너지밀도가 지금까지 두 배 이상 증가하면서 놀라운 가능성을 제시하였다. 

그럼에도 불구하고 세계적으로 국지적인 리튬의 분포, 셀 엔지니어링 및 처리 비용에 

대한 문제는 여전히 많은 연구자들이 해결해야 할 과제들 중 하나이다. 차세대 LIB 

기술의 한 유형으로서, 다가 이온 배터리 (Mg2+, Ca2+ 및 Zn2+ 등)는 위와 같은 문제에 

대한 기준을 충족시키는 특성을 갖는 것으로 간주된다. 다가 이온 배터리 양극재료에 

대한 연구는 새로운 재료 및 전기화학적 층간삽입화학에 대한 발견을 제공한다. 

그러나, 층간삽입과정은 격자구조에서 양이온과 산소 이온 사이의 강한 Coloumbic 

상호작용으로 인해 산화물 내에서 느리게 발생할 수 있다. 결과적으로, 다가 이온의 

양극물질로의 전기 화학적 층간삽입화학은 여전히 기능성 물질의 발견 가능성 뿐만 

아니라 밝혀지지 않은 수수께끼  같은 현상이 공존하는 것으로 간주된다. 
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마그네슘 이온 배터리 (MIBs)는 마그네슘이 지구상에서 풍부하기 때문에 유망하다고 

할 수 있으며 높은 에너지 밀도, 안전성 및 경제적인 에너지 저장을 제공할 수 있다. 

그러나, 지금까지 MIBs 양극물질에 대해서 제한된 후보물질 만이 제시되었다. 이 

연구에서는,  이산화바나듐 (VO2(B))으로 마그네슘 이온이 삽입된 구조 및 전기 

화학적 특성이 밝혀졌다. 이산화바나듐 다형체는 VO2(B), VO2(A), VO2(M), VO2(R) 

및 VO2(C)의 여러 결정상으로 존재하며, 여기서 VO2(B) 및 VO2(A)는 준안정상으로 

간주된다. VO2(B)는 물질의 가장 안정적인 개방형 구조로 간주되는 브루카이트 

이산화바나듐 상이다. VO2(B)의 결정 구조는 C2/m 의 공간 그룹을 갖는 단사정계 

구조를 가지며 VO6 팔면체 사이의 모서리 공유에 의해 형성되고, C1, C2 및 C3 으로 

표시 된 3 개의 확산 공동 및 b 축과 c 축을 따라 2 개의 확산 경로를 제공한다. 

VO2(B)는 용이한  열수법을 사용하여 합성되었고, 공간 그룹 C2/m, 및 나노-벨트 

형태를 갖는 단사정계 구조가 XRD, HR FE-SEM 및 TEM 에 의해 확인되었다. 

VO2(B)는 a = 12.059 (1) Å, b = 3.692 (2) Å, c = 6.420 (1) Å의 격자상수를 갖는다. 

불순물이 발생하지 않았으며, 이는 합성공정동안 V5+가 V4 +로 성공적으로 

환원되었음을 의미한다. 

건식전해질에서 AC 에 대해 -0.57V 에서 더 급격한 감소 피크를 나타내는 0.1mV s-

1의 스캔 속도를 갖는 습식전해질에서의 VO2(B)의 CV 프로파일. 한편 건식 전해질의 

산화 피크는 습식 전해질 (0.18V vs AC)보다 높은 전압 (0.35V vs AC)에서 나타난다. 

VO2(B)는 비수계전해질 (51 mAh g-1)에 비해 습식전해질에서 250mAh g-1의 훨씬 

큰 방전 및 충전 용량을 나타냈다. 이 물질은 건식전해질 (0.5 M Mg(ClO4)2 in 

AN)에서 20mA g-1 의 전류 밀도에서 25oC 에서 방전 용량이 51.0 mAh g-1 의 

가역적인 마그네슘 층간삽입을 보여준다. 25, 30, 40 및 50 mA g-1 에서 우수한 

율속특성을 보여줍니다. VO2(B)의 사이클 성능은 전해질에서의 구조적 분해 및 
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바나듐 용해로 인해 25 사이클 후 초기 용량의 62 %에 도달하여 여전히 개선이 

필요하다. 환원 및 산화 반응은 층간 메카니즘에 의해 지배되며, 약 81-75 %의 

마그네슘 이온이 0.1 mV s-1 의 주사속도로 삽입된다. 주사속도가 1 mV s-1 로 

증가함에 따라 표면제한메커니즘은 천천히 증가합니다. 

VO2(B)는 또한 건식 전해질에서 60oC 에서 ~ 2.47 V (vs Mg/Mg2+)의 평균 전압으로 

114.8mAh g-1 의 방전 용량으로 마그네슘 층간삽입을 나타낸다. 선명한, 방전 및 

충전 상태에서 마그네슘 이온 intercalation 에 의한 VO2(B) 구조적 변화를 공개한다. 

Mg0.11VO2의 결정 구조와 VO2(B)의 세부 마그네슘 이온 위치가 처음으로 밝혀졌다. 

그것은 공간 그룹 C2/m 의 단 사정 구조를 가지고 있으며 마그네슘 이온은 VO2(B)의 

가장 큰 공동에 위치합니다. TEM-EDX 매핑 및 XPS 결과는 구조적으로 가역적인 

마그네슘 층간삽입이 일어났음을 보여주었다. 방전된 전극에서 균일 한 분포를 

명확하게 볼 수 있으며, 충전 전극에서는 다시 사라지는 가역 반응이 일어난다. Mg 

1s 피크의 형성은 방전 동안 1304.4 eV 의 결합 에너지에서 관측되고 충전 후에 

사라졌으며, 이는 VO2(B) 로의 성공적인 마그네슘 삽입을 보여준다. 결과적으로 건식 

전해질에서 VO2(B)로 마그네슘 층간삽입 메커니즘이 명확하게 드러나며 MIBs 에 

대해 고성능의 새로운 산화물 양극재를 발견 할 수 있는 가능성을 열어준다. 
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