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ABSTACT 

The necessity of large-scale energy storage systems (ESS) have become vigorously issued in 

energy conversion research field. Especially, rechargeable sodium ion batteries have the benefits of 

low material cost and earth abundant. However, since the size of Na+ ion is larger than the Li+ ion 

does, it is challenge to find host materials with large enough interstitial site. In effort to overcome this 

challenge, we approach of searching for wide tunnel structure with controlling the size of materials. 

Submicron sized crystalline Diiron(III) Tetravanadate(V), Fe2V4O13, is prepared by the liquid 

precipitation synthesis technique and characterized by X-ray diffraction (XRD), Rietveld refinement, 

and scanning electron microscope (SEM). It was found that Fe2V4O13 has the monoclinic system 

which has ellipse shape like fairly large tunnel, compare to other cathode host materials. Although 

many other cathode battery storage systems have been researched such as sodium ion batteries, 

lithium ion batteries, or several multivalent ion batteries, studies on the Fe2V4O13 is insufficient. Herein, 

by using the Fe2V4O13 as a host material for Na-ion batteries, the X-ray diffraction pattern changes of 

NaxFe2V4O13 (0≤x≤ 1.0)  upon insertion/extraction of Na-ion into/from host-framework analyzed 

through using ex-situ powder X-ray diffraction. 
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1. Introduction 

1.1 The ubiquitous issue: Developing energy storage system (ESS) 

The role energy storage system has taken center stage of our everyday lives. Without thinking of 

energy storing in the certain system, portable electronic devices or electrical vehicle would be 

untouchable technology to achieve for our demands, thus, it is quite clear that providing steady 

energy source will be inevitable fact that people cannot deny. Although the earth’s natural resources 

have enough coal for the manufacture the electrical energy source for more than 100 years, it is 

definite to convince ourselves that those resources are limited1). Regarding these facts, ingenious 

technology that can convert minimum amount of natural resources to useful energy is significant. For 

instance, battery storage system has the ability to store chemical energy in a sense thermodynamic 

theory then can deliver electrical energy through the certain circuit system which helps to supply the 

energy to device2). The evolution of ESS dramatically has been changed. Meanwhile, its trend also 

drastically developed until lithium ion battery system had reported to the world (Figure 1). The 

concept of Li-ion battery system consists of a graphite negative electrode (anode), organic liquid 

electrolyte, a positive electrode (cathode), and a separator. This simple idea was the evolution for 

future science and technology, moreover, it also contributed to industry field swiftly3)
. Several 

achievements have been researched in order to overcome current limitation of storage system for 

electrodes4) (Table 1). Therefore, necessity of research on discovering novel battery material with low-

cost, safe, stability, supplying consist voltage, and capacity has been becoming great interest in this 

field even if it can be difficult to ascertain the facts. 
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 Figure 1. Evolution of battery chemistry mechanism over the years4) 

 

           

Figure 2. Brief schematic diagram that shows mechanism of lithium ion3) 
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Table 1. The classification of several battery types4) 
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1.2 A pioneer discover for ESS: Rechargeable battery system 

Over two decades, rechargeable lithium-ion batteries (LIBs) have been the most successful and 

become as main source of battery mechanism. The characteristics of lithium itself are quite attractive 

to anyone in this field. High voltage, high energy density, low self-discharge rate, and wide 

temperature range of operation5)
. Sony company commercialized LIBs first in 1991 which has low 

molecular weight, redox potential (-3.04V vs SHE) and low ionic radius. The unique property of lithium 

can be chosen as electrochemical source because these can achieve high energy density in 

batteries6). Conventionally, due to the severe problems of lithium dendrite formation on the lithium 

metal surface when it used for anode material, it is now obvious that LiCoO2 is main material for 

cathode material and layered structure of graphite is for anode material5),7)
. Unlike Li metal, graphite 

does not contain Li source, thus the cathode side becomes as main sources to operate Li-ion 

batteries. The role of separator is also necessary for battery system since contact between cathode 

and anode occur electrical short, therefore, those two materials must not physically touch each other 

for safety issue. Moreover, it keeps a Simply Li-ion battery system is charge and discharge process 

which in other word, Li-ion moves anode side to cathode side and vice versa (Figure 2). Electrolyte 

can make Li-ion pathway move between cathode and anode and it penetrates through the nano-sized 

porosity structure separator, where located between positive and negative electrode. Several 

challenges were researched to overcome the performance of LiCoO2 such as spinel structure LiM2O4, 

layered structure LiMO2 (M = transitional metal), or Olivine structure LiFePO4
8)

. Other than these 

conventional electrode materials, changing basis of settled Li-ion battery system would be one of the 

possible solution for next generation energy storage system. For instance, aqueous type system, 

lithium-air type system, lithium-sulfur type system, or multivalent-ion type system have reported to 

accomplish for better energy density or to reduce the problems on current battery systems (Figure 3). 

