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ABSTRACT

An easy and cost effective method of synthesis of LisFe(CN)g has been reported. The material, as
obtained, has been characterized by UV-VIS, FTIR, powder XRD and SEM-EDX. Cyclic-
voltametry and charge-discharge studies were carried out for electrochemical characterization of
the synthesized material. A laboratory model lithium cell was fabricated using Li;Fe(CN)s as
cathode, lithium metal as anode and 1M LiClO, dissolved in ethylene carbonate and dimethyl
carbonate (1:1) mixture as electrolyte. The cell shows an open circuit voltage (OCV) of 3.03 volts
vs. Li and a discharge capacity of 90 mAhg'1 (theoretical capacity, 112 mAhg'1) in the first few
cycles at 0.15 C rates. The charge-discharge behaviour remains practically unaltered up to 20
cycles. Thus Li;Fe(CN)s may be considered as a promising cathode material for Lithium battery.

Keywords: LisFe(CN)s cathode; cost effective method; low temperature calcinations; charge-
discharge; Lithium battery.
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1. INTRODUCTION

Lithium-ion batteries are one of the most powerful [1], and popular storage systems due to highest
energy-to-weight ratios, no memory effect, and slight energy loss when not in use [2]. Beyond
consumer electronics, lithium-ion batteries are being used for military, electric vehicles and aerospace
applications because |t has the greatest electrochemical potential and provides the largest energy
density, 125-150 Whkg™ [1].

Commercial lithium-ion batteries contain LiCoO, as the cathode material, in which the component
element cobalt is very expensive and toxic [3, 4]. As a result large scale applications using this
material are limited. Therefore, scientists are looking for new cathode materials, which are less
expensive and compatible with the environment [4]. During last decade, a number of new cathode
materials were proposed. However, none of them are found suitable for commercial applications due
to different critical issues, such as toxicity, higher resistivity, smaller specific capacity, low operating
potential, lower cyclibility and large capacity fading upon cycling. Among them layered LiMnO, and
spinel LiMn,O, compounds have been drawn more attention as alternative cathode materials for
lithium-ion batteries [5-10]. But it has low diffusion co-efficient of lithium-ion and large capacity fading
upon cycling.

Recently, lithium iron phosphate (LiFePO,) become an attractive alternating cathode material for
rechargeable lithium-ion batteries [11-16], due to low cost starting materlals environment friendly,
excellent cycling performances, high theoretical capacity (170 mAhg ) high safety, good operating
voltage and high temperature performance [2, 11-14]. Again the main disadvantage associated with
this material is its low electronic conductivity and low diffusion coefficient of lithium ions, which lead to
its poor rate capability [13, 14]. Some efforts to increase |ts conduct|V|ty have been made after doping
with higher valence metal cations, like Ti*", Ga>*, zr**, W®, V** etc. and a few fold enhancements in
conductivity is reported in the cost of its intrinsic capacity [17 20]. It will be interesting to increase the
conductivity without losing its capacity and that can be done by synthesizing nano LiFePO, through
different particle size controlled techniques like water-based [21-26], sol-gel [27-30], sonochemical
[31], solvothermal [32], ionothermal [33], and in-situ carbon coating via solid-state synthetic method
[34]. Most of the reported methods are lengthy and expensive. There are few reports available on the
synthesis of nano LiFePO, [16, 24, 25, 31], over large surface area carbon powder with better
performance and cyclibility.

However, it is very much difficult to synthesize pure LiFePO, via solid state or sol-gel methods
because these methods require an inert atmosphere during calcinations to protect oxidation of Fe?*

[11 -20]. Therefore nitrogen or argon gas and an instrumental set up are required to make |nert
atmosphere which is costly, and difficult to achieve.

Here, we report a new cathode material Li;Fe(CN)e¢ [35], which is synthesized in a simple route
without using inert atmosphere and high temperature calcmatlons [15-25]. Material retains its
discharge capacity close to its theoretical value 112 mAhg , which is slightly lower than the
commercial material [36]. On the other hand, Li;Fe(CN)gis soluble in water, and thus it can be used as
liquid cathode [37], in aqueous lithium-ion battery.

