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Abstract 

Recently, research and development into existing compounds that can be made into cathode components in 

rechargeable post lithium batteries systems is a major priority today. The reciprocal space theory, heavy atom 

method, direct methods, geometry optimization, and global optimization, all involve chemical and physical 

knowledge as well. This dissertation discusses such works from the point of a view of structural features for phase 

changes of battery compounds. The methods and techniques summarize the peculiarities between single X-ray 

crystal and Powder XRD. ab-initio method for determining the lattice parameters of an unknown structure, 

Ba(ClO4)2 that was successfully used to characterize crystal systems despite difficulties; Rietveld refinement 

should be done final step.  

Magnesium batteries have received attention as a type of post lithium-ion battery because of their 

potential advantages in cost and capacity. Among the host candidates for magnesium batteries, orthorhombi

c -V2O5 is one of the most studied materials, and it shows a reversible magnesium intercalation with 

a high capacity especially in a wet organic electrolyte. Studies by several groups during the last two d

ecades have demonstrated that water plays some important roles in getting higher capacity. Very recently, pro

ton intercalation was evidenced mainly using nuclear resonance spectroscopy. Nonetheless, the chemical s

pecies inserted into the host structure during the reduction reaction are still unclear (i.e., Mg(H 2O)n
2+, 

Mg(solvent, H2O)n
2+, H+, H3O+, H2O or any combination of these). Additionally, the crystal structure of 

the reduced phase has not been identified. In this work the crystal structure of the magnesium-inserted 

phase of -V2O5—electrochemically reduced in 0.5 M Mg(ClO4)2 + 2.0 M H2O in acetonitrile—was 

solved for the first time using a powder synchrotron X-ray structure determination method. An orthorhombi

c structure (P21212 space group; a = 11.512 Å, b = 10.5483 Å, and c = 4.3681 Å) was identified; the 

structure was tripled along the b-axis from that of the pristine V2O5 structure. There were three large cavity 

sites surrounded by oxygen atoms in the structure. Examination of the interatomic distances around the 

cavity sites suggested that H2O, H3O+, or solvated magnesium ions are too big for the cavities, leading us to 

conclude that the intercalated species are single Mg2+ ions or protons. The general formula of magnesium-inse

rted V2O5 is Mg0.17HyV2O5, (0 < y ≤ 1.16). This work provides an explicit answer to the question about Mg 

임 성 철. Structure Determination from Powder Diffraction Data for Rechargeable 

Battery Materials. Departure of Energy Systems Engineering. 2016. ~P. Advisor Prof. 

Seung-Tae Hong, Dr. Co-Advisor Jaehyun Kim. 

Ph. D/ES 

201234005 



 
ii 

intercalation into -V2O5. 

Li ion batteries (LIBs) are useful energy storage devices for portable electronics applications and electric 

vehicles. To date, many positive electrode materials for LIBs have been developed with various crystal structures 

such as layered, spinel, and olivine types. We report a new structure type of material, LiMo4O6, which is interesting 

due to its unique structure. LiMo4O6 consists of infinite anion chains of Mo4O6 where Mo6 clusters are edge-

shared and all non-shared edges are capped by oxygen. The infinite chains are aligned parallel to one another and 

linked by bridging oxygen atoms. Such four parallel Mo4O6 chains create open one-dimensional tunnels to 

accommodate positive guest ions of Li+. In this study, synthesis of LiMo4O6, and its electrochemical intercalation 

and structural properties have been characterized with non-aqueous electrolyte system: 1.0M LiPF6 in EC/DMC 

(1:2). Electrochemical experiments of cyclic voltammetry and galvanostatic charge/discharge have been carried 

out with a voltage range of 2.0 V ~ 3.2 V vs. Li, a rate of 0.02 mV/s and 1/20C, respectively.  

A [Co(C6H6N2)2(H2O)2](BF4)2, the Co
II 

atom is located on an inversion centre. The transition metal is 

in a slightly distorted octahedral coordination environment, defined by the cyano N atoms of four hex-3- 

enedinitrile ligands in equatorial positions and the O atoms of two water molecules in axial positions. The bridging 

mode of the hex-3-enedinitrile ligands leads to the formation of cationic chains extending parallel to [110]. The 

BF
4

 
counter-anion is disordered over two sets of sites [occupancy ratio = 0.512 (19):0.489 (19)]. It is located in 

the voids between the cationic chains and is connected to the aqua ligands of the latter through O—H F hydrogen 

bonds. One methylene H atom of the hex-3-enedinitrile ligand forms another and weak C—H O hydrogen bond 

with a water O atom of a neighbouring chain, thus consolidating the three-dimensional network structure.  

The previously unknown crystal structure of barium perchlorate anhydrate, determined and refined from 

laboratory X-ray powder diffraction data, represents a new structure type. The title compound was obtained by 

heating hydrated barium perchlorate [Ba(ClO
4
)

2
 xH

2
O] at 423 K in vacuo for 6 h. It crystallizes in the 

orthorhombic space group Fddd. The asymmetric unit contains one Ba (site symmetry 222 on special position 8a), 

one Cl (site symmetry 2 on special position 16f) and two O sites (on general positions 32h). The structure can be 

described as a three-dimensional polyhedral network resulting from the corner- and edge-sharing of BaO
12 

polyhedra and ClO
4 tetrahedra. Each BaO

12 polyhedron shares corners with eight ClO
4 tetrahedra, and edges with 

two ClO
4 tetrahedra. Each ClO

4 tetrahedron shares corners with four BaO
12 polyhedra, and an edge with the other 

BaO
12 polyhedron. 
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CHAPTER 1 – INTRODUCTION 

The most important modern technology is understanding the mechanism of structure changes using analysis 

tools such as X-ray, NMR, EM. For example, for new materials that can be used as a cathode composite in post 

Li ion battery systems. There are many candidates for these cathode material compounds, including 

polycrystalline, amorphous, or nanomaterials, that can be categorized as structures-layered, such as 1D, 2D, and 

3D. It is needless to say that the complete understand and identification of some chemical materials can be done 

with characterization of structure by spectroscopy.  

In general, battery material systems consist of four parts; first, a cathode-accounts on 

intercalation/deintercalation, which should be a transition metal with oxides. Second, a lithium insertion graphite 

compound as an anode. Third, an electrolyte as an organic solvent with related salts that lets the ion move between 

the two electrodes. Finally, a separator, wetted co-polymers, that prevents electronic shorting between the two 

electrodes. If the battery is working, two reactions occur. The first is discharge. In this reaction, the electrons are 

moved through current collectors to cathodes and transition metals reduce the charge state simultaneously. The 

other reaction is the opposite process of charging. The structure change of the cathode compounds starts with 

rearranging the bonding connectivity during redox reaction. The oxidation state of the transition metal should 

have a wide range. The knowledge and combination elements of inorganic structure should be followed in this 

field. The realization of huge energy density of cathode materials can be paralleled with these techniques as well.  

Consumers have increasingly demanded larger energy density in energy systems in recent years. The novel 

synthesis and battery system test technology must be done together as well to consider the reaction of undergoing 

multiple intercalation/deintercalation cycles form various crystallinity or amorphous.  

Lithium-ion batteries (LIBs) are the most prevailing energy storage technology for mobile applications such as 

cellular phones and tablet PCs and even for electric vehicles, especially in terms of energy and power densities 

until now. However, concerns have been increased about the safety of lithium-based batteries and the area 

preponderance of lithium resources. In addition, recent development of the applications requires batteries with 

higher energy densities and lower costs than LIBs can provide. Over the past few years, in order to look for better 

solutions, there has been increasing research activities on post-LIBs, such as Li-air, Li-S, sodium-ion, and 

multivalent-ion batteries. The interpretation of knowledge of changed phase structures is the first priority to 

understanding space group. The most powerful technique for investigating battery cathode materials is X-ray 

spectroscopy, which has two fields. The first is a single crystal X-ray spectroscopy, and the second is Powder X-



 
2 

ray spectroscopy. 

In this thesis, there are three objectives first I have focused on advanced single and Powder X-ray 

crystallography as the most important core technique during Ph. D course and secondly, the crystallographic 

technique had been applied to characterization of new battery materials, especially studied on post LIB systems 

such as Mg battery. The last one was to better understand the intercalation chemistry of the new materials of new 

battery systems. 
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CHAPTER 2 – METHODS 

2. 1. Structure Determination from Powder X-ray diffraction data 

Figure 2 - 1 shows the structure determination process shortly, especially structure determination from powder 

X-ray diffraction data is introduced. First, the Unit cell parameters and space group should be determined. Second, 

the X-ray diffraction pattern is to be Le Bail fitted. Then the structure factors are to be extracted from the intensities. 

The next third step is to obtain Fourier electron density maps by direct methods and Fourier transform. An initial 

structural model should be made. Based on the model, the XRD pattern will be Le Bail fitted again, and the whole 

process is iterated until a complete model is obtained. And, finally, the Rietveld refinement is applied. 

 

 

 

Figure 2 - 1. Flow diagram of the procedure for structure determination from powder diffraction data 
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2. 2. Bond Valence Sum 

The Bond Valence Sum concept was introduced first by Prof. I D Brown in 1977, and it has been used to 

validate new crystal structure based on crystallographic information, mainly interatomic distances between two 

atoms in Figure 2 - 2. The bond valence sum, sum Vi for atom I is defined as the sum of valencies sij. For example, 

VO5 polyhedron, there are five vanadium-to-oxygen bonds. There are five interatomic distances. Each valence 

can be calculated by the equation, where the B and R values were constants obtained empirically from thousands 

of inorganic compounds. If you sum the five valences such as 1.827, 1.058, 0.808. Then the BVS for vanadium 

can be calculated as 5.6. That is close to the oxidation state of vanadium 5+. Similarly, the BVSs for the oxygen 

atoms can be calculated as 1.8, 2.1, 1.6. Those are close to the oxidation state of oxygen, 2-. If the BVS value is 

far from the oxidation state of the corresponding ions, then most probably the structure would be wrong. In this 

way, the new structure can be validated. Thus, the BVS was used to validate all of my new structures studied. 

 

 

Figure 2 - 2. The BVS example of VO5 structure 
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2. 2. Hybrid Cell configuration 

Lastly, the Hybrid cell configuration in Figure 2 - 3, which has been used to test electrochemical properties 

of most of electrode materials in my work. When you test the electrochemical magnesium ion intercalation, the 

magnesium metal is not a good counter electrode because the magnesium is not reversibly plated in conventional 

electrolyte systems. The activated carbon can be a good counter electrode, this plays as a supercapacitor so that 

there are no any concerns about such reversibility problem. I have used two types of cells one is a beaker type cell 

as shown her. The other is home-made cell in Figure 2 - 4. With these cells I set up a three-electrode cell or a two 

electrode cell by using the activated carbons as the reference electrode. 

 

 

 

Figure 2 - 3. The representation of Hybrid Cell configuration 
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Figure 2 - 4. Two kind of hybrid cell, (a) beaker cell and (b) Home-made cell 
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CHAPTER 3 – Characterization of Mg-inserted V2O5 in a Wet Organic 

Electrolyte by Structural Determination 

INTRODUCTION 

Lithium-ion batteries (LIBs) are the most prevailing energy storage technology for mobile applications, such 

as cellular phones, and tablet PCs, and even electric vehicles, especially in terms of their energy and power 

densities.1-3 However, concerns have been increasing about the safety of lithium-based batteries4 and the area 

preponderance of lithium resources.5 In addition, recent application developments require batteries with higher 

energy densities and lower costs than LIBs can provide. To look for better solutions, there has been increasing 

research activities over the past few years on post-LIBs, such as Li-air, Li-S, sodium-ion, and multivalent-ion 

batteries.3, 6  

Among the candidate systems for post-LIBs, the magnesium battery has received much attention since its 

successful demonstration by the Aurbach group in 2000. It consisted of Mo6S8, Mg metal, and Mg(AlEtBuCl2)2 

in THF as the positive electrode, negative electrode, and electrolyte, respectively, resulting in a discharge voltage 

of 1.1 V and a capacity of ~80 mAh g-1.7 The electrolyte was the key to the success that enabled reversible plating 

of magnesium with a high Coulombic efficiency.8 Magnesium batteries are expected to be cost-effective because 

of the greater abundance of magnesium resources than lithium resources (approximately 1000 times greater in the 

earth’s crust) and safer because of the lack of dendrite formation on the metal.9, 10 The first prototype system 

provided an energy density of 60 Wh kg-1, which is much lower than that provided by a LIB system. However, 

magnesium batteries are expected to provide higher energy densities by developing positive materials with higher 

redox potentials and capacities, and electrolytes with wider electrochemical windows. For decades, much effort 

has gone into developing positive materials as hosts for magnesium insertion, such as -V2O5,11-19 MoO3,15, 20 -

MnO2,21 layered TiS2,22, 23 cubic TiS2,24 MoS2,25 spinel-type MnO2,26, 27 Mg1.03Mn0.97SiO4,28 Na1.2V3O8,14 

Mg(V3O8)2,14 MoO2.8F0.2,29 birnessite MnO2nH2O,30, 31 CoS,32 LixV2(PO4)3,33 MgFeSiO4,34 and Prussian blue 

analogues.35 

Among these materials, -V2O5 with an orthorhombic structure (Pmmn; a = 11.5123(3) Å, b = 

3.5641(3) Å, c = 4.3681(3) Å) has been one of the most studied materials since the report by Novak 

et al in 1993,13 in which cyclic voltammograms (CVs) were presented, and indicated a reversible magn

esium intercalation with the electrolyte of 1M Mg(ClO4)2 + 1M H2O in acetonitrile (AN). Interestingly, 

the currents significantly increased in the CV by adding water to the electrolyte; thus, co-intercalation 

of magnesium and coordinated water molecules was suggested.13, 15, 36 In contrast, controversial results t
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hat reversible discharge/charge curves with a capacity of 200 mAh g-1 were reported for nanocrystalline 

vanadium oxide by Amatucci et al. in 2001, but in an organic electrolyte of 0.5 M Mg(ClO4)2 in prop

ylene carbonate (PC) without water.16 Although it was claimed that there was not a significant amount 

of water in the electrolyte because the Mg(ClO4)2 salt was dried at 150 °C under vacuum, our recent i

nvestigation indicated that the salt should be dried at a higher temperature (~250 °C) under vacuum to 

be dried completely37 (salt dried at 150 °C could contain one or two moles of water per formula unit). 