Although many researchers in battery field tried to develop alternative energy source that can replace 

LiCoO2, it is quite crucial to step forward and commercialize next generation battery system. Thus, 

keeping same basis of commercialized battery concept and converting Li-ion to Na-ion could be one 

of the fastest solutions to overcome limitations. 
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Figure 3. Energy density comparison of different energy storage systems9) 
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1.3 Alternative energy source: Sodium-ion batteries 

Sodium ion batteries (SIBs) have recently received enormous attention as alternatives to lithium ion 

batteries. Not only sodium abundant globally but it is also easy to recover and at a fraction of the cost 

of lithium metal2). It is sure that real application of electric energy storage highly related to cost and the 

price of lithium should be considered. By using advantages of low cost and earth abundant resources, 

SIBs have been great deal of attention for large scale electric energy storage. Such low cost batteries 

would be very attractive for grid storage, where the weight (sodium ion has 23g/mol while lithium ion 

has 6.9g/mol) and size are not crucial factors (Table 2). Meaning that application to electric vehicles 

could be feasible to compete with LIBs10)
. These systems integrate varying energy source and society. 

In addition to that sodium has similar property to lithium since they both are positioned at the same 

group of periodic table. To achieve successful electric energy storage system, the battery technology 

is the most important and is face to challenge on cost, energy density and long cycle life. Although 

limitation of LIBs have denoted previously, it is obviously hard to seek for the solution. Hoping that 

SIBs give better energy density but in reality it is not true compare to analogous LIBs, due to the 

heavier sodium-ion and the cathodes of SIBs will operate at lower voltage than their Li counterparts. 

On top of this fact redox potential of sodium metal is -2.71V vs SHE whereas redox potential of lithium 

metal is -3.04V vs SHE. Other different fact compare to LIBs is that sodium ion cannot intercalate into 

conventional graphite anode material that is actually using for LIBs system. 

Cost effectiveness could be the major advantage for sodium indeed. The main resources, which is 

sodium carbonate, is about 150$/ton while lithium is about ~5000$/ton11)
.
 With clear fact, it is possible 

to assume that SIBs might mitigate the economic issues that LIBs always concern. Cedar et al. there 

was a computational study which was about comparison between lithium ion and sodium ion on 

voltage, stability and diffusion barrier respectively and concluded that SIBs system has enough 

potential to compete with LIBs system12). 

In a large scale and current perspective toward battery industry, there is almost no benefit that 

uptake the performance of LIBs. However, if the performance characteristic of SIBs settle down with 

concrete mechanism, it is clear that there would be massive potential to develop more on sodium ion 

based energy storage system. 
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Table 2. Difference between sodium and lithium characteristics2) 
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1.4 Theoretical background 

 1.4.1 Electrolyte 

Electrolyte is one of the major components of SIBs which affect quite large portion in 

electrochemical performance. Since SIBs has similar system with LIBs, rocking chair system based 

battery should also concern about optimization of sodium ion contained salt and solvent. 

Among the many different kinds of salt, the recommended material would be NaPF6, NaClO4, and 

NaBF4. For the solvents, linear carbonate group of ethylene carbonate (EC) and propylene carbonate 

(PC), or acetonitrile (AN) that has high solubility, are well known due to its great stability13-14).  

Selecting salt and solvent is quite complex. Sodium ion migration is closely related to ionic 

conductivity which controls the how fast ion can move through the electrolyte. In addition to that the 

key facts that affect ionic conductivity are viscosity and dielectric constant of solvent. Therefore, the 

combination of both salt and solvent may affect to electrochemical performance. 

 

1.4.2 Solid electrolyte interphase (SEI) layer 

Solid electrolyte interphase (SEI) is a minor decomposition of the electrolyte at the surface of the 

electrode. The decomposed electrolyte pile up on the electrode and act as interphase layer which 

inhibit to contact electrolyte with pristine electrode, in other word, it consequently forms passivation 

layer. Moreover, it widens the range of highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular (LUMO) level of each cathode and anode material. It helps to prevent from 

several side effects and major electrolyte decomposition issue15). Same as LIBs system, making 

suitable SEI layer and designing SEI layer are key facts in SIBs that is highly related to 

electrochemical performance.  
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1.5 Important studies have been achieved on electrode material for SIBs 

1.5.1 Positive sodium ion electrode materials 

Along with LIBs research, Na battery material has been also researched practically. Many 

researchers have mentioned a few merits of SIBs but due to the result of LIBs performance turned 

them into focus on higher potential, lower mass, and higher energy density. Thus, these attractive 

facts made battery field away from sodium in between 1970s to 1980s16-17). However, since the 

sodium ion intercalation mechanism is similar to lithium ion, researchers, who thought that sodium ion 

also has a potential to overcome low voltage or low energy density issue, have been studied to 

develop novel sodium contained cathode material for SIBs (Figure 4). 