2. MATERIALS AND METHOD

2.1 Material Synthesis Procedure



Concentrated solutions of K;Fe(CN)s.3H,O (BDH, USA, 99%) (6 g in 25 ml) and LiCIO, (Alfa-Aesar,
USA, 99%) (6.045 g in 15 ml) were prepared separately. They were then mixed together at room
temperature under constant stirring condition. A white crystalline precipitate of KCIO, was appeared
(because the solubility of KCIO,4 in water is 1.5 g/100 ml at 25 € [38]. The precip itate was filtered and
the filtrate was cooled down to 10 T and kept over night. Another layer of white precipitate of KCIO,
was appeared, which was collected by filtration and the remaining solution was concentrated by
evaporating the water at a temperature of 60-70 T with the help of vacuum evaporator. Then
concentrated solution was cooled down to 10 C and left for 12 hours. Again a crystalline precipitate
of KCIO, was appeared. The precipitate was filtered out and the process was repeated to remove
KCIO, completely. The filtrate containing Li;Fe(CN)s was then evaporated to dryness and sintered at a
temperature of 180 T. Now the synthesized anhydrous material was cooled down to room
temperature and kept in a sealed moisture free bottle for further analysis.

2.2 Characterization Part

Thermo-gravimetric analysis of the solid material, obtained after dehydration of filtrate containing
Lis;Fe(CN)s, was made using a Perkin-Elmer TGA/DTA thermal analyzer in nitrogen atmosphere at a
heating rate of 20 Tmin "

Li;Fe(CN)s was characterized by UV-Visible spectroscopy (OPTIZEN POP), Fourier Transform
Infrared (FTIR, FTIR-8400S, Shimadzu, Japan), Scanning Electron Microscopy (SEM) and Energy-
dispersive X-ray spectroscopy (EDX) (SEM-EDX, JEOL, JSM-6360, UK).

Powder XRD patterns of K4;Fe(CN)s.3H,O, Ks;Fe(CN)s, KsFe(CN)s, KCIO,, and LisFe(CN)s were
recorded (XRD, Ultima Il Rigaku Cu Ka, A=1.5406 A) in the range of 26=10%70° with scan rate of
5min . K4;Fe(CN)s was prepared by heating K4;Fe(CN)s.3H,O (BDH, USA, 99%) at 200 T for 4
hours; KCIO, was collected as the byproduct during synthesis of Li;Fe(CN)s and K;Fe(CN)s (BDH,
USA, 99%) was obtained commercially.

Cyclic-voltametry and Charge-discharge studies were carried out by a Galvanostat/Potentiostat
(VersaStatTMII, Princeton Applied Research). The reversibility and the storage capacity of the
synthesized material were studied by cyclic-voltametry and chrono-amperometry studies, respectively
after preparing a laboratory model cell. The cathode mixture was prepared by mixing the synthesized
material (80 wt %) with carbon conductive additive i.e., carbon black (Alfa Aesar, USA, 99.9%) (8 wt
%), graphite powder (Alfa Aesar, USA, 99.99%) (8 wt %) and Polyvinylidene fluoride (Aldrich, USA) (4
wt %) binder in N-methyl pyrrolidone (Merck, USA, 99.5%) as solvent to make homogeneous slurry
[26-34]. Spherical shaped, nanosized carbon black increases electronic conductivity throughout the
active cathode material making contact with the particles. Whereas, platelet-like shaped having lower
specific surface area graphite powder not only serves as a good conductor, but like a lubricant also
[39, 40]. The lubricating nature of the platelet graphite create new surface area and provide more
contact with the active particles during the ball-milling process, whereas the spherical nanosized
carbon black self-agglomerates. Combination of these two types of carbon controls the homogeneity
of the mixture, porosity of the cathode, and consequently, the overall conductivity, which affects the
cell performance. The slurry, as obtained, was next spread over a thin aluminum foil using a doctor
blade so that they are uniformly distributed. N-methyl pyrrolidone and moisture was removed by
heating the foil at 80 °C with the help of a vacuum evaporator. The positive electrode was ready for
cell fabrication upon cooling down to room temperature. Li (Aldrich, USA, 99.9%) ribbon pasted on a
nickel plate was used as anode. One molar LiClIO,4 (Alfa Aesar, 99%) dissolved in 1:1 mixture of
Ethylene carbonate (EC) (Sigma-Aldrich, USA, 98%) and Dimethyl carbonate (DMC) (Sigma-Aldrich,
USA, 99%) and porous polypropylene (PP) film soaked with this electrolyte, was used as electrolyte
and separator, respectively. The cell was assembled inside a glove bag after removing air and
moisture by purging argon gas.