Thus, the prepared electrolyte might have contained a significant amount of water, similar to the previo

us wet electrolytes. The only result showing a high capacity (220 mAh g-1) in a pure organic electroly

te without water appears to be that from a very thin (on the order of micrometers) film of the materia

l.18 Although other types of V2O5-related phases can intercalate magnesium ions, particularly compounds 

containing structural water (e.g. gel or xerogel V2O5),38-44 our interest in this work is focused on crysta

lline -V2O5 without any structural or adsorbed water. Previous studies by several groups demonstrated 

that water plays an important role in the intercalation of magnesium ions into -V2O5 in wet organic electrolytes.36 

However, it is still unclear which species are really inserted into vanadium oxide during the electroche

mical reduction (magnesium-insertion) reaction among the possible chemical species present under the g

iven environments (e.g. de-solvated pure magnesium ions, protons, hydronium ions, water- or solvent-so

lvated magnesium ions, or any combination of these). Very recently, co-intercalation of protons and ma

gnesium was observed using solid-state nuclear magnetic resonance spectroscopy, which in some ways c

larified the previous conflicting data.19 However, even after more than two decades of studies, the cryst

al structure of the reduced phase of vanadium oxide has not been identified—even the unit cell dimens

ions were unknown. Only the X-ray diffraction (XRD) pattern was reported, which only confirmed that 

the structure was different from that of the pristine oxide.17 Identification of the crystal structure will g

reatly improve the understanding of the nature of the intercalation chemistry of the material and provid

e a basis for atomic-scale understanding and theoretical calculations. In particular, at least it would hel

p to distinguish the intercalated species among pure magnesium, proton, hydronium, or solvated magnes

ium. In this work, the crystal structure of the magnesium-inserted phase of -V2O5, which was electroche

mically reduced in the wet organic electrolyte of 0.5 M Mg(ClO 4)2 + 2.0 M H2O in AN, was 

determined for the first time to clarify the intercalation mechanism.  
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Figure 3 - 1. Left SEM, Right SEM image are before and after oxalic acid treatment V2O5 powder, respectively. 
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EXPERIMENTAL 

Synthesis and electrochemical characterization 

As purchased, micro-sized V2O5 (1.2g, 0.22 mol, 98%, Sigma-Aldrich) and H2C2O4 (1.83g, 0.67 mol, 98%, 

Sigma-Aldrich) in a stoichiometric ratio of 1:3 were added to 30 mL of distilled water with active stirring (500 

rpm) at room temperature until the color of the solution changed from yellow to blue. The solution was dried at 

80 °C to produce the precursor and it was then calcinated at 400 °C in air for 2h, forming a submicron-sized V2O5 

powder that was used in this work. Morphological and elemental analyses were performed using inductively 

coupled plasma (ICP) analysis (Varian 700-ES), field-emission transmission electron microscopy (FE-TEM, 

Hitachi HF-3300), and high-resolution field-emission scanning electron microscopy (HR FE-SEM, Hitachi SU-

8020) with an energy-dispersive X-ray spectrometry (EDX) attachment. 

Three-electrode beaker-type cells were used for all of the electrochemical experiments. The working ele

ctrode consisted of the submicron-sized V2O5 powder, conductive carbon (Super P carbon black, Timcal 

Graphite & Carbon) and poly(vinylidene fluoride) binder (W#1300, Kureha Co) (8:1:1 w/w), which wer

e mixed and dispersed in N-methyl-2-pyrrolidone (NMP), casted onto a thin carbon-coated stainless stee

l foil (SUS-316L), dried overnight at 80 °C in a vacuum oven to remove NMP, and stored in an argo

n-filled glove box. The thin carbon-coating (~4 μm) was made by coating the graphite dispersion (DAG 

EB-012, Acheson Industries, Inc.) onto a 20 μm stainless steel foil (SUS-316L, Wellcos Co.). The load

ing of active materials onto each electrode was about 5.0 mg with an electrode area of 1.53 cm2. An 

activated carbon (Daejung Chemical) disc (thickness  5 mm) and Ag/Ag+ (0.01 M AgNO3 in AN) we

re used as the counter and reference electrodes, respectively. A glass fiber (GF/A, Whatman) membrane 

was used as a separator, and 0.5 M magnesium perchlorate (anhydrous, 99.9%, Aldrich) in AN (99.8%, 

Samchun, Korea) + 2.0 M H2O was used as the electrolyte. The salt and the solvent were used as rec

eived. Potentiostatic CV and galvanostatic discharge/charge measurements were performed using the EC-

Lab software on a Biologic VMP3 multichannel potentiostat (BioLogic Science Instruments SAS). 

Structural analysis 

Powder XRD data were collected at room temperature using an X-ray diffractometer (PANalytical Empyrean) 

with Cu Kα1 X-ray radiation (λ = 1.5406 Å) with a Ge (111) monochromator and position-sensitive PIXcel3D 2×2 

detector (generally with an angular range of 5° 2θ  130°, step of 0.013000, and a total measurement time of 

1 h at room temperature). Powder XRD data were also recorded at room temperature using synchrotron radiation 
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(1.543 Å) from the 8C2 powder beam line at the Pohang Light Source (PLS) in Korea to determine the crystal 

structure of the magnesium-inserted phase (six multi-detector system over an angular range of 10°  2θ  130° 

with a step of 0.0051° and a total measurement time of 12 h). 

We determined the crystal structure of the magnesium-inserted phase using a combination of the powder profile 

refinement program, GSAS,45, 46 and the single-crystal structure refinement program, CRYSTALS, 47 as described 

in our previous work.48 MCE was used to obtain a three-dimensional (3D) view of the Fourier density maps.49  

The first steps for the structure determination were to define the unit cell (step 1) and space g

roup (step 2) of the magnesium-inserted phase. A supercell (three-times longer along the b-axis, a = 1

2.5012(3) Å, b = 10.5482(2) Å, c = 4.1662(15) Å) with an orthorhombic space-group, P21212, was fin

ally defined (the details are described in the Results & Discussion section). It was not successful to re

fine the structure using slightly modified models from the triple superstructural model of V2O5. Thus, t

he solving process began from scratch, and it was treated as a completely unknown structure—a struct

ural model with only a dummy atom at an arbitrary position in the unit cell was used. The next step 

was a Le Bail fitting for the new phase (step 3), followed by the extraction of the structure factor of 

each (hkl) reflection (step 4). However, at the same time, a Rietveld fitting was also performed for the 

V2O5 phase, graphite, and stainless steel because the powder pattern of the electrode also contained a sm

all amount (4.7% by weight) of the V2O5 phase and graphite-coated stainless steel foil current collecto

r. The extracted structure factors were used as input data for the single crystal refinement program, CR

YSTALS. The data were treated as if they represented single crystal data. Then, direct methods were u

sed for the initial solution of the structure using SHELXS50 embedded in CRYSTALS, which yielded o

nly several atom positions, not all the atoms at once. The remainder of the refinement was similar to 

a routine single crystal method (step 5). The partial model at this stage replaced the initial dummy-ato

m model, and was used for a Le Bail fit in GSAS (step 3, repeated). Then, the improved structure fa

ctors were extracted (step 4, repeated), which were used for the improved data in the next step, 5. Ste

p 3 to step 5 were iterated until a complete and satisfactory structural model was obtained. Finally, the 

Rietveld refinement was employed (step 6). The refinement parameters were scale factors, background, 

unit cell parameters, peak profile coefficients, atomic coordinates, and isotropic thermal parameters. The 

minor phase—the pristine V2O5 phase as an impurity—did not affect the refinement of the new phase s

tructure because the main peaks for the impurity phase were relatively weak and did not overlap signif

icantly with the new phase peaks. 



 
12 

 

 

 

 

 

Figure 3 - 2. Observed and calculated X-ray Rietveld refinement profile for the synthesized V2O5, recorded at 

298 K (red points – experimental data, green line – calculated data, pink line – difference, black bars – Bragg 

positions). The inset shows the FE-SEM image of the V2O5 particles.   
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Table 3 - 1. Crystallographic data and Rietveld refinement results for V2O5 by powder XRD data: Atomic 

coordinates, Site Occupancies, Isotropic Displacement Parameters and Reliability Factors at Room Temperature. 

Crystal System Orthorhombic 

Space Group P m m n (no. 59) 

Lattice Parameters, Volume, Z a = 11.5123(3) Å , b = 3.5641(3) Å ,  

c = 4.3681(3) Å  

V = 179.21(1) Å 3, Z = 2 

Atoms x y z Wyckoff Occupancy Uiso100 

V 0.1012(8) 0.2500 0.8917(2) 4f 1.00 1.9(5) 

O1 0.1043(4) 0.2500 0.5310(1) 4f 1.00 2.4(1) 

O2 -0.0689(3) 0.2500 0.0030(1) 4f 1.00 1.7(7) 

O3 0.2500 0.2500 0.0010(2) 2b 1.00 2.3(9) 

*Rp = 0.08, Rwp = 0.118, Rexp =0.03, R(F2) = 0.0414, χ2 = 1.68 

 

Table 3 - 2. Selected bond lengths (Å) for (V2O5 Oxalic acid treated) 

V1-O1  1 1.576(1) Å V1-O2  2 1.878(2) Å 

V1-O3  2 1.778(1) Å   

 

 

 

 

 

 

file:///C:/Users/Sung-Chul%20Lim/Documents/2015_papers/문석이%20논문%20format/ZMS2FINISHED5_phase_1%20_cell_volume
file:///C:/Users/Sung-Chul%20Lim/Documents/2015_papers/문석이%20논문%20format/ZMS2FINISHED5_p_01%20_pd_proc_ls_prof_R_factor
file:///C:/Users/Sung-Chul%20Lim/Documents/2015_papers/문석이%20논문%20format/ZMS2FINISHED5_p_01%20_pd_proc_ls_prof_wR_factor
file:///C:/Users/Sung-Chul%20Lim/Documents/2015_papers/문석이%20논문%20format/ZMS2FINISHED5_p_01%20_refine_ls_R_Fsqd_factor


 
14 

Bond Valence Sum Maps.  

The 3D bond valence sum difference maps (BVS-DMs)51 calculation was performed with the code 

3DBVSMAPPER,52 which was written in the Perl script language, within Materials Studio.53 The absolute values 

of the difference (|v|) between the calculated valence of Mg and the proton at each point on a 3D grid within the 

unit cell and the ideal valence of 2 (for Mg) and 1 (for the proton) were plotted as isosurfaces so that the plausible 

diffusion pathways could be graphically visualized.  

 

RESULTS & DISCUSSION 

Synthesis of submicron-sized vanadium pentoxide. 

The submicron-sized powder was prepared to reduce electrode resistance and polarization during the 

electrochemical experiments because the as-received vanadium pentoxide had particle sizes of a few microns or 

greater, which is too large for an electrode. The phase was confirmed by the powder X-ray Rietveld refinement, 

as presented in Figure 3-2 with the SEM images in the inset and Figure 3-1, where no impurities were observed. 

The particle sizes are in the range of 200–300 nm. The crystal structure is orthorhombic (space group Pmmn), and 

the refined lattice parameters are a = 11.5123(3) Å, b = 3.5641(3) Å, and c = 4.3681(3) Å, in good agreement with 

a previous report.54 The refined atomic parameters and selected interatomic distances are summarized in the 

supporting information (Tables 3-1 and 3-2). 

 

Electrochemical synthesis and characterization of V2O5  

Figure 3-3a presents the cyclic voltammograms (CVs) for the V2O5 electrode in the wet organic 

electrolyte of 0.5 M Mg(ClO4)2 + 2.0 M H2O in AN. The pH of the electrolyte was 5.8 initially and 6.6 after the 

experiments. The initial open circuit voltage (OCV) of the electrode was 0.2 V (vs. Ag/Ag+), and a negative sweep 

was first applied down to 0.6 V with a scan rate of 0.02 mV s-1. The CV contains a pair of reversible reduction 

and oxidation peaks: cathodic peaks at 0.2 V and anodic peaks at approximately 0.2 V, respectively. There was 

a further cathodic current showing a broad peak at a lower voltage down to the lower limit. The corresponding 

anodic current was too small to be noticeable as a peak, indicating that the second reduction in the lower voltage 

region could have been mainly contributed by an irreversible reaction. Such an irreversible reaction occurred at 
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every cycle, although the CV for the 3rd cycle is only shown as an example for clarity. One of the most probable 

irreversible reactions that occurs repeatedly at every cycle could be the hydrogen gas generation reaction because 

of the presence of water in the electrolyte, which would explain the pH increase of the electrolyte from 5.8 to 6.6. 

Such irreversibility was also evident in the galvanostatic experiment, as described below. 

Figure 3-3b presents the constant current discharge/charge profile of the first cycle as a function of the 

number of electrons using the GITT (galvanostatic intermittent titration technique) method to reach quasi-

equilibrium during the cycles.55 The applied current was 14.8 mA g-1 for 1.4 h followed by 7 h of rest time at each 

step. The theoretical capacity is 148.3 mAh g-1 per V2O5 for a one-electron reaction; thus, the applied current 

corresponded to a 0.1 C rate, where the p C rate is defined as the rate of discharge (or charge) that is completed 

in 1/p h. The numbers in the profile denote the points at which XRD patterns were recorded to probe structural 

changes as presented in Figure 3-4, and ‘n’ denotes the numbers of net discharged electrons per V2O5. The flat 

discharge curve at 0.15 V indicated a two-phase reaction that was confirmed by the evolution in the powder 

XRD patterns at points 1–5. From points 1–2, there were no new peaks, but some of the peaks were slightly shifted 

to lower angles, such as peaks around 15.5, 26.0, 31.0, and 34.5 in 2, with indices of 200, 110, 400, and 310, 

respectively. This suggested a single-phase reaction at the initial insertion step. However, from points 2–4, the 

emergence of a second phase appeared, demonstrating the co-existence of the two phases in the plateau region. 

At point 5, just after the first plateau, the initial phase peaks disappeared completely. The new phase at this point 

was almost a pure single phase that enabled us to determine its crystal structure in detail to probe the nature of the 

magnesium-inserted phase of the vanadium oxide, as described in the following section 
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Figure 3 - 3. (a) Cyclic voltammogram of the AC/V2O5 cell at 0.02 mV s-1, and (b) discharge/charge curves using 

a GITT method (14.8 mA for 1.4 h followed by 7 h rest time for each step) in the voltage range of -0.6 − 0.6 V 

versus Ag/Ag+ in 0.5 M Mg(ClO4)2 + 2 M H2O in AN electrolyte. 
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Figure 3 - 4. XRD patterns for the V2O5 electrode taken at various points during the galvanostatic 

discharge/charge process with a GITT method. ‘n’ denotes the number of net discharged electrons per V2O5. 
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Figure 3 - 5. Synchrotron X-ray Rietveld profile for the magnesium-inserted V2O5 phase, containing the pristine 

V2O5, as a minor impurity, recorded at room temperature. (red points – experimental data, green line – calculated 

data, pink line – difference, black bars – Bragg positions 
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A further reduction after the first voltage drop showed another quasi-plateau around 0.5 V. According to the 

XRD patterns at points 6 and 7, the third phase formed and co-existed with the second phase. The corresponding 

charge curve was rather sloppy, and its capacity was about half of that for the discharge. This feature was 

consistent with the observation in the CV; an irreversible reaction during discharge in the lower voltage range. 

The water reduction to hydrogen was presumed to be mostly responsible for the irreversibility, and it also 

explained the observation of the quasi-plateau in the lower voltage range during the discharge and the capacity 

difference between discharge and charge—water reduction should contribute only to the discharge capacity. 

Moreover, when the sample was recharged after point 7, the XRD patterns showed that a further reaction—not a 

reverse reaction—proceeded at points 8 and 9. Unfortunately, we could not completely understand what occurred 

at these stages because of the complicated reactions presumably involving water reduction. A comprehensive 

analysis should be performed to understand the reaction in this lower voltage region as a further study. The XRD 

pattern at point 10 was similar to that for point 4, and points 11–13 revealed the original phase recovered after the 

cycle. Considering that no further changes were observed in the patterns from 11–13, the plateau around 0.6 V 

during charging was most likely caused by electrolyte oxidation.  