 Figure 4. Several candidates for sodium based ion battery electrode16) 
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1.5.1.1 Layered structure base 

Na0.44MnO2 

Figure 5. Structure of Na0.44MnO2 which shows layered type structure (perpendicular to the ab plane2) 
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1.5.1.2 NASICON-type material 

Na3V2(PO4)2F3 

 

Figure 6. NASICON-type structure of Na3V2(PO4)2F3 (along the a direction)2). 
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1.5.1.3 Olivine type structure base 

NaFePO4 

 Figure 7. Olivine-type with several iso-structure of (a) maricite NaFePO4, (b) olivine LiFePO4, and   

(c)olivine NaFePO4
2). 
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1.5.1.4 Sodium vanadium fluorophosphates base 

Na1.5VOPO4F0.5 

Figure 8. Vanadium fluorophosphates base structure of Na1.5VOPO4F0.5
2). 
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1.6 1-Dimensional structure of Fe2V4O13 

In this research criterion, in order to discover the novel electrode material, different cathode 

candidate composition for SIBs has been researched. The one of the trend of developing battery 

material field has been come up with vanadium based material. The advantage of vanadium oxide 

material is its oxidation state goes V3+/V5+ which indicate that more than one ion can be intercalated in 

to host material. Several vanadium oxides material which has been researched for LIBs electrode 

material with attractive high specific capacity, however, its chronic vanadium dissolution problem 

causes poor capacity retention18-22). To overcome the low cycle performance, we investigated whether 

or not the sodium ion can intercalate into vanadium based LiVPO4F, epsilon-LiVOPO4, NiV3O8, 

Cu2.33V4O11, Fe2V4O13, FeVMoO7, and etc. Among these materials, Fe2V4O13 was selected for specific 

investigation since it has wide and enough interstitial sites with one dimensional (1-D) channel for 

extra ion (Figure 9). Richard et al. performed crystallized Fe2V4O13 for lithium secondary battery 

electrode material and gave the initial capacity of 205 mAh/g at 0.1 C rate23). Šurca et al. crystalline 

Fe2V4O13 film was synthesized through sol-gel method and measured battery performance24). Patoux 

et al. investigated crystalline Fe2V4O13 with carbon black as conductive additive and it showed good 

electrochemical behavior with voltage range of 2.0-3.6V vs. Li+/Li23). Having inspiration of LIBs 

electrode application, Fe2V4O13 is the promised cathode composition to meet our research 

achievement that applicable to SIBs system.  

In this paper, Fe2V4O13 was well performed for electrochemically insertion/extraction of sodium ion. 

Crystalline Fe2V4O13 was successfully synthesized by the precipitation synthesis method and 

investigated firstly as sodium insertion compound, which gave optimistic result of the electrochemical 

performance. Herein, we investigated the structural changes when the sodium intercalation 

mechanism and inserted in to iron(III)-vanadium(V) complex oxide in the voltage range of -0.25 to 

0.6V vs. activated carbon. Moreover, we confirmed that in the structural point of view Fe2V4O13, the 

oxidation state of iron remains as it is and showed no electrochemical active, whereas, vanadium 

showed change in oxidation state. This reaction occur in a one-phase reaction with a reversible 

V4+/V5+ redox reaction and has small volumetric change.  
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Figure 9. Crystal structure of Fe2V4O13 showing the cavity tunnels along a-axis 
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2. Experiments 

2.1 Preparation of submicron size crystalline Fe2V4O13 

2.1.1 Wet chemical process 

According to Zhang et al., the Fe2V4O13 particles were synthesized by precipitation method using 

Fe(NO3)·9H2O (99%+, Acros Organics) and NH4VO3 (99.0%, ACS reagent, Sigma Aldrich) as 

precursors with a stoichiometric ratio (1 : 2)25). Each precursor were weighed and poured into 150 mL 

of distilled (D.I) water separately in order to confirm complete dissolution. After both precursors 

dissolved, both solutions were slowly mixed together to form a precipitation (Figure 10). When the 

solution stirred at 70°C for 24 h, yellow precipitates changed into brown color. In order to fix the size 

of the sample, the pH should be controlled by 3.0. 

2.1.2 Filtration 

After 2 h of stirring, since vacuum aspiration method is not suitable for amorphous precipitates, 

centrifuge procedure required to get the sample without any solution. We used centrifugation 

(LaboGene, 1236r) with conical tube 50ml at a 8000 rpm for 5 min each time. To remove any direct 

cause of contamination, the sample was washed 5 times with D.I water while centrifuging. Washed 

and centrifuged sample was then transferred into oven and dried overnight at 80°C under air condition. 