3. RESULTS AND DISCUSSION
3.1 Thermal Gravimetric Analysis (TGA)
Fig. 1 presents the TGA curve of the percentage weight loss vs. temperature of Li;Fe(CN)s. From the

figure, it is clear that there is a weight gain within 60 °C and this might be due to adsorption of carrier
gas nitrogen or moisture. Afterwards a weight loss ~4.7% occurred due to loss of adsorbed moisture



within 120 <. Above this temperature up to 350 °C another 3.1% weight loss occurred due to removal
of crystal water from Li;Fe(CN)s. Above this temperature, weight loss occurred stepwise due to
decomposition of the compound. Therefore, sintering the material within 180 T can produce
dehydrated material because within this temperature the material does not decompose, but
undergoes dehydration only.
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Fig. 1. TGA curve of solid material obtained after dehydration of filtrate containing LisFe(CN);.
3.2 UV-Visible spectroscopy

The UV-Visible spectrum of aqueous solution containing Li;Fe(CN)s is shown in Fig. 2.
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Fig. 2. UV-Visible spectrum of (a) K;Fe(CN)s.3H,0, (b) K;Fe(CN)s and (c) LisFe(CN)e.



From Fig. 2, it is found that an intense absorption peak at 220 nm, attributed to the presence of
ferrocyanide group which overlaps with absorption maxima of the commercial K;Fe(CN)e.3H,O
crystals. This suggest that the material, obtained after sintering, contains [Fe(CN)6]4' group and hence
iron is present in Fe?* state. This was further confirmed from the UV-Vis data of commercial
KsFe(CN)s shown in Fig. 2 (BDH, USA, 99%) [41, 42]. Since no peak position of the synthesized
material match with the potassium ferricyanide peaks, the synthesized materials is free from
ferricyanide impurity

3.3 Fourier Transform Infrared (FTIR) spectroscopy

The FTIR spectrum of LisFe(CN)g crystal shown in Fig. 3, detects two bands in the region of vc.y.
These bands are centered at 2044 and 2071 cm™, which is due to stretching of C-N bond in Fe(CN)64'
. The peaks at 552 cm” and 419 cm™ are due to the stretching of Fe-C=N and Fe-C, respectively,
which matches well with the literature data [43-46]. The FTIR data of K;Fe(CN)s, KsFe(CN)s.3H,O and
KsFe(CN)s, shown in Fig. 3, are compared with LisFe(CN)s and thus confirmed the presence of
ferrocyanide group.
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Fig. 3. FTIR spectra of (a) KsFe(CN)s, (b) KsFe(CN)e.3H0, (c) LisFe(CN)s and (d) KsFe(CN)e.

3.4 Powder X-ray diffraction (XRD)

The powder XRD pattern of (a) K4Fe(CN)s.3H,0, (b) K4Fe(CN)g, (c) KsFe(CN)g, (d) KCIO,4, and (e)

LisFe(CN)e are shown in Fig. 4(i); and literature XRD pattern of (a) NasFe(CN)e, (b) KsFe(CN)s and (c)
Rb4Fe(CN)e is shown in Fig. 4(ii).
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Fig. 4(i). Powder XRD pattern of (a) K,;Fe(CN)e.3H,0, (b) K;Fe(CN)s, (c) KsFe(CN)g, (d) KCIO,,
and (e) Li;Fe(CN)e.
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Fig. 4(ii). Literature XRD pattern of (a) Na;Fe(CN)s, (b) K;Fe(CN)s and (c) RbsFe(CN)e.