 

Structural characterization of the magnesium-inserted V2O5  

 The structure of vanadium pentoxide is characterized by VO5 square-pyramidal coordination of V5+ and the 

additional sixth weak VO interaction. The structure can be described as a two-dimensional stacking of square 

grids of oxygen atoms; only two-thirds of the O4 squares are centered with vanadium atoms to form basal planes 

of VO5 square-pyramids in an ordered arrangement along the a-axis. This arrangement forms quasi-flat V2O3 ( 

2(VO4/4)(O4/4)) layers in the ab-plane (Figure 3-9a), where  denotes the vacant site surrounded by four oxygen 

atoms. These layers are stacked along the c-axis with an interlayer distance of 4.37 Å (Figure 3-9b), and the fifth 

apical oxygen atoms are between the two layers (Figure 3-9c) but closer to one or the other layers in such an 

ordered way that half of the VO5 pyramids are upward and the others are downward along the c-axis (Figure 3-

9d). A large number of vacant sites and a weak sixth VO interaction, usually accompanying structural changes, 

facilitate intercalation of metal ions. As for electrochemical lithium ion intercalation, stepwise-structural changes 

(         phase) were identified,56 while little has been identified for magnesium so far. 

To determine the crystal structure of the magnesium-inserted V2O5, the sample at point 5 in Figure 3 was selected 
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and taken to synchrotron X-ray diffraction experiment at PLS (Figure 3-5). The ideal chemical formula of the 

sample should be MgxV2O5 (x = 0.75) if the pure magnesium ion (Mg2+) was the only species inserted into the 

structure and all of the reduction currents were used only for that purpose. However, x is likely to be less than 

0.75 because of the presence of water in the electrolyte. Moreover, the possibility of proton co-intercalation was 

evidenced by further analyses that will be discussed (vide infra). Thus, the chemical formula for the magnesium-

inserted vanadium oxide in the wet organic electrolyte can be written as MgxHyV2O5 (0 < 2x + y ≤ 1.50) as a 

general form.  

Initially, orthorhombic unit cell parameters were readily determined as a1 = 12.5013 Å, b1 = 3.5161 Å, c1 = 4.1663 

Å, and V1 = 183.13 Å3, which were changed from the pristine unit cell with ao = 11.5123(3) Å, bo = 3.5641(3) Å, 

co = 4.3681(3) Å, and Vo = 179.21 Å3. The a-axis increased while the other two axes decreased during the insertion 

reaction. The overall volume increase was 2.2%. This kind of unit cell change is distinct from those for 

conventional LIB materials, such as LiCoO2 or LiFePO4. With lithium insertion from orthorhombic FePO4 to 

LiFePO4,57 or from trigonal Li0.5(Mn0.4Ni0.4Co0.2)O2 to Li(Mn0.4Ni0.4Co0.2)O2,58 two axes increase in contrast to 

the other axis (c-axis in these cases) with an overall expanded volume.  

In addition to the unit cell change, a careful examination of the high-resolution XRD pattern revealed some very 

weak but apparently extra peaks that could not be indexed by the unit cell. Three distinct peaks at 11.03°, 16.84°, 

and 37.09°, for example, are denoted with arrows in Figure 4, which could be successfully indexed as (110), (020), 

and (411), respectively, by tripling the unit cell as a = 11.512 Å, b = 3  b1 = 10.5483 Å, c = 4.3681 Å, and V = 

549.39 Å3. Taking into account such a superstructure, the reflection conditions were examined, which suggested 

three possible space groups, Pmmn, Pm212, or P21212—all are subgroups (reduced symmetries) of the triple cell 

with the original symmetry of P 21/m 21/m 2/n (the full notation for Pmmn). In principle, each of them should be 

distinguishable in terms of reflection conditions in the observed XRD pattern. Nonetheless, the peaks that could 

be used to distinguish one from the others were too weak or overlapped with other peaks in our powder XRD data 

so that the three space groups were practically indistinguishable. Thus, each space group was tried for structure 

determination and refinement by the same procedure described in the Experimental section. All three resulted in 

a similar structure in terms of the metal positions and some of the oxygen positions. However, the first two (Pmmn 

and Pm212) resulted in chemically unreasonable short interatomic distances between the oxygen atoms; thus, 

P21212 was finally defined as the space group of the magnesium-inserted vanadium oxide in this work. The final 

Rietveld refinement results are summarized in Table S3, Table S4, and Figure 4 for the crystallographic data, 
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interatomic distances, and Rietveld profile, respectively. 

The single vanadium site for the original V2O5 (Table S1) was split into three asymmetric sites for the 

superstructure (Table 1), i.e., the symmetry was reduced compared to that of the subcell, and the number of oxygen 

sites increased from three to eight. However, careful examination of the electron density maps did not reveal any 

appreciable densities other than the vanadium and oxygen atoms (Figure 3-10). This result implied that the 

inserted magnesium atoms were significantly smaller in numbers, and/or statistically distributed in several sites 

so that the occupancies of each site were very low, e.g., 10% occupancy of magnesium in a site would show an 

electron density of 1.2 e-, a similar density to that of hydrogen. Of course, the intercalated protons could not be 

seen with powder XRD data either. Thus, the powder XRD pattern was refined and fitted well without any inserted 

atoms that were identified by further analyses. 

Identification of the intercalated species into V2O5.  

The refined crystal structure of the magnesium-inserted phase is compared with the original V2O5 structure in 

Figure 3-6. Distortions from the original VO5 square pyramidal symmetry are clearly seen in Figure 3-6b, where 

V1 and V3 maintained the five-coordination with oxygen, but V2 had only four oxygen atoms like a tetrahedron. 

The reaction that occurred was a bulk reaction—an intercalation reaction—as demonstrated by the XRD pattern 

changes. The atomic structure was strongly affected by some external species inserted into the structure, as 

indicated by the significant polyhedral distortions. Possible external species intercalated from this electrolyte 

system could be Mg2+, Mg(H2O)n
2+, Mg(solvent, H2O)n

2+, H+, H3O+, or H2O. Considering the interatomic 

distances in the structure, sufficiently large interstitial sites (or cavities) that could allow species other than protons 

are strictly confined to the three regions denoted by Cv_m (m = 1, 2, 3) with colored circles and their equivalent 

positions in Figure 3-6b. The local structures around the three positions are shown in Figure 3-6c, where the void 

positions were drawn as the centers of the surrounding oxygen atoms. 

Eight oxygen atoms with similar center-to-oxygen distances of about 2.47 Å  coordinate the Cv_1 site (Figure 

3-6c). The cavity size is sufficient for a single magnesium, but it is too small for solvated magnesium, such as 

Mg(H2O)n
2+ or Mg(solvent, H2O)n

2+, or for H3O+ or H2O. It would be a site for a single ion with a maximum radius 

of about 1.0 Å , e.g., Na+. Crystallographic data of water-containing vanadium oxides indicate that the closest 

OO (water-oxygen to lattice-oxygen) distances are greater than 2.8 Å , viz., 2.84 Å  for V3O8(H3O)2
59 and 3.1 Å  

for V2O5(H2O).60 When an oxygen atom of water is directly bonded to a vanadium atom—i.e., the oxygen atom 
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of water interacts directly to vanadium atom to form the sixth weak VO—for some reduced vanadium oxides, 

the OO distances are shorter, viz., 2.49 Å  for VO2(H2O)0.5
61 and 2.79 Å  for V2O4(H2O)2;62 however, this was 

not observed in this case. Protons are small enough to be intercalated in this structure without a problem. Therefore, 

the only possible species to be intercalated are single Mg2+ ions or protons.  

The Cv_2 site in Figure 3-6c is coordinated by twelve oxygen atoms with various center-to-oxygen distances 

(average of 2.76 Å ). Even though this cavity appears to be slightly larger than Cv_1, it is unlikely occupied by 

species other than single magnesium or protons because the closest distance to lattice-oxygen—not the average 

value—is the determining factor for its suitability. The closest distance of the twelve center-to-oxygen distances 

is shorter than 2.25 Å . The Cv_3 site in Figure 3-6c is surrounded by nine oxygen atoms with an average center-

to-oxygen distance of 2.48 Å . For the same reasons, this site is too small to accommodate H2O or larger chemical 

species other than single magnesium ions or protons.  

Even though the intercalated species could not be directly identified from the X-ray electron density maps, a 

detailed examination of the local structures surrounding the cavity sites enabled us to conclude that the only 

species intercalated into the vanadium pentoxide could be Mg2+ and H+, and not the other species, i.e., Mg(H2O)n
2+, 

Mg(solvent, H2O)n
2+, H3O+, or H2O. 
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Figure 3 - 6. (a) Crystal structure of the pristine V2O5, (b) the crystal structure of Mg0.17HyV2O5, and (c) local 

structures of cavity_n (n=1,2,3) 
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Elemental analyses.  

A uniform distribution of magnesium in the particles was shown in the elemental mappings (Figures 3-7 and 3-

11) for the magnesium-inserted V2O5 (sample at point 5 in Figure 3-4), which was not shown for the pristine 

sample (point 1), indicating that magnesium intercalation was involved in the reduction reaction. The atomic ratios 

of Mg/V estimated from EDX (Table 3-5b) and ICP (Table 3-5a) were 0.20/2 and 0.17/2, respectively. The ICP 

result is generally more reliable than the EDX result; thus, the latter value was adopted to define the atomic 

composition of the sample as Mg0.17HyV2O5 (0 < y ≤ 1.16), where 1.16 was the value estimated from 1.50 – 2(0.17). 

The number of intercalated protons could not be precisely determined in this system—only a wide range could be 

suggested because of the occurrence of simultaneous water reduction reactions during the discharge. Thus, the 

number of inserted magnesium ions could be variable depending on the experimental conditions (e.g., salt type, 

concentration, pH, and operating temperature) because its insertion competes with the protons. A more in-depth 

investigation is necessary to further understand the effects of these parameters. 

Bond valence sum (BVS) calculation.  

The empirical expression for bond valence, which has been widely adopted to estimate valences in inorganic 

solids,63, 64 was used to check the refined crystal structure. The bond valence sums (BVSs) for each atomic site in 

the magnesium-inserted V2O5 were calculated with the Valence program.65 The BVSs for V1 (4.65 valence units, 

v.u.), V2 (4.98 v.u.), V3 (4.09 v.u.), O1 (1.63 v.u.), O2 (1.95 v.u.), O3 (1.67 v.u.), O4 (1.54 v.u.), O5 (1.80 v.u.), 

O6 (1.80 v.u.), O7 (1.79 v.u.), and O8 (2.38 v.u.), reasonably matched the expected charges of the ions. The lower 

value for V3 than the other vanadium atoms resulted from relatively longer V3–O distances. The intercalated 

magnesium and proton atoms should be bonded to oxygen atoms. However, O–Mg and O–H bonds could not be 

included to the BVS calculations because of the lack of information for the Mg and proton positions, which 

explains the slightly lower values for most of the oxygen atoms. There are three types of oxygen atoms in terms 

of coordination numbers with vanadium atoms: singly bonded (O5, O6, O7), with two coordination (O1, O3, O4), 

and three coordination (O2, O8). The BVSs are proportional to the coordination numbers. The inserted magnesium 

ions and protons are likely to be around the oxygen atoms with lower coordination numbers. 

The 3D BVS difference maps (BVS-DMs) can be used to locate plausible sites for the intercalated ions and/or 

probing the ion conduction pathways of the inorganic materials.51 Figure 3-8 represents the isosurfaces at |v| = 
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0.1 v.u. for Mg ions. There are a number of possible Mg sites around the cavities, which also demonstrates the 

3D network of conduction pathways in the ab-plane and along the c-axis (Figures 3-12a and 3-12c, respectively). 

Figure 3-12b represents the isosurfaces for protons, where the protons are likely around the apical oxygen atoms 

(O5, O6, O7), forming circular isosurfaces (Figure 3-12b and 3-12d). The isosurfaces for protons and Mg ions 

suggested a number of possible sites for each of the ions, and were distributed without overlapping. However, the 

too many possible sites made it difficult to locate a specific position of each ion.  
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Table 3 - 3. Crystallographic data and Rietveld refinement results for H_MgxV2O5 by powder XRD data: Atomic 

coordinates, Site Occupancies, Isotropic Displacement Parameters and Reliability Factors at Room Temperature. 

Crystal System Orthorhombic 

Space Group P 21 21 2 (no. 18) 

Lattice Parameters, Volume, Z a = 12.5012(3) Å , b = 10.5482(2) Å ,  

c = 4.1662(15) Å  

V = 549.390(18) Å 3, Z = 4 

Atoms x y z Wyckoff Occupancy Uiso100 

V1 

V2 

V3 

0.3588(5) 

0.1451(5) 

0.3544(6) 

0.1628(10) 

0.3417(9) 

0.5015(9) 

-0.1090(2) 

0.0836(3) 

-0.0982(3) 

4c 

4c 

4c 

1.0000 

1.0000 

1.0000 

1.9(4) 

1.9(4) 

1.9(4) 

O1 0.3938(10) 0.3159(9) 0.0150(4) 4c 1.0000 2.8(14) 

O2 0.2012(9) 0.1884(8) -0.006(9) 4c 1.0000 2.8(14) 

O3 

O4 

O5 

O6 

O7 

O8 

0.5000 

0.0098(5) 

0.1350(2) 

0.3593(3) 

0.3584(18) 

0.1983(10) 

0.5000 

0.3890(10) 

0.3375(3) 

0.5090(3) 

0.1579(3) 

0.4924(9) 

0.004(7) 

-0.010(4) 

0.4692(3) 

0.5152(3) 

0.5031(2) 

0.0210(8) 

2a 

4c 

4c 

4c 

4c 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

2.8(14) 

2.8(14) 

2.8(14) 

2.8(14) 

2.8(14) 

2.8(14) 

*Rp = 0.048, Rwp = 0.066, Rexp =0.031, R(F2) =0.124, χ2 = 4.4 
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Table 3 - 4. Selected bond lengths (Å) for (H_MgxV2O5) 

V1—O1 1.752 (7) Å O1—V1 1.752 (7) Å 

V1—O2 2.034 (7) Å O1—V3 2.073 (7) Å 

V1—O4 2.026 (7) Å O2—V1 2.034 (7) Å 

V1—O7 1.617 (7) Å O2—V2  1.802 (7) Å 

V1—O7 2.550 (19) Å O2—V3 2.135 (7) Å 

V1—O8 1.968 (7) Å O3—V3 x 2 1.869 (7) Å 

V2—O2 1.802 (7) Å O4—V1 2.026 (7) Å 

V2—O4 1.806 (7) Å O4—V2 1.806 (7) Å 

V2—O5 2.563 (4) Å O5—V2 1.612 (7) Å 

V2—O5 1.612 (7) Å O5—V2 2.563 (7) Å 

V2—O8 1.742 (7) Å O6—V3 2.557 (4) Å 

V3—O1 2.073 (7) Å O6—V3 1.614 (7) Å 

V3—O2 2.132 (7) Å O7—V1 2.550 (7) Å 

V3—O3 1.869 (7) Å O7—V1 1.617 (7) Å 

V3—O6 1.614 (7) Å O8—V1 1.968 (7) Å 

V3—O6 2.557 (7) Å O8—V2 1.742 (7) Å 

V3—O8 2.015 (7) Å O8—V3 2.015 (7) Å 
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Figure 3 - 7. The HR FE-SEM EDX elemental mapping of the electrochemically prepared Mg-inserted V2O5 

electrode 

 