2.1.3 Amorphous to crystallization: Calcination 

The dried sample was shrank down and agglomerated hardly. To obtain crystallized Fe2V4O13, the 

sample must be treated calcination procedure. Before the calcination, agglomerated sample was 

grinded in mortar to obtain fine powder. Grinded amorphous sample was then transferred into tube 

furnace then heated at 450°C for 2 h under atmosphere condition as a final synthetic step (Figure 10).  
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Figure 10. Schematic illustration of Fe2V4O13 precipitation synthetic procedure. 
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2.2 Physiochemical and electrochemical characterization 

In order to identify particle size and elemental analysis, scanning electron microscope (SEM) and 

energy dispersive X-ray spectroscopy (EDX) measurements were performed with a S-4800 (Hitachi) 

operating at 3kV 10μA and 15kV 10μA, respectively. The X-ray diffraction (XRD) patterns were 

obtained by using a Miniflex 600 (Rigaku) with a Bragg-Brentano type diffractometer equipped with a 

Cu-Kα radiation and graphite monochromator in a two-theta (2θ) range between 5 to 80°, a step size 

of 0.02° and a duration time of 0.5s. Rietveld refinement was done by using general structure analysis 

system (GSAS) program pakage26). Before XRD and SEM measurements, electrochemically tested 

electrodes were washed with pure solvent of unhydrous acetonitrile for many times, followed by being 

dried at room temperature for 10min in a glove box (MBRAUN) filled with argon gas (H2O and O2 < 

0.1ppm). 

 

2.2.1 Electrode preparation with hand-made beaker type cell 

The whole cell system assembled in customized cell system, called beaker type cell. As shown in 

Figure 11 and 12, electrochemical tests were performed with a beaker-type cell constructed with 

working electrode, counter electrode, glass microfiber separator (GF/A, Whatman), and electrolyte of 

1.0M Na(ClO4) (98%, ACS reagent, Sigma Aldrich) in propylene carbonate (PC) (99.5%, SAMCHUN 

CHEMICALS). 
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Figure 11. Detailed illustration of inside of beaker type cell 

 

Figure 12. Schematic design of beaker type cell composite 
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In conventional organic electrolyte system, sodium metal might have side effect under propylene 

carbonate solvent system and some safety issue. This being so, we adopted a concept of sodium ion 

capacitor (SIC) system in order to perform the electrochemical sodium ion intercalation experiments 

with host materials as working electrode in conventional electrolyte systems. An activated carbon with 

high surface area was adopted as the counter electrode instead of sodium metal anode. The SIC 

system enabled to test electrochemical properties of host materials for sodium battery. To improve 

binding between activated carbon particles, activated carbon (DAEJUNG chemicals & materials) and 

polyacrylonitrile (PAN) (Sigma aldrich) were mixed by 50 wt% and 50 wt%, respectively, using ball mill 

(WiseMix® Ball Mill) for maximum 3 days. The activated carbon was pelletized by using P392 

(ENERPAC), mold and die until 2500psi with 1g mixture. A slurry of working electrode was prepared 

by mixing of 80 wt% active materials, 10 wt% Polyvinylidene fluoride (Kureha Co, W#1300) as binder, 

10 wt% carbon black (SuperP, Timcal) and N-methyl-2pyrrolidinone (anhydrous 99.5%, Sigma Aldrich) 

with THINKY mixer (Thinky) at a 2000 rpm for 1 h. The slurry was coated on Al foil by Mini coater 

(Hoshen) with 80 μm thickness and dried at 120˚C oven, followed by roll pressing (Wellcos 

Corporation) and then punched into discs of 1.538cm2. The typical amount of loading per disk was 

typical 1.4-1.7mg. The electrolyte was prepared by dissolving Na(ClO4) in PC. Prepared electrolyte 

was dried with molecular sieve (3Å, Yakuri) for 1 day then removed molecular sieve. The 1.0M 

Na(ClO4) in PC electrolyte contained 17ppm of H2O. All of composites assembled in a glove box 

(MBRAUN) filled with argon gas (H2O and O2 < 0.1ppm) and all of the cell components were dried 

before cell assembly. 
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2.2.2 Electrochemical operational mechanisms of the sodium ion capacitor 

Figure 13 illustrates brief overview of electrochemical charge/discharge. Black dots are the 

predicted sodium ion positions that inserted into the Fe2V4O13 which indicates that first cycle contains 

irreversible capacity. As seen in Figure 14, cell configuration of the SIC was simply depicted. The cell 

shows different operational mechanisms as compared with rocking-chair batteries such as LIBs. The 

designed cell acts as hybrid cell systems of capacitor and battery. When the cell is discharged, 

electron move to working electrode side from counter electrode through electric wire, at the same time, 

sodium ions also move to working electrode side and then intercalate into active material of working 

electrode in order to neutralization. These features represent Faradaic reaction indicating battery 

property. Simultaneously perchlorate ions move to counter side and then they are adsorbed onto 

surface of the activated carbon pellet. This feature corresponds to capacitor indicated by non-

Faradaic reaction. On the other hands when a cell is charged, the reverse reaction occurs. The 

Figure 14 shows charging (Figure 14b) and discharging (Figure 14c) mechanisms in the SIC cell. 