No regular sharp peak is observed in the XRD pattern of Li;Fe(CN)s indicating the formation of both
crystalline and amorphous phase. Since there is no literature report available on the XRD pattern of
Lis;Fe(CN)s, we are not able to compare with the literature data. Crystal structure shall be determined
from the single crystal data, which is under investigation and may be reported later.

However, we have compared the XRD pattern of LisFe(CN)s with the XRD pattern of
K4Fe(CN)g.3H,0, K4Fe(CN)g, KiFe(CN)g and KCIO4; and found no similarity. This indicates that the
material is free from starting materials and the byproduct.

Besides this, it is an important observable thing that there are no similarities in peak positions among
NasFe(CN)s, KsFe(CN)s and RbsFe(CN)g [Figure 4(ii)]. LisFe(CN)g also does not show any similarities
with them.

3.5 Scanning Electron Microscopy (SEM)

The surface morphology, porosity and particle size distribution of the synthesized material were
studied from the SEM images, shown in Fig. 5. Particle size, shape and spaces among the particles
are the key important factors to be a good cathode material. Small size particles have larger specific
surface area retain higher specific capacity, because the reactions basically occur on the surface of
the material. On the other hand, if the spaces among the particles are large enough to penetrate the
electrolyte on the material surface, cell shows better performance.



Fig. 5. SEM images of LisFe(CN)s at initial state (a, b) and after few cycles charge-discharge (c,
d).

Fig. 5a and 5b show the SEM images of the synthesized material, recorded before cell fabrication and
Fig. 5¢ and 5d show the images after few cycles of charge-discharge. The images show that the
particles are agglomerated with an average particle size varying 3-5 ym and there are no such
remarkable changes in shape and sizes of the particles before and after charge-discharge process.

3.6 Energy-dispersive X-ray spectroscopy (EDX)
EDX spectra were carried out with the material from different six regions and atomic percentages of

its constituent’s elements are recorded. Fig. 6 shows the six EDX spectra and the corresponding
atomic percentages of elements like K, Fe, C and N are shown in Table 1.
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Fig. 6. EDX spectra of LisFe(CN)s taken from six different regions.

Table 1. EDX data of the synthesized material showing the atomic percentage of elements viz.

K, Fe,Cand N
Spectrumno | Li K Fe C N K/Fe
1 0.00 7.57 36.49 55.07 0.000
2 0.33 2.57 49.07 48.03 0.1284
3 2.44 9.51 53.62 32.66 0.2566
4 0.79 6.55 35.73 56.94 0.1206
5 2.01 9.26 49.08 37.87 0.2171
6 1.32 7.75 43.75 47.18 0.1703
average | =1.148 =7.201 =44.623 =46.291 | =0.159
Average
C,N=45.457
or | 3.841 0.159 1.000 6.196 6.428
or | 3.848 0.152 0.95 6.000 6.000
Formula =Li3.845K0.155F€(CN)e
(taking
average)

Li* cannot be detected from EDX spectra, due to its smaller size and absence of electron in higher
shell than K-shell. The spectrum is generally obtained when the electron migrates from higher shell to
newly created hole of K-shell. Hence, the atomic percentage of lithium atoms can only be obtained
from the calculation of percentages of the other elements using the formula of Li,K,Fe(CN)s, where
x+y=4. From the analysis of the six spectra and taking average value of K, Fe, C and N, shown in
Table 1; we evaluate the Li atomic percentage, which results the formula of the material as
Lis 845Ko.155F€(CN)e. It is clearly indicated that about 96% of K™ has been replaced by Li*. The small
amount of K* can not affect on the cell performance, because the sufficient amount of Li* are present
for intercalation.