 

 

 



 
29 

 

 

 

 

 

 

 

Figure 3 - 8. 3D bond valence difference map isosurfaces (sky-blue color) for Mg-inserted V2O5 with the 

isosurfaces of ∣0.1∣ v.u. for (a) Mg ions, and (b) protons. The orientation and the arrangement of atoms are the 

same as those in Figure 5b. Oxygen atoms are denoted as red balls, and vanadium atoms—not seen in this figure—

are in the centers of the orange-colored polyhedra. 
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Figure 3 - 9. The description of -V2O5 structure. (a) single layer of square VO4 network of V2O5 in ab-plane 

(001 view); (b) Stacking of two layers with a spacing of 4.37 Å  (010 view); (c) interlayer oxygen atoms added to 

(b) to construct the complete V2O5 structure; (d) Square-pyramid polyhedral representation of (c) with a slightly 

wider region. Note that V and O atoms are shown as blue and red spheres, respectively. The pink lines denote the 

unit cell. 
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(a)             (b) 

Figure 3 - 10. (a) Fourier (observed) electron density 

maps; (b) unit cell structure of magnesium-inserted V2O5. Note that the electron density maps sho

wed no appreciable densities other than vanadium or oxygen atoms. 
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(a)              (b) 

 

Figure 3 - 11. HR TEM EDX elemental mappings of (a) pristine V2O5 powder and (b) the Mg-inserted V2O5 

(sample at point 5 in Figures 3-3 and 3-4). 
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Table 3 - 5. The atomic ratios Mg/V obtained from the HR FE-SEM EDX elemental analysis. 

a) 

    Mass ratio (%) Relative atomic ratio 

 Mg V Mg / V2 

Sample   

D   3.77 96.33 0.159 

E  4.24 95.76 0.186 

        Average 0.173 

 

b) 

Sample # Atomic (%) Relative atomic ratio 

V Mg Mg / V2 

A 91.1 8.9 0.20 

B 88.9 11.1 0.24 

C 92.2 7.8 0.16 

           Average 0.20 

 

 

 

 

 

 



 
34 

 

 

 

 

Figure 3 - 12. 3D bond valence difference map isosurfaces (sky-blue color) for Mg-inserted V2O5 with the 

isosurfaces of ∣0.1∣ v.u. for Mg ions (a and c), and for protons (b, and d). The orientation arrangement of atoms 

are the same as in Figure 5b or Figure S3b. Oxygen atoms are denoted as red balls, and vanadium atoms—not 

seen in this figure—are in the centers of the orange-colored polyhedra. 
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(c)	side	view	_	Magnesium

(b)	Top	view	_	Proton
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CONCLUSIONS 

The enhanced electrochemical activity of Mg intercalation into -V2O5 in a wet organic electrolyte has been 

an interesting yet puzzling phenomenon for the last two decades because it has been unclear which species were 

really inserted into the host structure during the electrochemical reduction (magnesium-insertion) reaction. In this 

work, the crystal structure of the magnesium-inserted vanadium oxide was identified explicitly for the first time 

using a powder synchrotron X-ray structure determination method. 

The crystal structure of the magnesium-inserted V2O5 was orthorhombic with a = 11.512 Å, b = 10.5483 Å, 

and c = 4.3681 Å, (P21212 space group), the unit cell of which was tripled along the b-axis from that of pristine 

V2O5. Interestingly, no appreciable densities of elements were observed other than vanadium and oxygen atoms 

in the electron density maps, suggesting the inserted species were protons or atoms with very low occupancies in 

statistically distributed sites. Analysis of the interatomic distances between the centers of the cavities and the 

surrounding oxygen atoms enabled us to conclude that the only intercalated species could be Mg2+ and H+, not 

other species, i.e., Mg(H2O)n
2+, Mg(solvent, H2O)n

2+, H3O+, or H2O, which is consistent with results from previous 

nuclear magnetic resonance spectroscopy studies. 

The general formula of Mg and proton co-intercalated V2O5 could be expressed as Mg0.17HyV2O5, (0 < y ≤ 

1.16), where the content of Mg was determined from ICP analysis and the proton content, y, could not be 

determined precisely from our experiments (only a range could be determined).  

This work provides a rather clear answer to the age-old question about Mg intercalation into -V2O5 and 

reveals some of the nature of magnesium-inserted V2O5. However, we also found that several items should be 

further investigated, such as the quantitative analysis of magnesium and protons and unidentified new phases 

observed when the material was further reduced. 

 

 

 

 

 



 
36 

REFERENCES 

1. Armand, M.; Tarascon, J. M., Building better batteries. Nature 2008, 451, (7179), 652-657. 

2. Bruce, P. G.; Scrosati, B.; Tarascon, J.-M., Nanomaterials for Rechargeable Lithium Batteries. 

Angewandte Chemie International Edition 2008, 47, (16), 2930-2946. 

3. Amine, K.; Kanno, R.; Tzeng, Y., Rechargeable lithium batteries and beyond: Progress, challen

ges, and future directions. MRS Bulletin 2014, 39, (05), 395-401. 

4. Lee, K. T.; Jeong, S.; Cho, J., Roles of Surface Chemistry on Safety and Electrochemistry in 

Lithium Ion Batteries. Accounts of Chemical Research 2013, 46, (5), 1161-1170. 

5. Komaba, S.; Murata, W.; Ishikawa, T.; Yabuuchi, N.; Ozeki, T.; Nakayama, T.; Ogata, A.; Go

toh, K.; Fujiwara, K., Electrochemical Na Insertion and Solid Electrolyte Interphase for Hard-Carbon El

ectrodes and Application to Na-Ion Batteries. Advanced Functional Materials 2011, 21, (20), 3859-386

7. 

6. Tarascon, J. M., Key challenges in future Li-battery research. Philosophical Transactions of the

 Royal Society a-Mathematical Physical and Engineering Sciences 2010, 368, (1923), 3227-3241. 

7. Aurbach, D.; Lu, Z.; Schechter, A.; Gofer, Y.; GIZBAR, H.; Turgeman, R.; Cohen, Y.; Moshk

ovich, M.; Levi, E., Prototype systems for rechargeable magnesium batteries. Nature 2000, 407, (6805),

 724-727. 

8. Tutusaus, O.; Mohtadi, R., Paving the Way towards Highly Stable and Practical Electrolytes fo

r Rechargeable Magnesium Batteries. ChemElectroChem 2014, 2, (1), 51-57. 

9. Matsui, M., Study on electrochemically deposited Mg metal. Journal of Power Sources 2011, 1

96, (16), 7048-7055. 

10. Ling, C.; Banerjee, D.; Matsui, M., Study of the electrochemical deposition of Mg in the atom

ic level: Why it prefers the non-dendritic morphology. Electrochimica Acta 2012, 76, 270-274. 

11. Pereira-Ramos, J. P.; Messina, R.; Perichon, J., Electrochemical formation of a magnesium van

adium bronze MgxV2O5 in sulfone-based electrolytes at 150°C. Journal of Electroanalytical Chemistry 

and Interfacial Electrochemistry 1987, 218, (1-2), 241-249. 

12. Yu, W.-H.; Wang, D.-Z.; Zhu, B.; Wang, S.-J.; Xue, L.-X., Insertion of bi-valence cations Mg

2+ and Zn2+ into V2O5. Solid State Communications 1987, 61, (5), 271-273. 

13. Novák, P.; Desilvestro, J., Electrochemical Insertion of Magnesium in Metal Oxides and Sulfid

es from Aprotic Electrolytes. Journal of The Electrochemical Society 1993, 140, (1), 140. 

14. Novák, P.; Shklover, V.; Nesper, R., Magnesium insertion in vanadium oxides: A structural stu

dy. Zeitschrift für Physikalische Chemie 1994, 185, (Part_1), 51-68. 

15. Novák, P.; Imhof, R.; Haas, O., Magnesium insertion electrodes for rechargeable nonaqueous b

atteries—a competitive alternative to lithium? Electrochimica Acta 1999, 45, (1-2), 351-367. 

16. Amatucci, G. G.; Badway, F.; Du Pasquier, A.; Zheng, T., An Asymmetric Hybrid Nonaqueou

s Energy Storage Cell. Journal of The Electrochemical Society 2001, 148, (8), A930. 



 
37 

17. Yu, L.; Zhang, X., Electrochemical insertion of magnesium ions into V2O5 from aprotic electr

olytes with varied water content. Journal of Colloid and Interface Science 2004, 278, (1), 160-165. 

18. Gershinsky, G.; Yoo, H. D.; Gofer, Y.; Aurbach, D., Electrochemical and spectroscopic analysi

s of Mg2+ intercalation into thin film electrodes of layered oxides: V2O5 and MoO3. Langmuir 2013, 

29, (34), 10964-10972. 

19. Sa, N.; Wang, H.; Proffit, D. L.; Lipson, A. L.; Key, B.; Liu, M.; Feng, Z.; Fister, T. T.; Re

n, Y.; Sun, C.-J.; Vaughey, J. T.; Fenter, P. A.; Persson, K. A.; Burrell, A. K., Is alpha-V2O5 a cath

ode material for Mg insertion batteries? Journal of Power Sources 2016, 323, 44-50. 

20. Spahr, M. E.; Novák, P.; Haas, O.; Nesper, R., Electrochemical insertion of lithium, sodium, a

nd magnesium in molybdenum(VI) oxide. Journal of Power Sources 1995, 54, (2), 346-351. 

21. Ling, C.; Zhang, R.; Arthur, T. S.; Mizuno, F., How General is the Conversion Reaction in M

g Battery Cathode: A Case Study of the Magnesiation of α-MnO2. Chemistry of Materials 2015, 27, 

(16), 5799-5807. 

22. Tao, Z.-L.; Xu, L.-N.; Gou, X.-L.; Chen, J.; Yuan, H.-T., TiS2 nanotubes as the cathode mate

rials of Mg-ion batteries. Chem. Commun. 2004, (18), 2080-2081. 

23. Sun, X.; Bonnick, P.; Nazar, L. F., Layered TiS2 Positive Electrode for Mg Batteries. ACS En

ergy Letters 2016, 1, (1), 297-301. 

24. Sun, X.; Bonnick, P.; Duffort, V.; Liu, M.; Rong, Z.; Persson, K. A.; Ceder, G.; Nazar, L. F.,

 A high capacity thiospinel cathode for Mg batteries. Energy &amp; Environmental Science 2016, 9, 2

273-2277. 

25. Liang, Y.; Feng, R.; Yang, S.; Ma, H.; Liang, J.; Chen, J., Rechargeable Mg batteries with gr

aphene-like MoS₂ cathode and ultrasmall Mg nanoparticle anode. Advanced materials (Deerfield Beach, 

Fla.) 2011, 23, (5), 640-643. 

26. Kurihara, H.; Yajima, T.; Suzuki, S., Preparation of Cathode Active Material for Rechargeable 

Magnesium Battery by Atmospheric Pressure Microwave Discharge Using Carbon Felt Pieces. Chemistr

y Letters 2008, 37, (3), 376-377. 

27. Kim, C.; Phillips, P. J.; Key, B.; Yi, T.; Nordlund, D.; Yu, Y. S.; Bayliss, R. D.; Han, S. D.;

 He, M.; Zhang, Z.; Burrell, A. K.; Klie, R. F.; Cabana, J., Direct Observation of Reversible Magnesi

um Ion Intercalation into a Spinel Oxide Host. Adv Mater 2015, 27, (22), 3377-84. 

28. Nuli, Y.; Yang, J.; Li, Y.; Wang, J., Mesoporous magnesium manganese silicate as cathode m

aterials for rechargeable magnesium batteries. Chemical communications (Cambridge, England) 2010, 46,

 (21), 3794-3796. 

29. Incorvati, J. T.; Wan, L. F.; Key, B.; Zhou, D.; Liao, C.; Fuoco, L.; Holland, M.; Wang, H.; 

Prendergast, D.; Poeppelmeier, K. R.; Vaughey, J. T., Reversible Magnesium Intercalation into a Layere

d Oxyfluoride Cathode. Chemistry of Materials 2016, 28, (1), 17-20. 

30. Nam, K.-W.; Kim, S.; Lee, S.; Salama, M.; Shterenberg, I.; Gofer, Y.; Kim, J.-S.; Yang, E.; P

ark, C. S.; Kim, J.-S.; Lee, S.-S.; Chang, W.-S.; Doo, S.-G.; Jo, Y. N.; Jung, Y.; Aurbach, D.; Choi, 

J. W., The High Performance of Crystal Water Containing Manganese Birnessite Cathodes for Magnesi

um Batteries. Nano Letters 2015, 15, (6), 4071-4079. 



 
38 

31. Sun, X. Q.; Duffort, V.; Mehdi, B. L.; Browning, N. D.; Nazar, L. F., Investigation of the M

echanism of Mg Insertion in Birnessite in Nonaqueous and Aqueous Rechargeable Mg-Ion Batteries. Ch

emistry of Materials 2016, 28, (2), 534-542. 

32. He, D.; Wu, D.; Gao, J.; Wu, X.; Zeng, X.; Ding, W., Flower-like CoS with nanostructures as

 a new cathode-active material for rechargeable magnesium batteries. Journal of Power Sources 2015, 

294, 643-649. 

33. Huang, Z.-D.; Masese, T.; Orikasa, Y.; Mori, T.; Yamamoto, K., Vanadium phosphate as a pro

mising high-voltage magnesium ion (de)-intercalation cathode host. RSC Advances 2015, 5, (12), 8598-8

603. 

34. Orikasa, Y.; Masese, T.; Koyama, Y.; Mori, T.; Hattori, M.; Yamamoto, K.; Okado, T.; Huan

g, Z.-D.; Minato, T.; Tassel, C.; Kim, J.; Kobayashi, Y.; Abe, T.; Kageyama, H.; Uchimoto, Y., High 

energy density rechargeable magnesium battery using earth-abundant and non-toxic elements. Scientific 

Reports 2014, 4, 5622. 

35. Wang, R. Y.; Wessells, C. D.; Huggins, R. A.; Cui, Y., Highly Reversible Open Framework 

Nanoscale Electrodes for Divalent Ion Batteries. Nano Letters 2013, 13, (11), 5748-5752. 

36. Levi, E.; Gofer, Y.; Aurbach, D., On the way to rechargeable Mg batteries: The challenge of 

new cathode materials. Chemistry of Materials 2010, 22, (3), 860-868. 

37. Lim, H. K.; Choi, Y. S.; Hong, S. T., Magnesium perchlorate anhydrate, Mg(ClO4)2, from lab

oratory X-ray powder data. Acta Crystallographica, Section C: Crystal Structure Communications 2011, 

67, (6), i36-i38. 

38. Novák, P.; Scheifele, W.; Joho, F.; Haas, O., Electrochemical Insertion of Magnesium into Hy

drated Vanadium Bronzes. Journal of The Electrochemical Society 1995, 142, (8), 2544-2550. 

39. Imamura, D.; Miyayama, M., Characterization of magnesium-intercalated V2O5/carbon composit

es. Solid State Ionics 2003, 161, (1-2), 173-180. 

40. Imamura, D.; Miyayama, M.; Hibino, M.; Kudo, T., Mg Intercalation Properties into V[sub 2]

O[sub 5] gel/Carbon Composites under High-Rate Condition. Journal of The Electrochemical Society 20

03, 150, (6), A753-A758. 