Simple adsorption/desorption mechanisms of activated carbon counter electrode helps to test battery 

performance of half-cell, thus the counter electrode make cell operate normally. Therefore the SIC cell 

type let us experiment electrochemical intercalation/extraction of sodium ions into/from host material 

without any problem.  
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Figure 13. Brief overview of schematic illustration charge/discharge of Fe2V4O13 
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Figure 14. Schematic illustration of SIC cell system. (a) (i) Al foil current collector, (ii) Fe2V4O13 

as working electrode, (iii) 1.0M Na(ClO4) in PC electrolyte, (iv) pelletized activated carbon, (v) Al foil 

line, (vi) electric wire. (b) charge, (c) discharge 
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2.3 Electrochemical characterization 

Electrochemical cell tests were performed with beaker type cells in argon filled glove box. 

Temperature for cell operation was controlled by heating block of HB-R (WiseTherm). Electrochemical 

measurements were carried out by using a VMP3 potentiostat/galvanostat (Biologic Science 

Instruments). The experiment was taken by cyclic voltammetry and constant current to obtain the 

electrochemical properties of cycle performance and c-rate capability. The charge/discharge 

characteristics were tested at room temperature over a voltage range of -0.25 ~ 0.6 V vs. activated 

carbon (A.C) at a constant rate of C/20 which was calculated by theoretical exchange of the one 

sodium ion per host material molecular formula during charge/discharge for 40h. A cyclic voltammetry 

was measured at 0.05mVs-1 scan rate over a voltage range of -0.25 ~ -0.6 V vs. A.C. 
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3. Results and Discussion 

3.1 Morphology and XRD study of Fe2V4O13 

Structural properties of the prepared material were characterized by X-ray diffraction (XRD) and 

electron microscope (SEM). The Figure 15 represents the Rietveld refinement of XRD pattern for 

synthesized Fe2V4O13 powder. Black cross lines and red lines correspond to observed and calculated 

patterns respectively. Blue curve of the bottom shows the difference between observed and calculated 

data, and the small magenta bars indicate the allowed Bragg positions for Fe2V4O13. The hexagonal 

unit cell lattice parameter were found to be a = 8.3088(5) Å , b = 9.3996(5) Å  and c = 14.5720(9) Å . 

Synthesized Fe2V4O13 has the space group of P 21/c with a 1-D structure of vanadium oxide material 

and the framework as shown in Figure 9. The Table 3 represents the results of X-ray diffraction 

Rietveld refinement that are containing crystal system, cell parameters, and cell volume. Atomic 

coordinates and equivalent isotropic thermal parameters are exhibited in Table 4. Interatomic 

distances in Fe2V4O13 at room temperature are represented in Table 5. A Figure 16 shows 

morphology of the synthesized Fe2V4O13 particles. The SEM images represent homogeneously 

crystallized powders. Scale bar of the SEM image is 1, 5, 10, 20 μm. The powders were observed to 

be integrated particles about 400-500 nm. This homogeneous size powder was used as active 

material of working electrode. 
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Figure 15. X-ray diffraction and Rietveld refinement of the synthesized Fe2V4O13 powder 

 

Figure 16. Scanning electron microscopy (SEM) image of as-synthesized Fe2V4O13 powder 
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Table 3. X-ray diffraction Rietveld refinement results of synthesized Fe2V4O13 powder 

Crystal system monoclinic 

Space group P 21/c 

Lattice parameter a = 8.3088 (5) Å  , b = 9.3996 (5) Å   

c = 14.5720(9) Å  

 V = 1358.51 (10) Å 3 
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Table 4. Atomic coordinates and equivalent isotropic thermal parameters of Fe2V4O13 