3.7 Electrochemical study
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The cyclic voltammogram of the synthesized LisFe(CN)s cathode were recorded, as shown in Fig. 7,
in the potential window of 1.5V to 4.8 V vs. Li at a scan rate of 0.5 mvVs™.
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Fig. 7. Cyclic voltammogram of LisFe(CN)s cathode vs. lithium anode in 1M LiClO, dissolved in
1:1 mixture of EC+DMC at the scan rate of 0.5 mVs™ at 25°C.

In the first cycle during forward scan two oxidation peaks appeared at 3.58 volt and 4.4 volt and the
corresponding two reduction peaks are observed at 2.71 volt and 1.75 volt. But in the next cycle,
slight changes in the peak positions were observed. In the anodic scan during subsequent cycles, the
peak height as well as peak area decreases at 4.4 volts by the compensation in increase in peak area
at 3.21 volts. In the cathodic scan, the dual peaks converge into a single peak. This result indicates
the structural changes within the molecule during oxidation-reduction process. More importantly,
cyclic voltametry study reveals that the system is reversible in nature and reversibility retained in the
subsequent cycles.

Galvanostatic charge-discharge behaviour of the lab model cell using Li;Fe(CN)s as cathode, shown
in Fig. 8, were recorded at two different rates of 0.15 C and 0.30 C. The cell was cycled within the
potential window of 1.8 V to 4.5 V vs. Li and the potential in the higher side was restricted at 4.5 V to
avoid decomposition of the electrolyte.
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Fig.
8. Charge-discharge curve of Lis;Fe(CN)g vs. Li/Li* at 0.15 C and 0.30 C current densities.

At low rate (0.15 C), the cell shows two distinct pleato, one is at ~3.4 V and another one is at ~4.2 V
during charge process. More interestingly, another pleato is shown up around 4.5 V and this might be
due to removal of second lithium from the Li;Fe(CN)s cathode, but the cut off voltage was restricted at
4.5 V to avoid electrolyte decomposition. During discharge process, two pleato are also observed,
one is at ~2.7 V and another is at ~2.1 V, though they are not well distinguished. The formation of two
pleato can be explained in terms of phase transition of the cyano complex. During charge process,
removal of fift)é percent (50%) of the first lithium from Li;Fe(CN)s material, means fifty percent Fe** is
oxidized to Fe’*, cause a phase transition and thus the delithiation of the remaining fifty percent of the
first lithium has taken place at higher potential. This is no doubt an interesting observation, which
needs further study.

The maximum faradic capacity of 90 mAhg'1 is obtained in a single plateau, which is about 80% of the
theoretical value i.e., 112 mAhg” and the value practically remain unaltered up to 15-20 cycles as
shown in Fig. 9. The redox capacity retained after 20 cycles is ~94.4% of its initial value. It is
interesting to see two distinct plateaus during charge process; one is at ~3.34 V and another at ~4.31
V vs. Li. This clearly suggests that the lithium ions are coming out from two different sides of the
lithiated ferrocyanide complex. In other way, different energies are required to remove the lithium ions
from two different sides. But lithium insertion to the host structure takes place at a single potential as
observed in Fig. 8. At high drain condition the cell delivered a capacity of 37 mAhg'1, due to migratory
limitation of the Li" ions.
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Fig. 9. Discharge capacities of Li;Fe(CN)s cathode vs. cycle number at 0.15 C current density.

4. CONCLUSION

LisFe(CN)es was successfully synthesized by a simple and cost effective route. The as-prepared
lithiated ferrocyanide displays a full utilization of its redox capacity of ~90 mAh g'1 at an average
potential of 2.25 volts, an excellent cycling stability with 94.4% capacity retention over 20 cycles.
Above that the advantages of this method are that no inert atmosphere and no high temperature are
required during synthesis. Finally, it can be used as liquid cathode in aqueous lithium ion battery,
since it is soluble in water.
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