41. Kim, R.-H.; Kim, J.-S.; Kim, H.-J.; Chang, W.-S.; Han, D.-W.; Lee, S.-S.; Doo, S.-G., Highly 

reduced VO x nanotube cathode materials with ultra-high capacity for magnesium ion batteries  J. Mat

er. Chem. A 2014, 2, (48), 20636-20641. 

42. Lee, S. H.; DiLeo, R. A.; Marschilok, A. C.; Takeuchi, K. J.; Takeuchi, E. S., Sol Gel Based 

Synthesis and Electrochemistry of Magnesium Vanadium Oxide: A Promising Cathode Material for Sec

ondary Magnesium Ion Batteries. ECS Electrochemistry Letters 2014, 3, (8), A87-A90. 

43. Tepavcevic, S.; Liu, Y.; Zhou, D.; Lai, B.; Maser, J.; Zuo, X.; Chan, H.; Král, P.; Johnson, 

C. S.; Stamenkovic, V.; Markovic, N. M.; Rajh, T., Nanostructured Layered Cathode for Rechargeable 

Mg-Ion Batteries. ACS Nano 2015, 9, (8), 8194-8205. 

44. Gautam, G. S.; Canepa, P.; Richards, W. D.; Malik, R.; Ceder, G., Role of Structural H2O in 

Intercalation Electrodes: The Case of Mg in Nanocrystalline Xerogel-V2O5. Nano Letters 2016, 16, (4),

 2426-2431. 



 
39 

45. Larson, A. C.; Von Dreele, R. B., General Structure Analysis System (GSAS) Los Alamos Nati

onal Laboratory, Report LAUR 86-748. 2000. 

46. Toby, B. H., EXPGUI, a graphical user interface for GSAS. Journal of Applied Crystallograph

y 2001, 34, 210-213. 

47. Betteridge, P. W.; Carruthers, J. R.; Cooper, R. I.; Prout, K.; Watkin, D. J.; IUCr, CRYSTAL

S version 12: software for guided crystal structure analysis. Journal of Applied Crystallography 2003, 3

6, (6), 1487-1487. 

48. Lee, E.; Hong, S.-T., Sr4AlNbO8: A new crystal structure type determined from powder X-ray

 data. Journal of Solid State Chemistry 2008, 181, (11), 2930-2934. 

49. Rohlíček, J.; Hušák, M., MCE2005–a new version of a program for fast interactive visualizatio

n of electron and similar density maps optimized for small molecules. Journal of Applied Crystallograp

hy 2007. 

50. Sheldrick, G. M., A short history of SHELX. Acta Crystallogr A 2008, 64, (Pt 1), 112-122. 

51. Avdeev, M.; Sale, M.; Adams, S.; Rao, R. P., Screening of the alkali-metal ion containing mat

erials from the Inorganic Crystal Structure Database (ICSD) for high ionic conductivity pathways using 

the bond valence method. Solid State Ionics 2012, 225, 43-46. 

52. Sale, M.; Avdeev, M., 3DBVSMAPPER: a program for automatically generating bond-valence 

sum landscapes. Journal of Applied Crystallography 2012, 45, 1054-1056. 

53. Accelrys Software Inc., BIOVIA Materials Studio, release 16.1.0.21; Sandiago, CA, USA, 2016. 

54. Enjalbert, R.; Galy, J., A refinement of the structure of V2O5. Acta Crystallogr C 1986, 42, 1

467-1469. 

55. Markevich, E.; Levi, M. D.; Aurbach, D., Comparison between potentiostatic and galvanostatic 

intermittent titration techniques for determination of chemical diffusion coefficients in ion-insertion elect

rodes. Journal of Electroanalytical Chemistry 2005, 580, (2), 231-237. 

56. Delmas, C.; Cognacauradou, H.; Cocciantelli, J. M.; Menetrier, M.; Doumerc, J. P., The Lixv2

o5 System - an Overview of the Structure Modifications Induced by the Lithium Intercalation. Solid St

ate Ionics 1994, 69, (3-4), 257-264. 

57. Andersson, A. S.; Thomas, J. O., The source of first-cycle capacity loss in LiFePO4. Journal 

of Power Sources 2001, 97-8, 498-502. 

58. Ma, M. M.; Chernova, N. A.; Toby, B. H.; Zavalij, P. Y.; Whittingham, M. S., Structural and

 electrochemical behavior of LiMn0.4Ni0.4Co0.2O2. Journal of Power Sources 2007, 165, (2), 517-534. 

59. Liu, X.; Yin, X. H.; Zhang, F., Hydrothermal Syntheses and Crystal Structures of Two New 

Mixed-valence Vanadium Oxides [Ni(en)(2)(H2O)(2)][Ni(en)(3)](2)[V16O38Cl]center dot 3(H2O) and (H

3O)(2)V3O8. Zeitschrift Fur Naturforschung Section B-a Journal of Chemical Sciences 2010, 65, (12), 

1451-1456. 

60. Petkov, V.; Trikalitis, P. N.; Bozin, E. S.; Billinge, S. J. L.; Vogt, T.; Kanatzidis, M. G., Stru

cture of V2O5 center dot nH(2)O xerogel solved by the atomic pair distribution function technique. Jo

urnal of the American Chemical Society 2002, 124, (34), 10157-10162. 



 
40 

61. Hagrman, D.; Zubieta, J.; Warren, C. J.; Meyer, L. M.; Treacy, M. M. J.; Haushalter, R. C., 

A new polymorph of VO2 prepared by soft chemical methods. Journal of Solid State Chemistry 1998, 

138, (1), 178-182. 

62. Evans, H. T.; Mrose, M. E., The crystal structures of three new vanadium oxide minerals. Act

a Crystallogr 1958, 11, 56-58. 

63. Brown, I. D.; Altermatt, D., Bond-Valence Parameters Obtained from a Systematic Analysis of 

the Inorganic Crystal-Structure Database. Acta Crystallographica Section B-Structural Science 1985, 41, 

(Aug), 244-247. 

64. Brese, N. E.; Okeeffe, M., Bond-Valence Parameters for Solids. Acta Crystallographica Section 

B-Structural Science 1991, 47, 192-197. 

65. Brown, I. D., VALENCE: A program for calculating bond valences. Journal of Applied Crysta

llography 1996, 29, 479-480 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
41 

CHAPTER 4 – Electrochemical Lithium Intercalation Chemistry of Condensed 

Molybdenum Metal Cluster Oxide: LiMo4O6  

INTRODUCTION 

Rechargeable lithium-ion batteries (LIBs) have been the most popular chemical energy storage device

s for portable electronic devices and electric vehicles, and the applications are now extended to large-s

cale energy storage systems for smart-grids and renewable energy storages.[1] The underlying principle 

of the battery operation is based on lithium intercalation chemistry of the electrode materials—so called 

host-guest chemistry. The structural frame of the electrode materials and lithium ions play roles as the 

host and the guest, respectively.[2]  

As for currently commercialized positive electrode host materials, there are three conventional structu

re types: spinel-, layered- and olivine-type structures. Each of them is categorized as a 3D, 2D or 1D 

material, respectively, according to the nature of the diffusion path of lithium in the structures.  LiMn2

O4 or LiNi0.5Mn1.5O4 is a typical 3D material with a cubic spinel-type structure and space group of Fd

-3m. Due to its cubic symmetry the lithium diffusion path is not constrained to be one- or two-dimens

ions. LiCoO2 or Li(CoxNiyMnz)O2 (x+y+z=1) are typical 2D materials with a hexagonal layered structure

 and space group of R-3m, where oxygen atoms form a closest-packed layered structure, and the lithiu

m and transition metals are occupied in the interstitial octahedral sites created between the oxygen laye

rs with an ordered arrangement so that the lithium and the transition metal ions also form alternating l

ayers, respectively. Thus, the lithium ion diffusion is confined within the lithium layers. LiMPO4 (M = 

Fe, Mn, Co) is a typical 1D material with an orthorhombic olivine-type structure and space group of 

Pnma, where the lithium diffusion is along the channel parallel to b-axis. [2] 

There have been a lot of other types of Li-ion host materials reported in the literatures, such as pho

sphates (Li3V2(PO4)3, VOPO4),[2] fluorophosphates (LiVPO4F, Li5V(PO4)2F2, Na3V2(PO4)2F3, Na2FePO4F, 

Li2CoPO4F, LiVPO4F), silicates (Li2FeSiO4, Li2MnSiO4, Li2CoSiO4),[3] Most of these materials including 

the commercialized have transition metals (M) that are coordinated by anions (X) to form MXn polyhedral local 

environments—an MX6 octahedron is mostly common. Such MXn polyhedra are connected with one another by 

sharing corners, edges, or faces in various ways to form three-dimensional network structure of host materials, 

and the interstitial sites surrounded by X anions are occupied by the guest lithium ions. There are, however, only 

a few host materials with metal-metal bonds or metal clusters. Chevrel phase, Mo6S8, is a typical example of such 
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a kind, where six molybdenum metals form an isolated Mo6 octahedral metal cluster, the face of which are capped 

by eight sulfur atoms. Six of them are also bonded axially to neighboring clusters to form three-dimensional 

network structure, allowing some spacious rooms surrounded by sulfur atoms so that not only lithium but also 

many other cations are intercalated. A great attention on this material was received after the first report of the 

electrochemically reversible magnesium ion intercalation in 2000, promoting a development of a magnesium 

battery system.[4] Interestingly, despite the intensive studies for the last sixteen years, it is one of a few host 

materials that can reversibly intercalate magnesium ions, and it was recognized that such metal cluster was the 

key to the success enabling such divalent ion intercalation.[5] Because the electrons are delocalized to the six 

metals of the Mo6 cluster—not a single metal—it is relatively easy to accept or donate electrons. It is thus called 

as a soft host material. Due the softness of the such metal-cluster compounds as a host electrode material, it should 

provide a unique environment and chemistry for a guest ion to be intercalated into the crystal structure compared 

to conventional non-cluster-type host materials. However, few host materials comprised of such metal-clusters 

other than Mo6S8 have been reported so far even for lithium ion intercalation, motivating us to search for other 

cluster-type materials. 

For a given transition metal, because an oxide provides a higher redox potential than its chalcogenides, it could 

provide a higher energy cell.[6] Nonetheless, there are only a limited number of oxides of transition metal clusters 

reported so far compared to S-, Se or Te-based chalcogenides of transition metal-clusters. AxMo4O6 (A=Li, Na, 

K, Rb, Ba)[7-9] would be one of a few transition metal-cluster type oxides along with compounds, such as 

LiZn2Mo3O8, Zn3Mo3O8, and ScZnMo3O8.[10] In this work, LiMo4O6 was selected because it was already 

reported that the lithium can to be intercalated chemically via ion-exchange from InMo4O6,[9] but no 

electrochemical lithium intercalation chemistry has been studied to our knowledge. 

As shown in Figure 4-1, LiMo4O6 consists infinite anion chains of Mo4O6 where Mo6 clusters are e

dge-shared and all non-shared edges are capped by oxygen.[9] The infinite chains are aligned parallel t

o one another and linked by bridging oxygen atoms. Such four parallel Mo4O6 chains create open one-

dimensional tunnels to accommodate positive guest ions of lithium as well as sodium or barium. In this 

work, synthesis of LiMo4O6, and its electrochemical intercalation and structural properties have been ch

aracterized for the first time. 
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Figure 4 - 1. Crystal structure of MMo4O6 (M=Na, K, Ca, Ba, In) compounds with infinite chains of edge-

sharing Mo6 octahedra. 
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EXPERIMENTAL  

Synthesis  

LiMo4O6 was synthesized according to previously described method.[9] InMo4O6 was first prepared via a so

lid-state synthesis from a mixture of In (99.9%, Sigma-Aldrich), Mo (99.9%, Sigma-Aldrich) and MoO3 

(99.9%, Sigma-Aldrich) in a molar ratio of 1:2:2 at 1100 °C for 11 h in a vacuum-sealed fused silica tub

e, and confirmed with powder XRD.  Then, LiMo4O6 was obtained via ion-exchange from a mixture of 

InMo4O6 and 10% excess of LiI. The mixture was pressed into a pellet under an argon atmosphere, and sealed in 

an evacuated fused-silica tube (41 cm long, 1.5 cm diameter), and heated at 190 °C for 72 h. Then, the tube was 

slowly pulled out, over a period of days (5-6 days), until no more deposits were noticed. The product was washed 

with acetonitrile, dried at 80 °C in a vacuum oven for 24 h, and confirmed with powder XRD. The ele

mental and morphological analyses were carried out using inductively coupled plasma (ICP) analysis (V

arian 700-ES), field-emission transmission electron microscopy (FE-TEM, Hitachi HF-3300), and high-re

solution field-emission scanning electron microscopy (HR FE-SEM, Hitachi SU-8020) with an energy-di

spersive X-ray spectrometry (EDX) attachment. 

Electrochemical characterization 

2032 coin-type cells were employed for all the electrochemical experiments. The positive electrodes 

consisted of the submicron-sized LiMo4O6 powder, conductive carbon (Super P carbon black, Timcal Graphite & 

Carbon), and a poly(vinylidene fluoride) binder (W#1300, Kureha Co.) (8:1:1 w/w), which were mixed and 

dispersed in N-methyl-2-pyrrolidone (NMP), coated onto thin carbon-coated stainless steel foil (SUS-316L), dried 

for overnight at 80 °C in a vacuum oven to remove the NMP, and stored in an argon-filled glove box. The thin 

carbon-coat (~4 μm) was made via a doctor blade coating of the graphite dispersion (DAG EB-012, Acheson 

Industries, Inc.) onto 20 μm stainless steel foil (SUS-316L, Wellcos Co., Korea), and then dried at 80 °C 1 h in 

air to remove the solvent. The loading of active material on each electrode was 5.0 mg, with an electrode area of 

1.53 cm2. PE/PP membrane was used as a separator, and 1.0 M LiPF6 in EC/DMC (1:2 vol.) as the electrolyte. 

The water content in the electrolyte was 0.6 ppm according to water analysis (Metrohm, 831 KF coulometer). 

Potentiostatic cyclic voltammetry (CV) and galvanostatic discharge/charge measurements were carried out with 

EC-Lab software on a Biologic VMP3 multichannel potentiostat (Biologic Science Instruments SAS). 

Structural analysis 
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The powder X-ray diffraction (XRD) data were collected at 25 °C on an X-ray diffractometer (Rigaku 

Miniflex 600) with a Cu X-ray tube (λ = 1.5418 Å), a secondary graphite (002) monochromator, and an angular 

range of 5° ≤ 2θ ≤ 80° for general purposes. To attain the samples needed to refine and determine the crystal 

structures of InMo4O6 and LiMo4O6, a PANalytical Empyrean X-ray diffractometer was used with a Cu Kα1 X-

ray (λ = 1.5406 Å) with a Ge (111) monochromator, a position-sensitive PIXcel3D 2×2 detector, an angular range 

of 10° ≤ 2θ ≤ 130°, a step of 0.013000°, and a total measurement time of 12 h at room temperature. Crystal 

structures of InMo4O6 and LiMo4O6 were refined using the powder profile refinement program GSAS. The atomic 

positions of InMo4O6 was re-determined using a combination of the powder profile refinement program, GSAS,[11, 

12] and the single-crystal structure refinement program, CRYSTALS,[13] as described in our previous work,[14] 

because it was not successful to refine the structure with a model for NaMo4O6 [7] that was known to be 

isomorphous with InMo4O6.[8]  MCE was used to obtain a three-dimensional (3D) view of the Fourier density 

maps.[15]  

The unit cell parameters and space group for InMo4O6 was adopted from previous report [8], and Le Bail 

fitting was performed with a model without indium, i.e. Mo4O6,  followed by the extraction of the structure factor 

of each (hkl) reflection. The extracted structure factors were used as input data for the single crystal refinement 

program, CRYSTALS. The data were treated as if they represented single crystal data. Then, the indium position 

was readily determined from electron density maps—the position of indium was (0, 0, ½), while the reported Na 

position was (0, 0, 0). Finally, the Rietveld refinement was employed. The refinement parameters were scale 

factors, background, unit cell parameters, peak profile coefficients, atomic coordinates, and isotropic thermal 

parameters. 