Atoms x y z Mult Occupancy Uiso 

Fe1 0.9475 -0.0061 0.2612 4 1.0000 0.01250 

Fe2 0.5616 -0.0084 0.2392 4 1.0000 0.01250 

V1 0.4963 0.2973 -0.0632 4 1.0000 0.01250 

V2 0.0814 0.2609 -0.0749 4 1.0000 0.01250 

V3 0.7269 0.2941 0.1701 4 1.0000 0.01250 

V4 0.2189 0.2064 0.1472 4 1.0000 0.01250 

O1 0.1560 0.1461 0.0193 4 1.0000 0.01250 

O2 0.3030 0.3946 -0.0723 4 1.0000 0.01250 

O3 0.6570 0.2691 0.0383 4 1.0000 0.01250 

O4 0.7620 0.1370 0.2151 4 1.0000 0.01250 

O5 0.7710 0.8932 0.2992 4 1.0000 0.01250 

O6 0.5600 0.1487 0.3349 4 1.0000 0.01250 

O7 0.5060 0.8680 0.1292 4 1.0000 0.01250 

O8 0.3650 0.7160 0.3936 4 1.0000 0.01250 

O9 0.9370 0.9040 0.1296 4 1.0000 0.01250 

O10 0.4360 0.1415 0.1817 4 1.0000 0.01250 

O11 -0.0590 0.0884 0.4046 4 1.0000 0.01250 

O12 0.3900 0.8431 0.2602 4 1.0000 0.01250 

O13 0.1030 0.0959 0.2047 4 1.0000 0.01250 
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Table 5. Interatomic distances in Fe2V4O13 at room temperature 

Fe1—O4 2.05 (4) Å  O2—V1 1.83 (4) Å  

Fe1—O5i 1.92 (4) Å  O2—V2 2.22 (4) Å  

Fe1—O9i 2.08 (4) Å  O3—V1 1.79 (3) Å  

Fe1—O11ii 2.28 (3) Å  O3—V3 1.90 (4) Å  

Fe1—O13ii 1.93 (4) Å  O3—O8v 1.16 (4) Å  

Fe2—O4 2.23 (4) Å  O4—Fe1 2.05 (4) Å  

Fe2—O5i 2.00 (4) Å  O4—Fe2 2.23 (4) Å  

Fe2—O6 2.03 (4) Å  O4—V3 1.62 (3) Å  

Fe2—O7i 1.95 (4) Å  O4—O8v 1.86 (5) Å  

Fe2—O10 1.85 (3) Å  O5—Fe1vi 1.92 (4) Å  

Fe2—O12i 2.06 (4) Å  O5—Fe2vi 2.00 (4) Å  

V1—O2 1.83 (4) Å  O5—V4vii 1.92 (3) Å  

V1—O3 1.79 (3) Å  O6—Fe2 2.03 (4) Å  

V1—O6iii 1.75 (4) Å  O6—V1viii 1.75 (4) Å  

V1—O7iv 1.83 (3) Å  O7—Fe2vi 1.95 (4) Å  

V1—O8v 2.61 (4) Å  O7—V1iv 1.83 (3) Å  

V2—O1 1.75 (4) Å  O8—V1vii 2.61 (4) Å  

V2—O2 2.22 (4) Å  O8—V3vii 1.29 (3) Å  

V2—O9iv 1.73 (4) Å  O8—O3vii 1.16 (4) Å  

V2—O11iii 1.82 (4) Å  O8—O4vii 1.86 (5) Å  

V3—O3 1.90 (4) Å  O9—Fe1vi 2.08 (4) Å  

V3—O4 1.62 (3) Å  O9—V2iv 1.73 (4) Å  

V3—O8v 1.29 (3) Å  O10—Fe2 1.85 (3) Å  

V3—O12v 1.62 (4) Å  O10—V4 1.87 (4) Å  

V4—O1 1.91 (4) Å  O11—Fe1ix 2.28 (3) Å  

V4—O5v 1.92 (3) Å  O11—V2viii 1.82 (4) Å  

V4—O10 1.87 (4) Å  O12—Fe2vi 2.06 (4) Å  

V4—O13 1.75 (4) Å  O12—V3vii 1.62 (4) Å  

O1—V2 1.75 (4) Å  O13—Fe1ix 1.93 (4) Å  

O1—V4 1.91 (4) Å  O13—V4 1.75 (4) Å  

Symmetry codes: (i) x, y−1, z; (ii) x+1, y, z; (iii) x, −y+1/2, z−1/2; (iv) −x+1, −y+1, −z; (v) −x+1, 
y−1/2, −z+1/2; (vi) x, y+1, z; (vii) −x+1, y+1/2, −z+1/2; (viii) x, −y+1/2, z+1/2; (ix) x−1, y, z. 
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3.2 Electrochemical properties 

3.2.1 Cyclic voltammetry and galvanostatic cycle profiles 

To confirm electrochemical activity of the prepared sample, the synthesized Fe2V4O13 was tested as 

working electrode for sodium-ion battery. The cyclic voltammetry and galvanostatic cycle are shown in 

Figure 17a and Figure 17b, respectively. As seen in Figure 17, the Fe2V4O13 working electrode 

exhibited normal electrochemical operation which indicate that this novel electrode suitable to our 

customized sodium ion cell system. Each test was performed at scan rate of 0.05mV/s and C/20 rate 

over voltage range of -0.25 ~ 0.6V vs A.C. During the discharge and charge processes, plateaus were 

observed at 0.15V and -0.02V respectively. These plateaus were well matched with both of cyclic 

voltammetry and galvanostatic cycle. Although the electrochemical properties showed optimistic result, 

unfortunately, the capacity was quite low. The theoretical capacity of sodium ion cell was calculated by 

only considering V4+/5+ redox couple. As Figure 17b, after 1 first cycle, it showed good reversible cycle 

and close to theoretical capacity when one electron moved (51.19mAh/g). However, the Fe2V4O13 

represented irreversible capacity (9.21mAh/g) at the first discharge (40.44mAh/g) and then only a 

