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Abstract. The electrochemical studies of anhydrous K4Fe(CN)g is reported. Anhydrous material was pro-
duced after dehydrating K4Fe(CN)¢.3H,O crystal at 200°C in an open atmosphere. The material, as obtained,
was characterized by various spectroscopic techniques, such as UV-Visible, FTIR, powder X-ray diffraction and
FESEM-EDX. Electrochemical and Li*/K" ion exchange behaviour of the synthesized material were studied
by cyclic voltametry (CV), chronoamperometry (CA) and galvanostatic charge-discharge method after prepar-
ing a laboratory model cell against lithium anode instead of potassium. During anodic scan in the 1% cycle,
peak maximum was observed at 3.93 V vs. Li*/Li due to removal of K™ ions from the ferrocyanide matrix,
whereas, in the reverse scan (cathodic sweep) as well as in consequent cycles, peak maxima due to Li* ion
insertion and extraction were observed at 2.46 V and 3.23 V vs. Li*/Li, respectively. Cell, assembled using
ferrocyanide cathode and lithium anode, shows an open circuit potential of 3.08 V and delivers a maximum
capacity of 61 mAh g~! (theoretical capacity 72 mAh g~') at a rate of 0.2 C at room temperature.

Keywords. KsFe(CN)g cathode material; powder XRD; cyclic voltametry; charge-discharge; Li, K-ion battery.

Demand for lithium-ion batteries is increasing by the
day.! They are widely used in portable electronic
devices. There are several reasons for its popularity
such as large energy-to-weight ratio, absence of mem-
ory effect, and low energy fading during rest.>* Beyond
consumer electronics, lithium-ion batteries are used in
applications in defence, electric vehicles and aerospace,
because it has the greatest electrochemical potential and
provide the highest energy density, 125-150 Whk g~!.#

LiCoO, is used as the cathode material in commer-
cial lithium-ion batteries, but its component element,
cobalt is very expensive and toxic, which limits its
application in large scale. Therefore, new low cost cath-
ode material is required. In the last few years, a number
of new cathode materials were proposed.>* However,
none of them are found suitable for commercial appli-
cations due to different critical issues, such as toxicity,
higher resistivity, smaller specific capacity, low oper-
ating potential, lower cyclability, lower rate capability,
etc.””7 Among them, layered structure of LiMnO,*!!
and spinel LiMn,0,'>'* compounds have drawn more

*For correspondence

attention, irrespective of their low lithium-ion diffusion
coefficient and large capacity fading upon cycling.
Recently,”® lithium iron phosphate (LiFePO,)
became an attractive alternating cathode material, due
to some advantages viz. low cost and environment
friendly starting materials,’~” excellent cycling perfor-
mance, high theoretical capacity (170 mAh g'), high
safety, good operating voltage and high temperature
performance.'®? The main demerit associated with
this material is its lower electronic conductivity that
results in lower diffusion coefficient of lithium ions
and consequently, poor rate capability. Some efforts to
increase its conductivity have been made after doping
with higher valence metal cations, like Ti*", Ga’*,
Zr*t, WOt V3* etc.?!-? and thus few fold enhance-
ments in conductivity was found. Its performance was
further improved by synthesizing nano size particles
using different particle size-controlled techniques like
solution—based,** sol-gel,'” %! and solid-state!® meth-
ods. There are a few reports available on the synthesis
of nano LiFePO,7:?*?! over large surface area of
carbon powder with better performance and cyclability.
Among all the synthesis methodologies reported for
LiFePQO,, one factor that is common is the inert atmo-
sphere at high temperature in order to prevent oxida-
tion of Fe’* to Fe*t.??* Use of ultra-high pure N,
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or Ar along with required instrumentation makes the
synthesis of LiFePO, as expensive and difficult process.
In this paper, we report an environment friendly
K,Fe(CN)¢?% as cathode material for rechargeable Li,
K-ion battery.?’=?° It was synthesized by just dehydrat-
ing its hydrated salt at moderate temperature in atmo-
spheric condition. The material was charge-discharged
using lithium salt electrolyte against lithium metal
anode instead of potassium since K* ions are larger in
size, a slow diffusion rate into the cathode is expec-
ted. So, using lithium as anode, the cation diffusion rate
and cell potential also increase because standard reduc-
tion potential, E° of Li*4 e~ = Li (-3.04 V) is slightly
more negative than that of K"+ e~ = K (-2.93 V).%°