Bond Valence Sum Maps 

The 3D bond valence sum difference maps (BVS-DMs)[16] calculation was performed with the code 

3DBVSMAPPER,[16] which was written in the Perl script language, within Materials Studio.[17] The absolute 

values of the difference (|v|) between the calculated valence of Mg and the proton at each point on a 3D grid 

within the unit cell and the ideal valence of 2 (for Mg) and 1 (for the proton) were plotted as isosurfaces so that 

the plausible diffusion pathways could be graphically visualized. 
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Figure 4 - 2. Observed and calculated X-ray Rietveld refinement profile for the LiMo4O6, recorded at room 

temperature (red points – experimental data, green line – calculated data, pink line – difference, black bars 

– Bragg positions). The inset shows the FE-SEM image of the LiMo4O6 particles. 
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Table 4 - 1. Crystallographic data and Rietveld refinement results for InMo4O6 by powder XRD data: Atomic 

coordinates, Site Occupancies, Isotropic Displacement Parameters and Reliability Factors at Room Temperature. 

Crystal System Tetragonal 

Space Group P 4/m b m (no. 127) 

Lattice Parameters, Volume, Z a = 9.6674(10) Å, c = 2.8654(4) Å,  

V = 267.80(1) Å3, Z = 2 

Atoms x y z Wyckoff Occupancy Uiso 

In 0.0000 0.0000 0.5000 2b 1.0000 0.035(1) 

Mo1 -0.1430(2) 0.3570(1) 0.0000 4g 1.0000 0.004(6) 

Mo2 0.1021(1) 0.3979(2) 0.5000 4h 1.0000 0.002(4) 

O1 -0.0472(2) 0.2295(3) 0.5000 8j 1.0000 0.015(9) 

O2 0.2167(3) 0.2833(1) 0.0000 4g 1.0000 0.011(5) 

*Rp = 0.132, Rwp = 0.205, Rexp =0.040, R(F2) = 0.1661, χ2 = 26.55 
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Figure 4 - 3. Observed and calculated X-ray Rietveld refinement profile for the InMo4O6, recorded at room 

temperature (red points – experimental data, green line – calculated data, pink line – difference, black bars 

– Bragg positions). The inset shows the FE-SEM image of the InMo4O6 particles. 
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Table 4 - 2. Crystallographic data and Rietveld refinement results for LiMo4O6 by powder XRD data: Atomic 

coordinates, Site Occupancies, Isotropic Displacement Parameters and Reliability Factors at Room Temperature. 

Crystal System Tetragonal 

Space Group P 4/m b m (no. 127) 

Lattice Parameters, Volume, Z a = 9.5903(5) Å, c = 2.8802(13) Å,  

V = 264.91(1) Å3, Z = 4 

Atoms x y z Wyckoff Occupancy Uiso 

Mo1 0.8575(2) 0.3575(2) 0.5000 4h 1.0000 0.009(9) 

Mo2 0.8987(2) 0.6012(2) 0.0000 4g 1.0000 0.009(8) 

O1 0.7102(1) 0.2102(1) 0.5000 4h 1.0000 0.023(4) 

O2 0.6633(3) 0.4500(6) 0.0000 8i 1.0000 0.359(8) 

*Rp = 0.191, Rwp = 0.254, Rexp =0.035, R(F2) = 0.1279, χ2 = 52.41 
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RESULTS & DISCUSSION 

Structural analysis of InMo4O6 & LiMo4O6 

InMo4O6 had a tetragonal crystal system with the lattice parameters of a = 9.665(1), c =2.864(1) (P4/mbm 

space group). The typical ability for transferring electrons is superior of any other inorganic compounds. A 6 Mo 

elements are changed with each potential level as if one element. These new compounds representative of different 

structures types in the family of ternary metal oxides with extended metal-metal bonded arrays are discussed. 

InMo4O6(isomorphous with NaMo4O6) contains infinite anion chains of condensed octahedral cluster units, 

(Mo4O6-), corsslinked to form channels where In- cairns reside in sites of square pyramidal coordination to oxygen. 

The linear array of In atoms in the channels, with d(In-In) = 2.8628(4), suggests some degree of In-In bonding, 

and these interactions may contribute to the metallic conductivity determined for this compound over the range 

2-300 K. Infinite chains with Mo2O4 repeat units condensed as rhomboidal clusters fused on opposite edges are 

the outstanding structural feature of NaMo2O4. The clusters connect to each other through outer-inner linkages to 

form a three dimensional framework containing cubeoctahedral cavities. The cluster connectivity pattern in 

InMo4O6 and intercluster metal-metal distances are similar to those found in the “Chevrel phases”.  The 

formation of metal-metal bonds is a characteristic feature of compounds containing early transition metals in low 

oxidation states. Which consists of infinite chains of Mo6 octahedral clusters fused on opposite edges, bridged on 

the outer edges by O atoms and crosslinked by Mo-O-Mo bonding to create four-sides tunnels in which the In3+ 

ions are located. The ability to resist phase transformation can have an important impact on the overall 

performance of a Li-insertion compound used as an electrode material in a Li rechargeable battery. 

Kinetic stability is a key aspect of Li-insertion compounds used in rechargeable Li batteries. To obtain high 

capacity, the Li ions need to be cycled over a wide range of concentrations within the host structures of the 

insertion compound. 

Figure 4-5. shows an Ex-situ XRD pattern from each CV curves with start and end points, with the rigidity 

of the bonds holding the Mo406 structural framework together.  
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Figure 4 - 4. Cyclic voltammogram of LiMo4O6 electrode at 0.02 mV s-1 in 1.0M LiPF6 electrolyte. 
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Figure 4 - 5. Ex situ XRD patterns for the LiMo4O6 composite electrodes that were CV electrochemically 

prepared in the coincells. 
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Electrochemical analysis of LiMo4O6 

The cyclic voltammogram (CV) of LiMo4O6 electrode in nonaqueous LiPF6 electrolyte is presented in Figure 

4-4, where the initial open circuit voltage (OCV) of the LiMo4O6 electrode was 2.67V (vs. Li metal), and a 

negative sweep was first applied down to 2.0 V with a scan rate of 0.02 mV s-1. It shows distinguishable three 

sets of reversible reduction and oxidation peaks. It is noteworthy that the three sets of cathodic and anodic peaks 

from 2.0 to 3.2 V region gives a little polarization and shows significantly increased currents at several cycles 

where the peak shape and the current remain almost unchanged. The observation in CV is consistent with that in 

the charge/discharge curves shown in Figure 4-6, where three voltage regions are divided clearly, one with a 

sloppy profile in the higher voltage region 3.05 V, and the second in the lower voltage region 2.89 V. The last 

discharge peak is region near 2.6 V. The five cycle discharge/charge capacity retained almost 29 mAhg-1 at 0.05C-

rate, where nC-rate is defined as the rate of charge (or discharge) at which the charge (or discharge) is completed 

in (1/n) hour. Here 1C-rate is defined as 57 mAg-1 since the theoretical capacity of 1-electron reaction from 

Mo4O6 to LiMo4O6 is 55.54 mAhg-1.  The slightly higher capacity than the theoretical one might be due to some 

minor unidentified side reactions including the oxidation of LiPF6 electrolyte at 3.4 V. Figure 4-7. shows a 

cycleability at various current densities. The reversible capacity is decreased more at higher C-rate as generally 

expected. The discharge capacity of 35 mAhg-1 at 0.05C-rate decreases to 20 mAhg-1 at 0.5C-rate. Noting that 

the polarization is insignificant in the all voltage region even at higher C-rate, the ohmic resistance of the cell 

components, which effect should be common to whole voltage region, might not be the main cause of the greater 

polarization in the higher voltage region. Thus it can be presumed that the significant difference in capacity 

reduction and polarization increase between the three voltage regions comes from the intrinsic property of the 

host material.  

The difference in crystallographic Li insertion sites for the three regions might be one of the reasons. The 

cycle performance with various C-rates is shown in Figure 4-7. The first-cycle irreversibility of 2 mAhg-1 at 0.05 

C-rate suggests that some of the inserted Li ions are stuck in the host structure. The nature of the inserted Li ion 

positions in the host materials have been probed through the structural analysis described in the following session. 
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Figure 4 - 6. Reversible charge/discharge curves of the LiMo4O6 cells in the voltage range of 2.4−3.4 V at 

1/20C rates. 
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Figure 4 - 7. The cycle performance of LiMo4O6 cell at various C-rates in 1.0M LiPF6 in EC/DMC (1:2 Vol.) 

electrolyte. 
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CONCLUSIONS 

LiMo4O6 was synthesized by ionic exchange solid-state reaction, and the electrochemical properties of 

Li+ was examined as an Li+ intercalation host material. In a non-aqueous electrolyte, LiMo4O6 material shows 

three peaks in its CV and three plateaus in its galvanostatic charge/discharge curve between 2.0-3.2 V vs. Li metal, 

indicating the presence of two phase domains in the structure during the Li intercalation reaction. Ex-situ XRD 

results reveal that the structure of LiMo4O6 was robust with little bit change of lattice parameters seems to be 

maintained during the intercalation reaction. A Chevrel-like oxide, LiMo4O6 phase was characterized for the first 

time. Another characterization of the Mg2+ ion intercalation chemistry in LiMo4O6 structure is still underway. 
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CHAPTER 5 - Crystal structure of catena-poly[[[diaquacobalt(II)]-bis(μ-hex- 3-

enedinitrile-κ2N:N′)] bis(tetrafluoridoborate)] 

INTRODUCTION 

In the structure of the title salt, [Co(C6H6N2)2(H2O)2](BF4)2, the Co
II 

atom is located on an inversion 

centre. The transition metal is in a slightly distorted octahedral coordination environment, defined by the cyano 

N atoms of four hex-3- enedinitrile ligands in equatorial positions and the O atoms of two water molecules in 

axial positions. The bridging mode of the hex-3-enedinitrile ligands leads to the formation of cationic chains 

extending parallel to [110]. The BF
4

 
counter-anion is disordered over two sets of sites [occupancy ratio = 0.512 

(19):0.489 (19)]. It is located in the voids between the cationic chains and is connected to the aqua ligands of the 

latter through O—H F hydrogen bonds. One methylene H atom of the hex-3-enedinitrile ligand forms another and 

weak C—H O hydrogen bond with a water O atom of a neighbouring chain, thus consolidating the three-

dimensional network structure.  

 

EXPERIMENTAL 

   A solvent was prepared first by mixing ethylene carbonate (EC) and ethyl methyl carbonate (EMC) in a 1:2 

volume ratio (3.3 ml and 6.6 ml, respectively). Then, 0.934 g of lithium tetrafluoridoborate (LiBF4) were added 

to the solvent, and it was stirred for about 5 hours to dissolve the salt completely to form an 1M solution. 0.60 g 

(5 wt.%) of cobalt (II) tetra- fluoridoborate hexahydrate and 0.24 g (2 wt.%) hex-3-enedinitrile were added and 

dissolved in the solution. The solution was kept for 48 hours in an argon-atmosphere glove-box at room 

temperature, resulting in the growth of red crystals. The crystals were washed with pure EMC solvent three times 

in the argon-atmosphere glove-box.  
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Figure 5 - 1. The cationic chain structure of the title compound with displacement ellipsoids drawn at the 50% 

probability level. The BF4
- anion is shown only with the major part of the disorder. 
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REFINEMENT 

H atoms that had attached to C atoms of the title compound were placed in geometrically idealized positions 

and treated as rigid bodies with C—H distances constrained to 0.92–0.97 Å. Water H atoms were located from a 

difference map and refined with a distance of 0.82 Å. The BF4

- counter anion was refined with a positional disorder 

model where F2, F3 and F4 atoms are split into two positions while B1 and F1 atoms are not. Such a disorder 

model resulted in a slightly better refinement, reducing the R1 factor values from 0.041 to 0.033.  

 

RELATED LITERATURE 

    Aliphatic dinitriles have gained much attention not only due to their rich coordination chemistry with 

transition-metal ions (Storhoff & Lewis, 1977; Heller & Sheldrick, 2004; Blount et al., 1969), but also due to their 

applications as functional electrolyte additives for lithium ion batteries (Kim et al., 2011, 2014a,b). While the 

coordination complexes of saturated aliphatic dinitrile ligands have been extensively studied (Storhoff & Lewis, 

1977; Heller & Sheldrick, 2004; Blount et al., 1969), those of unsaturated dinitrile ligands like in the title 

compound have hardly been reported so far. 
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Figure 5 - 2. The crystal packing of the title compound with displacement ellipsoids drawn at the 50% probability 

level. The BF4
- anion is shown only with the major part of the disorder. (Colour code: dark blue: Co, purple: N, 

blue: C, red: O, cyan: B, green: F, grey: H). 
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Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 

covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, 

angles, and torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by 

crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. 

planes.  

Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based 

on F2, conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 

> σ(F2) is used only for calculating R-factors (gt) and is not relevant to the choice of reflections for refinement. 

R-factors based on F2 are statistically about twice as large as those based on F, and R- factors based on ALL data 

will be even larger. 

 

COMPUTING DETAILS 

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT (Bruker, 2006); data reduction: SAINT; 

program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: 

CRYSTALS (Betteridge et al., 2003); molecular graphics: ATOMS (Dowty, 2000); software used to prepare 

material for publication: CRYSTALS.  
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Table 5 - 1. Crystal data, Data collection, Refinement for Crystal structure of catena-poly[[[diaquacobalt(II)]-

bis(μ-hex- 3-enedinitrile-κ2N:N′)] bis(tetrafluoridoborate)]. 