0.62 of Na-ion intercalate/extraction into host material, consequently gave second discharge capacity 

(31.73mAh/g) at a 0.2C. The capacity fading results may be caused by agglomeration of small 

particles as Figure 16 showed. Whenever discharge and charge reaction occur the on the host 

material, some of the sodium ion cannot be extracted and stuck inside. On top of that poor cycle 

retention may be caused by size of synthesized particle and without any surface treatment of particle 

such as carbon coating. 
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Figure 17. Electrochemical measurement in 1M NaClO4 in PC. (a) cyclic voltammetry (b) 

galvanostatic cycle 
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3.2.2 C-rate performance profiles 

Instead of electrochemical cycle retention test, obtaining rate performance could be more suitable for 

Fe2V4O13 electrode material. Figure 18 shows that the each rate performed at 0.2C, 0.1C, 1C, and 2C. 

As increasing c-rate for discharge/charge, its capacity rapidly decrease due to the kinetic problem of 

the host material and it is quite related to the cycle retention problem as well. 

 Figure 18. Electrochemical measurement of c-rate performance; 0.2C, 0.1C, 1C, and 2C profiles 
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3.2.3 Ex-situ XRD and unit cell parameters 

The structural changes of Fe2V4O13 with sodium ion intercalation/extraction were observed by using 

X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX). The result of Figure 19 

came up based on the first discharge/charge electrochemical profiles. To understand specifically how 

the structure of Fe2V4O13 changes as sodium ion intercalate/extraction reaction happening, ex-situ 

analysis has performed. The first cycle of galvanostatic measurement was divided by 5 steps. Each 

colored circle indicates the state of charge and point of XRD measurement. The black, brown, and 

green circles are raw electrode of XRD result, fully discharged state of electrode (sodium ion 

intercalation), and the fully charged state of electrode (sodium ion extraction), respectively. As seen in 

Figure 19, the XRD patterns represent the Fe2V4O13 pristine electrode (black line), after discharged 

electrode (brown line), and after charged electrode (green line). During reductive process, the cell 

parameter changed in aspect of sodium ion insertion. In contrary, during oxidative process, the peaks 

were changed back to almost similar to original position with following sodium ion extraction. The 

result indicates that the Fe2V4O13 electrode has reversible structural characteristic during cell cycle. 

Sodium ion inserted XRD of NaxFe2V4O13 (brown colored line) represents slight change of the cell 

parameter as some of the peaks are shift back and forth like breathing in and out. Black colored 

dashed lines, which located at the 2 theta degree of 23.6, 24.3, and 29.1, reveal unit cell volume is 

also changing according to intercalation of sodium into Fe2V4O13 (Figure 20). 
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 Figure 19. Structural changes under the first cycle galvanostatic measurement. Glavanostatic cycle 

in 1.0M Na(ClO4) in PC and XRD patterns during the first cycle 

  

Figure 20. Schematic graph of unit cell volume changes under the first cycle galvanostatic result 
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3.2.4 EDX element analysis of Fe2V4O13 

To verify intercalation of sodium ion into Fe2V4O13 electrode, energy dispersive X-ray spectroscopy 

(EDS) on the specific point of discharged state electrode was measured as adjunctive experiments 

shown in Figure 21 and Figure 22. The SEM image of fully discharged state electrode surface is 

composite with conductive carbon and active material (Figure 21). As previously mentioned, it was 

possible to see directly that most of the active materials are agglomerated with each other. 

Fortunately, there was no crystal growth when reduction procedure happened on the electrode 

sample which implies that it can be concluded that there was an only cell parameter change like ex-

situ XRD measurement result. In addition to that the surface of fully discharged electrode was quite 

homogenous. Compare to Figure 22a, the sodium inserted NaxFe2V4O13 sample, sodium elemental 

peak (1.05keV) was observed as shown in Figure 22b. By calculating each element composite ratio, 

evidence of intercalation of sodium ion was reasonable in quite good manner. The carbon peak on 

EDX data represented Super P used as conductive carbon for electrode as Figure 21 showed. Thus, 

the result represents that EDX elemental analysis of sodium is reliable value. As a result, the 

intercalation of sodium ion into Fe2V4O13 host material was also confirmed through EDX elemental 

analysis with XRD measurements. 