2. Experimental

2.1 Material synthesis procedure

K Fe(CN)g was synthesized by heating K4Fe(CN)s.3H,0
(BDH, USA, 99%) at 200°C for 4 h in open atmo-
spheric condition. After cooling and grinding, the
material was kept out of moisture for further use.

2.2 Characterization part

Thermal Gravimetric Analysis (TGA) and Differen-
tial Thermal Analysis (DTA) were carried out to find
out the heating temperature without decomposition of
K4Fe(CN)g.3H,0 using a TGA-DTA thermal analyzer
(Perkin Elmer, Sweden model number STA 6000) in
the temperature region of 40-845°C at a heating rate of
10°C min~!.

The synthesized material was further characterized
by using UV-Visible spectroscopy (OPTIZEN POP),
Fourier Transform Infrared (FTIR, FTIR-8400S, Shi-
madzu, Japan), Powder X-ray diffraction (XRD, Ultima
III Rigaku Cu Ko, A =1.5406 A) and Field Emis-
sion Scanning Electron Microscopy (FESEM)-Energy
Dispersive X-ray Spectroscopy (EDX) [SUPRA 40
FESEM-EDX, Carl Zeiss SMT AG (Germany)].

The electrochemical characterization of the synthe-
sized material was carried out by cyclic voltametry
(CV), chronoamperometry (CA) and charge-discharge
studies after preparing a laboratory model cell. The
cathode mixture was prepared by mixing the active
material (80%) with conducting carbon i.e.; carbon
black (Alfa Aesar, USA, 99.9%) (7.5%) with graphite
powder (Alfa Aesar, USA, 99.99%) (7.5%); and
Polyvinylidene fluoride (Aldrich, USA) (5%) in N-
methyl pyrrolidone (NMP) (Merck, USA, 99.5%) as
solvent to make homogeneous slurry.”~!> The slurry, so

Bikash Mandal et al.

obtained, was spread over a thin aluminium foil using
a doctor blade to give a uniform distribution over the
aluminium surface. NMP, the solvent, was removed by
heating the foil coated with the active mixture at 60°C
under vacuum. The coated foil was then pressed to
achieve a better contact between the active material and
the aluminium foil and heated at 80°C for 12 h under
vacuum to remove NMP completely. The coated foil
was then cooled down to room temperature and thus
the positive electrode (cathode) was made ready for cell
fabrication.**

The cell was assembled inside a glove bag after
removing air and moisture completely by purging argon
gas. Li (Aldrich, USA, 99.9%) ribbon pasted on a nickel
plate was used as anode. One molar LiClO, (Alfa Aesar,
USA, 99%) salt dissolved in (1:1) Ethylene carbon-
ate (Sigma-Aldrich, USA, 98%) and Dimethyl carbon-
ate (Sigma-Aldrich, USA, 99%) mixture and a porous
polypropylene (PP) film soaked with this solution were
used as electrolyte and separator, respectively.’ 1

Cyclic voltametry (CV) experiment was carried out
using a potentiostat/galvanostat; model VersaStat-II™
(Princeton Applied Research) within the potential win-
dow of 1.5 V to 4.5 V vs. Lit/Li at scan rate of
0.5 mVs~! at room temperature. The charge-discharge
behaviour of the synthesized material was recorded
using the same device in between the potential window
of 2.0 V to 4.5 V vs. Li*/Li at the rate of 0.2 C under
similar condition. Double potential step chronoamper-
ometry was performed using the same instrument to
determine the diffusion coefficients of K™ and Li* ions
applying the step potential of 3.290 and 2.785 V vs.
Li*/Li.