Crystal data 

Chemical formula C12H16CoN4O2·2(BF4)  

Mr 480.84 

Crystal system, space group Triclinic, P  

Temperature (K) 103 

a, b, c (Å) 7.9839 (11), 8.3434 (11), 8.8441 (13) 

α, β, γ (°) 71.380 (5), 88.458 (5), 66.184 (4) 

V (Å3) 507.21 (12) 

Z 1  

Radiation type Mo Kα, λ=0.71073 Å 

µ (mm−1) 0.93 

Crystal size (mm) 0.20 × 0.20 × 0.20 

 

Data collection 

Diffractometer Bruker Apex-II CCD  

diffractometer  

Absorption correction Multi-scan  

SADABS (Bruker, 2006) 

Tmin, Tmax 0.60, 0.75 

No. of measured, independent and 

observed [I > 2.0σ(I)] reflections 

14705, 2202, 2233  

Rint 0.038 

(sin θ/λ)max (Å−1) 0.671 

 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.033, 0.068, 0.87 

No. of reflections 2202 

No. of parameters 170 

No. of restraints 20 
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H-atom treatment H-atom parameters constrained  

Δρmax, Δρmin (e Å−3) 0.63, −0.58 

 

Table 5 - 2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) for 

Crystal structure of catena-poly[[[diaquacobalt(II)]-bis(μ-hex- 3-enedinitrile-κ2N:N′)] bis(tetrafluoridoborate)]. 

 x y z Uiso*/Ueq Occ. (<1) 

Co1 0.0000 1.0000 0.5000 0.0158  

N1 0.2687 (2) 0.8866 (2) 0.6299 (2) 0.0199  

N2 0.1190 (2) 0.9254 (2) 0.3036 (2) 0.0192  

C1 0.4140 (2) 0.8397 (3) 0.6904 (2) 0.0179  

C2 0.6004 (3) 0.7780 (3) 0.7691 (3) 0.0221  

C3 0.7036 (2) 0.5683 (3) 0.8382 (2) 0.0200  

C4 0.6448 (3) 0.4468 (3) 0.8245 (2) 0.0201  

C5 0.7535 (3) 0.2388 (3) 0.9045 (2) 0.0244  

C6 0.8244 (2) 0.1444 (2) 0.7878 (2) 0.0181  

O1 0.02105 (18) 1.25018 (18) 0.41358 (16) 0.0197  

B1 0.7569 (3) 0.7200 (3) 0.2131 (3) 0.0287  

F1 0.77132 (18) 0.55820 (17) 0.18696 (15) 0.0295  

F2 0.8571 (16) 0.6724 (15) 0.3523 (13) 0.0555 0.512(19) 

F3 0.8368 (13) 0.8076 (13) 0.0834 (11) 0.0630 0.512(19) 

F4 0.5804 (9) 0.8300 (10) 0.2014 (15) 0.0585 0.512(19) 

F21 0.9052 (8) 0.6606 (13) 0.3357 (11) 0.0255 0.489(19) 

F31 0.7671 (17) 0.8497 (11) 0.0853 (10) 0.0551 0.489(19) 

F41 0.5866 (9) 0.7929 (11) 0.2810 (16) 0.0534 0.489(19) 

H11 0.0413 1.2954 0.4771 0.034 (4)*  

H12 −0.0554 1.3393 0.3416 0.043 (4)*  

H21 0.5897 0.8291 0.8529 0.034 (4)*  

H22 0.6694 0.8293 0.6919 0.033 (4)*  

H31 0.8174 0.5253 0.8931 0.034 (4)*  

H41 0.5301 0.4889 0.7639 0.035 (4)*  
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H51 0.6801 0.1848 0.9680 0.036 (4)*  

H52 0.8570 0.2189 0.9701 0.034 (4)*  

 

 

 

 

Table 5 - 3. Atomic displacement parameters (Å2) for Crystal structure of catena-poly[[[diaquacobalt(II)]-bis(μ-

hex- 3-enedinitrile-κ2N:N′)] bis(tetrafluoridoborate)]. 

 U11 U22 U33 U12 U13 U23 

Co1 0.01363 (18) 0.01074 (17) 0.0198 (2) −0.00181 (13) −0.00123 (13) −0.00526 (14) 

N1 0.0166 (8) 0.0169 (8) 0.0222 (8) −0.0025 (6) −0.0014 (6) −0.0070 (6) 

N2 0.0170 (7) 0.0163 (8) 0.0211 (8) −0.0039 (6) 0.0006 (6) −0.0060 (6) 

C1 0.0173 (7) 0.0138 (8) 0.0201 (9) −0.0033 (7) 0.0015 (7) −0.0067 (7) 

C2 0.0153 (7) 0.0209 (9) 0.0292 (10) −0.0055 (7) −0.0023 (7) −0.0093 (8) 

C3 0.0139 (7) 0.0221 (9) 0.0194 (9) −0.0018 (7) −0.0025 (7) −0.0081 (7) 

C4 0.0170 (7) 0.0207 (9) 0.0178 (9) −0.0024 (7) 0.0018 (7) −0.0076 (7) 

C5 0.0266 (7) 0.0216 (10) 0.0182 (9) −0.0031 (8) 0.0026 (8) −0.0074 (8) 

C6 0.0172 (7) 0.0135 (8) 0.0176 (9) −0.0032 (7) −0.0023 (7) −0.0015 (7) 

O1 0.0223 (7) 0.0126 (6) 0.0219 (7) −0.0052 (5) −0.0021 (5) −0.0056 (5) 

B1 0.0252 (12) 0.0159 (10) 0.0380 (14) −0.0057 (9) −0.0119 (10) −0.0028 (10) 

F1 0.0363 (7) 0.0211 (6) 0.0283 (7) −0.0096 (5) −0.0101 (5) −0.0067 (5) 

F2 0.072 (4) 0.036 (3) 0.049 (4) −0.010 (4) −0.032 (4) −0.017 (2) 

F3 0.046 (3) 0.047 (4) 0.071 (3) −0.026 (3) −0.009 (3) 0.022 (3) 

F4 0.0361 (18) 0.039 (3) 0.088 (5) 0.0039 (18) 0.000 (3) −0.031 (3) 

F21 0.0208 (19) 0.021 (2) 0.032 (2) −0.0030 (16) −0.0089 (16) −0.0115 (15) 

F31 0.072 (4) 0.031 (3) 0.046 (2) −0.028 (3) −0.025 (3) 0.019 (2) 

F41 0.0304 (19) 0.042 (3) 0.088 (5) −0.0067 (18) 0.010 (3) −0.034 (3) 
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Table 5 - 4. Geometric parameters (Å, º) for Crystal structure of catena-poly[[[diaquacobalt(II)]-bis(μ-hex- 3-

enedinitrile-κ2N:N′)] bis(tetrafluoridoborate)]. 

Co1—N1 2.1486 (17) C4—H41 0.946 

Co1—N2 2.1050 (17) C5—C6 1.460 (6) 

Co1—O1 2.0560 (15) C5—H51 0.946 

Co1—N1 2.1486 (17) C5—H52 0.949 

Co1—N2 2.1050 (17) O1—H11 0.821 

Co1—O1 2.0560 (15) O1—H12 0.826 

N1—C1 1.148 (6) B1—F1 1.401 (3) 

N2—C6i 1.125 (5) B1—F2 1.341 (12) 

C1—C2 1.474 (8) B1—F3 1.435 (11) 

C2—C3 1.514 (9) B1—F4 1.320 (9) 

C2—H21 0.953 B1—F1 1.401 (3) 

C2—H22 0.967 B1—F21 1.440 (12) 

C3—C4 1.315 (4) B1—F31 1.319 (11) 

C3—H31 0.916 B1—F41 1.450 (10) 

C4—C5 1.516 (3)   

N1ii—Co1—N2ii 90.57 (6) C4—C3—H31 118.7 

N1ii—Co1—O1ii 87.29 (6) C3—C4—C5 122.3 (3) 

N2ii—Co1—O1ii 91.15 (6) C3—C4—H41 119.7 

N1ii—Co1—N1 179.995 C5—C4—H41 118.0 

N2ii—Co1—N1 89.4 (8) C4—C5—C6 112.18 (14) 

O1ii—Co1—N1 92.7 (4) C4—C5—H51 110.9 

N1ii—Co1—N2 89.4 (4) C6—C5—H51 108.7 

N2ii—Co1—N2 179.995 C4—C5—H52 108.2 

O1ii—Co1—N2 88.9 (6) C6—C5—H52 107.0 

N1—Co1—N2 90.57 (6) H51—C5—H52 109.8 

N1ii—Co1—O1 92.7 (8) C5—C6—N2i 178.3 (2) 

N2ii—Co1—O1 88.9 (3) Co1—O1—H11 119.4 

O1ii—Co1—O1 179.994 Co1—O1—H12 121.0 
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N1—Co1—O1 87.29 (6) H11—O1—H12 105.0 

N2—Co1—O1 91.15 (6) F1—B1—F2 109.0 (6) 

Co1—N1—C1 173.92 (16) F1—B1—F3 105.3 (7) 

Co1—N2—C6i 166.34 (18) F2—B1—F3 109.1 (7) 

N1—C1—C2 179.5 (2) F1—B1—F4 108.3 (6) 

C1—C2—C3 113.2 (2) F2—B1—F4 115.9 (6) 

C1—C2—H21 108.5 F3—B1—F4 108.7 (6) 

C3—C2—H21 109.3 F1—B1—F21 105.8 (6) 

C1—C2—H22 108.7 F1—B1—F31 115.0 (6) 

C3—C2—H22 109.9 F21—B1—F31 109.8 (7) 

H21—C2—H22 107.0 F1—B1—F41 108.4 (6) 

C2—C3—C4 125.87 (19) F21—B1—F41 106.8 (6) 

C2—C3—H31 115.5 F31—B1—F41 110.7 (8) 

Symmetry codes: (i) −x+1, −y+1, −z+1; (ii) −x, −y+2, −z+1. 

 

 

 

 

Table 5 - 5. Hydrogen-bond geometry (Å, º) for Crystal structure of catena-poly[[[diaquacobalt(II)]-bis(μ-hex- 3-

enedinitrile-κ2N:N′)] bis(tetrafluoridoborate)]. 

D—H···A D—H H···A D···A D—H···A 

C2—H22···O1iii 0.97 2.52 3.348 (3) 143 (1) 

O1—H12···F1iv 0.83 1.89 2.72 (2) 175 (1) 

O1—H11···F2iii 0.82 1.87 2.669 (13) 163 (1) 

Symmetry codes: (iii) −x+1, −y+2, −z+1; (iv) x−1, y+1, z. 
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CHAPTER 6 - Crystal structure of barium perchlorate anhydrate, Ba(ClO4)2, 

from laboratory X-ray powder data 

INTRODUCTION 

The previously unknown crystal structure of barium perchlorate anhydrate, determined and refined from 

laboratory X-ray powder diffraction data, represents a new structure type. The title compound was obtained by 

heating hydrated barium perchlorate [Ba(ClO4)2
. xH2O] at 423 K in vacuo for 6 h. It crystallizes in the 

orthorhombic space group Fddd. The asymmetric unit contains one Ba (site symmetry 222 on special position 8a), 

one Cl (site symmetry 2 on special position 16f) and two O sites (on general positions 32h). The structure can be 

described as a three-dimensional polyhedral network resulting from the corner- and edge-sharing of BaO
12 

polyhedra and ClO
4 tetrahedra. Each BaO

12 polyhedron shares corners with eight ClO
4 tetrahedra, and edges with 

two ClO
4 tetrahedra. Each ClO

4 tetrahedron shares corners with four BaO
12 polyhedra, and an edge with the other 

BaO
12 polyhedron.  

EXPERIMENTAL 

The alkaline earth metal ions (Mg, Ca, Sr and Ba) have been of increasing interest as ion carriers for post 

Li ion batteries (Wang et al., 2013), and their perchlorates are often used as conventional organic electrolyte salts 

for electrochemical cells such as magnesium (Amatucci et al., 2001; Levi et al., 2010) and calcium ion batteries 

(Padigi et al., 2015). Since such salts adsorb water easily from the atmosphere and the water causes unwanted side 

reactions in the electrochemical cells, removing water from the salts and its confirmation before use would be 

very important. However, due to the difficulty in growing a single crystal of such anhydrous perchlorates, no 

crystal structure had ever been solved before we first identified the magnesium perchlorate structure from powder 

X-ray diffraction data (Lim et al., 2011). Barium perchlorate is a very strong oxidizing agent due to the high 

oxidation state of chlorine VII, and it is commonly stabilized as hydrate forms in the atmosphere. Several different 

forms of the hydrates are expected to exist, as observed in the magnesium analogues (Robertson & Bish, 2010; 

West, 1935). The crystal structure of the trihydrate form was determined from single-crystal data (Gallucci & 

Gerkin, 1988), but the anhydrous form, Ba(ClO
4
)

2
, has not been reported to date. We present here its crystal 

structure, as determined and refined from laboratory powder X-ray diffraction data (Figure. 6-1). This is the 

second crystal structure reported among the anhydrate alkaline earth metal perchlorates. 
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Figure 6 - 1. X-ray Rietveld refinement profiles for Ba(ClO4)2 recorded at room temperature. Crosses mark 

experimental points (red) and the solid line is the calculated profile (green). The bottom trace shows the difference 

curve (purple) and the ticks denote expected peak positions. 
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Table 6 - 1. Crystal data, Data collection, Refinement for Crystal structure of barium perchlorate anhydrate, 

Ba(ClO4)2, from laboratory X-ray powder data. 

Crystal data 

Chemical formula 2(ClO4)·Ba  

Mr 336.23 

Crystal system, space group Orthorhombic, Fddd 

Temperature (K) 298 

a, b, c (Å) 14.304 (9), 11.688 (7), 7.2857 (4) 

V (Å3) 1218.1 (11) 

Z 8  

Radiation type Cu Kα1, λ = 1.54059 Å 

Specimen shape, size (mm) Flat sheet, 20 × 20 

 

Data collection 

Diffractometer PANalytical Empyrean  

diffractometer  

Specimen mounting Packed powder  

Data collection mode Reflection  

Scan method Step  

2θ values (°) 2θmin = 14.99 2θmax = 129.96 2θstep = 0.03 

 

Refinement 

R factors and goodness of fit Rp = 0.041, Rwp = 0.060, Rexp = 0.045, R(F2) = 0.05733, χ2 = 1.769 

No. of data points 4423 

No. of parameters 25 

Computer programs: X'Pert Data Collector (PANalytial, 2011), GSAS (Larson & Von Dreele, 2000), X'Pert 

HighScore Plus (PANalytical, 2011), SHELXS97 (Sheldrick, 2008) and CRYSTALS (Betteridge et al., 2003), 

ATOMS (Dowty, 2000). 
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Table 6 - 2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

Crystal structure of barium perchlorate anhydrate, Ba(ClO4)2, from laboratory X-ray powder data. 

 x y z Uiso*/Ueq 

Ba1 0.125 0.125 0.125 0.0139 (2)* 

Cl1 0.125 0.42875 (18) 0.125 0.0160 (7)* 

O1 0.0471 (3) 0.3533 (3) 0.1575 (5) 0.0162 (11)* 

O2 0.1412 (3) 0.5016 (4) 0.2807 (4) 0.0170 (12)* 

 

Table 6 - 3. Geometric parameters (Å, º) for Crystal structure of barium perchlorate anhydrate, Ba(ClO4)2, from 

laboratory X-ray powder data. 