 

Figure 21. Energy dispersive X-ray spectroscopy (EDX) measurement of electrode surface 

image. (a) pristine Fe2V4O13 electrode, (b) electrochemically sodium intercalated Fe2V4O13 
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Figure 22. Energy dispersive X-ray spectroscopy (EDX) measurement (a) pristine Fe2V4O13 

electrode, (b) electrochemically sodium intercalated Fe2V4O13 
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Conclusions 

In summary, to test Fe2V4O13 as host material, we performed cyclic voltammetry, galvanostatic 

measurement, x-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive, x-ray, 

and spectroscopy (EDX). The intercalation/extraction of sodium ion into/from Fe2V4O13 was confirmed 

by using XRD exhibiting structural changes. The pattern of XRD after sodium insertion into Fe2V4O13 

represented unit cell and volume expansion and contraction. The existence of intercalated sodium 

was confirmed by EDX. Cyclability and rate performance of the Fe2V4O13 in sodium cell system 

showed severe capacity fading. Nonetheless this electrode gave a result of the poor cycle retention, 

low voltage range, and low capacity, the ultimate bottom line for this discovery is that Fe2V4O13 has 

not been researched for electrochemical sodium intercalation study until this investigation which is 

quite significant. In conclusion, although SIBs still cannot replace the LIBs especially in aspect of 

energy density and power density, this investigation introduces that other than well-known cathode 

material for SIBs field, there are tons of inorganic materials that can be performed as sodium ion host 

material. The presence of the Fe2V4O13, which was first application to SIBs, was meaningful research 

throughout the experiment and letting battery research field to realize that there are broad possibilities 

of enhance the chronic drawback of electrochemical performance for SIBs cathode materials.  
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요 약 문 

 

드론, 휴대폰, 노트북 PC 등 휴대용 전자기기의 경량화 및 고기능화가 진행됨에 따라, 

그 구동용 전원으로서 사용되는 전지의 고용량화, 고에너지 밀도화에 대한 연구가 이루어지고 있

다. 리튬 전지는 기존의 납축전지, 니켈-카드뮴전지, 니켈수소전지, 니켈아연전지 등과 비교하여 

단위 중량당 에너지 밀도가 3배 정도 높고 급속 충전이 가능하기 때문에 상업용으로 많이 사용되

고 있다. 그러나 리튬 전지는 리튬의 높은 반응성으로 인해 안전성에 문제가 있으며, 또한 리튬 

원소는 고가이다. 반면, 나트륨 전지는 리튬 전지와 비교하여 친환경적이고, 가격경쟁력이 우수

하며, 에너지 저장 특성이 높기 때문에 전력 저장용 및 전기자동차용 등 중대형전지 용도로 활발

히 연구되고 있다. 나트륨 전지의 전극 활물질로서 Mn, Fe, Ni, Co, V, Cr 등의 전이 금속을 포함

하는 나트륨 전이 금속 산화물이 사용될 수 있다. 상기 나트륨 전이 금속 산화물은 인산염

(phosphate), 불화인산염(fluorophosphate) 등의 다가 음이온을 포함하는 인산화물에 비해 이론 

용량이 크고 결정 구조 내에 충분한 나트륨 이온의 이동 통로를 확보하고 있다는 구조적 이점이 

있다. 그러나 나트륨 전이 금속 산화물은 충방전시 중심 금속 산화수의 변화에 따른 결정 구조의 

전이에 의하여 전극이 급속히 열화되어 수명 특성이 부진하며, 결정 구조 내에 비활성 나트륨의 

함량이 높아 방전 용량이 부진 하다는 단점이 있다. 따라서 수명 특성 및 방전 용량이 향상된 나

트륨 전지를 제공할 수 있는 전극 활물질 개발이 여전히 요구되어 다양한 활물질을 연구한 결과 

Fe2V4O13에 대한 연구를 진행하였다. 본 연구는 소듐 전지용 전극 활물질, 이의 제조 방법, 이

를 포함하는 전극, 및 상기 전극을 포함하는 소듐 전지에 관한 것으로서, 소듐 이온을 가역적으

로 탈/삽입 시킬 수 있어 소듐 전지용 전극 활물질로 사용될 수 있는가에 관한 것이다. 이 결과

는 cyclic voltammetry, galvatnostatic cycle, x-ray diffraction, electron scanning microscopy, energy 

dispersive x-ray spectroscopy를 통해 얻을 수 있었다. 합성된 Fe2V4O13 물질은 XRD와 GSAS를 

통한 Rietveld refinemnet로 확인했다. 마그네슘 이온의 Fe2V4O13 물질로의 탈/삽입은 XRD, EDX

를 이용해 증명하고 구조가 가역적인 것을 확인하였다. 결과적으로 Fe2V4O13 물질은 이미 연구가 
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되어있는 활물질 보다 전기화학적 특성이 특출 나지 않았다. 비록 방전 용량 및 수명 특성 향상

이 이루어 지지는 않았지만 새로운 소듐 전지용 전극 활물질을 발견했다는 것에 의의를 두고 있

다. 
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