Ba1—O1 2.901 (4) Ba1—O2viii 2.903 (4) 

Ba1—O1i 2.939 (4) Ba1—O2ix 2.903 (4) 

Ba1—O1ii 2.939 (4) Ba1—O2x 2.903 (4) 

Ba1—O1iii 2.939 (4) Ba1—O2xi 2.903 (4) 

Ba1—O1iv 2.939 (4) Cl1—O1 1.441 (4) 

Ba1—O1v 2.901 (4) Cl1—O1vii 1.441 (4) 

Ba1—O1vi 2.901 (4) Cl1—O2 1.437 (4) 

Ba1—O1vii 2.901 (4) Cl1—O2vii 1.437 (4) 

O1—Ba1—O1i 110.93 (10) O1i—Ba1—O2ix 110.87 (10) 

O1—Ba1—O1ii 78.56 (7) O1i—Ba1—O2x 125.15 (10) 

O1—Ba1—O1iii 106.64 (7) O1i—Ba1—O2xi 63.76 (10) 

O1—Ba1—O1iv 63.56 (12) O1vi—Ba1—O1vii 134.82 (15) 

O1—Ba1—O1v 134.82 (15) O2xii—Ba1—O2ix 170.85 (15) 

O1—Ba1—O1vi 170.64 (14) O2viii—Ba1—O2x 120.42 (15) 

O1—Ba1—O1vii 46.25 (15) O2viii—Ba1—O2xi 60.43 (15) 

O1—Ba1—O2viii 60.21 (10) O1—Cl1—O1vii 104.5 (3) 

O1—Ba1—O2ix 123.92 (10) O1—Cl1—O2 110.96 (19) 

O1—Ba1—O2x 65.35 (10) O1—Cl1—O2vii 111.6 (2) 

O1—Ba1—O2xi 110.84 (10) O2—Cl1—O2vii 107.3 (3) 

O1i—Ba1—O1ii 170.09 (14) Ba1—O1—Ba1xiii 116.44 (12) 

O1i—Ba1—O1iii 66.21 (14) Ba1—O1—Cl1 104.6 (2) 

O1i—Ba1—O1iv 114.73 (14) Ba1xiii—O1—Cl1 133.1 (2) 

O1i—Ba1—O2viii 60.66 (10) Ba1viii—O2—Cl1 164.5 (2) 

Symmetry codes: (i) x+1/4, y−1/4, −z+1/2; (ii) −x, y−1/4, z−1/4; (iii) x+1/4, −y+1/2, z−1/4; (iv) −x, −y+1/2, 

−z+1/2; (v) x, −y+1/4, −z+1/4; (vi) −x+1/4, −y+1/4, z; (vii) −x+1/4, y, −z+1/4; (viii) x, −y+3/4, −z+3/4; (ix) x, 

y−1/2, z−1/2; (x) −x+1/4, −y+3/4, z−1/2; (xi) −x+1/4, y−1/2, −z+3/4; (xii) x, −y+7/4, −z+11/4; (xiii) −x, y+1/4, 

z+1/4. 
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Figure 6 - 2. The unit cell structures for Ba(ClO4)2 with (ClO4) tetrahedra (yellow) and Ba atoms (green), showing 

(a) the [010] view and (b) the [001] view. 
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RESULTS & DISCUSSIONS 

Anhydrous Ba(ClO4)2 crystallizes in a new structure type in terms of atomic ratios (1:2:8) and its 

polyhedral networks is, to our knowledge, unique. The asymmetric unit contains one Ba (site symmetry 222 on 

special position 8a), one Cl (site symmetry 2 on special position 16f) and two O sites (on general positions 32h). 

The crystal structure is illustrated in Figure 6-2, where two different views along [010] and [001] are presented 

for better visualization. The crystal structure is represented with ClO4 tetrahedra and Ba atoms in Figure 6-2(a) 

and Figure 6-2(b). The local environment around the Ba atom is presented in Figure 6-3. It is clearly seen that 

there are chains of [(ClO4)-Ba-(ClO4)] parallel to b -axis direction. Along the chain, the barium atom is placed 

between the two ClO4 tetrahedra, bonded to two oxygen atoms at each tetrahedron. The [010] view in Figure 6-

2(a) clearly shows the two dimensional arrangement of the chains. The chains are interconnected through Ba–O 

bonds. Each chain is surrounded by six neighboring ones that are shifted parallel to b-axis in such a way that a 

barium atom of the central chain is connected to oxygen atoms of eight ClO4 tetrahedra of six neighboring chains. 

Four tetrahedra are from four chains, one from each. The other four tetrahedra are from two other chains, two 

from each. The structure may also be described as a three-dimensional polyhedral network resulting from the 

corner- and edge-sharing of BaO12 polyhedra and ClO4 tetrahedra. Each BaO12 polyhedron shares corners with 

eight ClO4 tetrahedra, and edges with two ClO4 tetrahedra. Each ClO4 tetrahedron shares corners with four BaO12 

polyhedra, and an edge with the other BaO12 polyhedron. The oxygen atoms in a ClO4 tetrahedron consist of two 

O1 and two O2 ones. O1 is bonded to three atoms, one Cl and two Ba atoms, forming an almost planar 

environment. On the other hand, O2 is bonded to only two atoms, Cl and Ba. Selected bond lengths are given in 

Table 6-1. 

It is interesting to see the significant difference in crystal structures between Ba(ClO4)2 and Mg(ClO4)2 due 

to the difference in the cation radii, 1.61 Å for Ba2+ and 0.72 Å for Mg2+ (Shannon, 1976). The much bigger cation, 

Ba2+, is coordinated by eight ClO4 tetrahedra, while the magnesium is coordinated by only six. Accordingly, the 

repulsion between two cations of Ba2+–Cl7+ must be much weaker than that of the magnesium compound since 

the interatomic Ba–Cl distances of 3.55-4.06Å are much longer than that (3.3 Å) of Mg–Cl for the same charges. 

This might be why magnesium perchlorate is more highly reactive with water when exposed to the atmosphere. 

The empirical expression for bond valence, which has been widely adopted to estimate valences in inorganic 

solids (Brown, 2002), was used to check the Ba(ClO4)2 crystal structure. The bond-valence sums (Brown & 

Altermatt, 1985; Brese & O'Keeffe, 1991) calculated with the program Valence (Hormillosa et al., 1993) [given 
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in v. u. (valence unit s): Ba 2.20, Cl 6.89, O1 2.04 and O2 1.73] match the expected charges of the ions reasonably 

well. 

 The anhydrous form of barium perchlorate was prepared by dehydration from Ba(ClO4)2
. xH2O (97%, 

Aldrich). The powder was thoroughly ground in an agate mortar and placed at the bottom of a fused-silica tube 

with the other end sealed with a rubber septum. The tube was inserted into a box furnace through a hole on top of 

the furnace so that the bottom of the tube was at the center of the furnace inside, and the other end outside 

connected to a vacuum pump through a needle stuck into the septum. It was heated at a rate of 4K/min up to 423K 

for 6 hours under continuous vacuum. After furnace cooling, powder sampling for X-ray measurement was 

processed in an Ar atmosphere glove-box, and a tightly sealed dome type X-ray sample holder commercially 

available from Bruker was used to prevent hydration during measurement. 
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Figure 6 - 3. The local environment of the Ba2+ cation (green sphere) surrounded by (ClO4) tetrahedra (yellow). 

[Symmetry codes: (i) x + 1/4, y - 1/4, -z + 1/2; (ii) -x, y - 1/4, z - 1/4; (iii) x+1/4, -y+1/2, z – 1/4; (iv) -x, -y + 1/2, 

-z + 1/2; (v) x, -y + 1/4, -z + 1/4; (vi) -x + 1/4, -y + 1/4, z; (vii) -x + 1/4, y, -z + 1/4; (viii) x, -y + 3/4, -z + 3/4; (ix) 

x ,y - 1/2, z – 1/2; (x) -x + 1/4, -y + 3/4, z - 1/2; (xi) -x +1/4, y - 1/2, -z + 3/4.]. 
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REFINEMENT DETAILS 

 The powder X-ray diffraction (XRD) data were collected at room temperature on a Bragg-Brentano 

diffractometer (PANalytical Empyrean) with a Cu Kα1 X-ray tube, a focusing primary Ge (111) monochromator 

(λ=1.54059 Å), and a position sensitive PIXcel 3D 2x2 detector, the angular range of 15° ≤ 2θ ≤ 130°, step 0.0260 

and total measurement time of 13 h at room temperature. The structure determination from the powder XRD data 

was performed using a combination of the powder profile refinement program GSAS (Larson & Von Dreele, 2000) 

and the single-crystal structure refinement program CRYSTALS (Betteridge et al., 2003). For a three-dimensional 

view of the Fourier density maps, MCE was used (Rohlíček & Hušák, 2007). The XRD pattern was indexed using 

the program TREOR90 (Werner, 1990) run in CRYSFIRE (Shirley, 2002) via the positions of 20 diffraction peaks, 

resulting in an orthorhombic unit cell. The systematic absences suggested a space group Fddd. The structure 

determination was performed in the same way as in our previous work (Lee & Hong, 2008) where the details were 

described. At the beginning, a structural model with only a dummy atom at an arbitrary position in the unit cell 

was used. Structure factors were extracted from the powder data, then direct methods were used for the initial 

solution of the structure using SHELXS97(Sheldrick, 2008) run in CRYSTALS, which yielded a couple of atom 

positions. However, not all the atoms could be identified at once. The partial model at this stage replaced the initial 

dummy-atom model, and was used for a LeBail fit in GSAS. Then, improved structure factors were extracted, 

which were used for the improved data in the refinement in CRYSTALS. These processes were iterated until a 

complete and satisfactory structural model was obtained. Finally, Rietveld refinement was employed to complete 

the structure determination, resulting with reasonable temperature factors and an Rwp factor of 0.06. 
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Summary in Korean 

X-ray분광학과 핵자기 공명학 (Nuclear Magnetic Resonance Spectroscopy)의 비약적인 발달로 인하

여 해마다 수 많은 단백질 구조 및 무기 물질의 3차원 구조가 밝혀 지고 있다. 특히 무기 화합물

에서의 성분 분석이나 정량 분석에서는 X-ray 회절을 꼭 사용 해야 한다. X-ray 회절 방법에는 

Single Crystal 과 Powder XRD가 있는데, 그 중 Post LIB system에 cathode 전극에 변화를 관측 할 수 

있는 도구는 Powder XRD 뿐이다. Powder XRD기술은 Single Crystal과 달리 시료 로부터 얻는 정보

가 매우 부족하여 기 알고 있는 무기 구조의 아주 소량의 변화만을 Rietveld refinement로 분석 할 

수 있다. 본 연구에서는 마치 Single Crystal 구조를 얻는 것과 같은 분말 구조 규명 및 해석 방법

을 구축하여, 산화/환원 하는 무기 물질의 전후 과정 및 완전히 구조가 변형되는 모습을 관측 하

였다. 총 4개 연구 테마 중, 5, 6chapters는 무기 구조 결정(Single & Powder)에 방법으로 기술 하였고, 

3, 4chapters에서는 이 강력한 기술을 이용하여 미래에 한 층 더 요구 되는 에너지 변환 시스템의 

일종으로 활약 할 수 있는 LIB, MIB cathode 후보군인 LiMo4O6, V2O5에 대하여 연구 하였다. 

첫 번째와 두 번째 연구는, 위의 무기 구조 결정 방법을 이용하여 LIB, Post LIB system에 대하

여 응용한 것이다. 그 첫 번째로 Chevrel like oxide인 InMo4O6를 ionic exchange방법을 이용하여 합성 

하였고, 이를 LIB system에 적용하여 구조의 변화를 연구 한 것 이다. 합성 확인을 위하여 Rietveld 

refinement를 이용 하였고, Li ion intercalation 전후에 대한 Lattice parameters 변화를 추정 할 수 있었

다. 두 번째 연구는 최근 Post LIB로 각광 받는 Mg ion battery 에 대하여 V2O5를 cathode전극으로 

하는 시스템에 대해 살펴본 것이다. 전위 원소인 Vanadium은 산화, 환원 전위가 넓으며, 산소를 

갖고 있어 기본적인 OCV높은 몰질 중에 하나 이다. 이런 이유로 많은 연구자들이 이 물질을 기

반으로 MIB, NIB, CIB등 여러 연구를 해오고 있다. 본 연구에서 유기 용매를 사용 하였고, 여기에 
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2M의 물 분자를 더해 Post LIB로서의 가능성 및 intercalation/deintercalation에 대하여 연구 한 것이

다. Mg ion intercalation후 space group은 Pmmn에서 P21212로 변형 되었고, b 축으로 3배만큼 증가된 

구조를 나타냈다. 

세 번째 연구에서는 LiBF4 salt가 코발트 화합물과 이루는 Single crystal 구조에 대해여 Dynamic 

disorder를 가지고 명확하게 규명하였다. 코발트 원소는 octahedral coordination을 가지고 있으며, 

inversion center에 위치 하고 있다. 2개의 물 분자는 코발트 중심 원소의 위, 아래도 결합 되어 있으

며, cyano 질소 원자는 코발트원자를 중심으로 평면 4고리 모양으로 2차원 결합을 하고 있다. BF4- 

counter-anion은 두 그룹으로 disorder를 나태 내고 있으며, 그 곳의 occupancy ratio = 0.512(19) : 

0.489(19)이다. 2차원 적으로 뻗어 나가는  사슬 사이에 BF4
-가 존재 하여 코발트 원자와 결합하는 

물분자 H와의 결합도 이끌어 내어 전체적으로 3차원 구조를 이루게 된다. 

네 번째 연구는 무수 화합물인 Barium perchorate의 구조를 분말 XRD로 규명한 것이다. TG를 

이용하여 물이 증발 되는 온도를 423K 에서 확인하였다. 진공 펌프와 furnace를 이용하여 6시간 

동안 무수 화합물을 만들었다. 그 후 air-protect dome을 이용 Ka1 XRD로 data를 얻은 후,  Ab intio 

을 이용하여 Lattice parameters를 결정 하였다. Space group은 Fddd 이며, Asymmetric unit은 각각 1개

의 Barium, Chlorine, 2개의 Oxygen으로 이뤄져 있다. Barium의 site symmetry는 222이며 8a special 

position을 갖는다. Chlorine의 site symmetry는 2이며, 16f special position이다. 2개의 Oxygen은 32f 라는 

general position에 위치 한다. GSAG와 Crystals를 이용하여 최종 무수 Barium perchlorate 구조를 확정 

짓는다.  

핵심어 : 분말 엑스레이, 싱글 크리스탈, 바나디윰 옥사이드, 몰리 클러스터, 차세대 전지 



 
82 

Appendix 

 

 

 



 
83 

 

 

 

 



 
84 

 

 

 

 



 
85 

 

 

 

 



 
86 

 

 

 

 



 
87 

 

 

 

 



 
88 

 

 

 

 



 
89 

 

 

 

 



 
90 

 

 

 

 

S1 

 

 

 

 

 

Supporting Information 

 

Electrochemical Zinc Ion Intercalation Properties and Crystal 

Structures of ZnMo6S8 and Zn2Mo6S8 Chevrel Phases in 

Aqueous Electrolytes 

Munseok S. Chae,a Jongwook W. Heo,a Sung-Chul Lima and Seung-Tae Hong*a 

 

 

a: Department of Energy Systems Engineering, DGIST, Daegu 42988, South Korea. 

*Corresponding author: st.hong@dgist.ac.kr 

 

  



 
91 

 

 

 

 



 
92 

 

 

 

 



 
93 

 

 

 

 



 
94 

 

 

 

 



 
95 

 

 

 

 



 
96 

 

 

 

 

S7 

 

 

 

Figure S4. The 6 × (Zn/Mo) atomic ratios obtained from HR FE-SEM EDX elemental 

analyses of three different points on each sample of the electrochemically prepared Mo6S8, 

ZnMo6S8, and Zn2Mo6S8 electrodes. 

 

 

 

 

Figure S5. The HR FE-SEM image of (a) Mo6S8 electrode and (b) electrochemically zinc 

inserted Zn2Mo6S8 electrode. 
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