3. Result and Discussions

3.1 Thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA)

TGA-DTA curves, presented in figure 1, show the per-
centage of mass loss vs. temperature of the hydrated
salt, K4;Fe(CN)4.3H,0. The figure shows that the mass
loss occurred at different stages. In the first stage in
the temperature range of 40-104°C, a sudden mass
loss of 12.4% was observed, which is attributed to the
removal of moisture as well as water of crystallisa-
tion and the formation of anhydrous K ;Fe(CN)¢. In
the second stage in the temperature range of 104—
550°C, a very low (1.2%) or negligible mass loss
occurred, which revealed no decomposition in this step.
Therefore, it is concluded that anhydrous K,;Fe(CN)e
is highly stable up to 550°C. Finally, in the third step,
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Figure 1. TGA-DTA curve of K4Fe(CN)s.3H,O0.

decomposition started, and within the temperature
region of 550-850°C, 27.5% mass loss was found.

Therefore, from the above study, a moderate temper-
ature of 200°C was chosen for complete dehydration
and for crystalline particle growth.

3.2 UV-Visible spectroscopy

The UV-Visible spectra of the aqueous solution
of hydrated K Fe(CN)s.3H,O crystal and anhydrous
K Fe(CN)g are illustrated in figures 2a and 2b.

A strong absorption at 220 nm, which is the fin-
gerprint of [Fe(CN)s]*~ group, was observed for both
the hydrated and anhydrous materials. This reveals
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Figure 2. (a) UV-Visible spectra of K4Fe(CN)¢.3H,O0;

(b) K4Fe(CN)g; and (c) K3Fe(CN)g in water.

that both the materials contain [Fe(CN)g]*~ group.
Furthermore, the anhydrous K,Fe(CN)s was prepared
from its hydrated salt K4Fe(CN)s.3H,O after heat-
ing it at 200°C in open atmosphere, making it vul-
nerable towards aerial oxidation from K,Fe(CN), to
K;Fe'(CN),. But the UV-Visible spectrum negates the
formation of ferricyanide due to aereal oxidation, as it
is confirmed by comparing with the UV-Vis spectrum
(figure 2¢) of commercial K;Fe(CN)g crystals (BDH,
USA, 99%).’!32 Thus, the material is free from any
ferricyanide as impurity. It should be noted that
the dehydration of the K ;Fe(CN)s.3H,0O crystals was
required for its use in non-aqueous lithium-ion battery
as cathode.

3.3 FTIR spectroscopy

FTIR spectrum of dehydrated K Fe(CN)y crystals is
shown in figure 3, which shows the strong absorption
peaks at 2031 cm™!, 585 cm™! and 424 cm™! attributed
to the stretching frequencies of v(CN) of Fe(CN);‘_,
3(FeCN) and v(FeC), respectively and they also match
well with the literature data.’3-3¢

3.4  Powder x-ray diffraction

The powder XRD pattern of the anhydrous K,Fe(CN)¢
recorded in the range of 260 = 10°-70° with scan rate
of 5°min~' is shown in figure 4. The obtained pow-
der X-ray diffraction pattern was compared with the
JCPDS data, file no. 32-0801 and a complete match of
peak positions was observed. The analysis shows that
the anhydrous K, Fe(CN)¢ has the cell parameters as,
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a= 1402 A; b = 21.04 A and c = 4.165 A, with
space group B,nn,. The sharp peaks indicate the forma-
tion of highly crystalline compound with particle size
in micron scale.

3.5 Field emission scanning electron microscopy
(FE-SEM )-energy dispersive X-ray spectroscopy
(EDX)

The FESEM images, shown in figure 5, show
the surface morphology and the particle size dis-
tribution of the hydrated crystals, K ;Fe(CN)s.3H,0
(figure 5a and 5b), the anhydrous pure materials,
K4 Fe(CN)g (figure 5c and 5d) and the materials col-
lected after three cycles of charge-discharge (figure
Se, 5f). The particle size distributions are differ-
ent in every case. The hydrated material shows the
largest particle size distribution with shapes like
bricks and sizes varied from 1.8 4 m to 4.0 £ m
(figure 5a and 5b). In case of anhydrous K,;Fe(CN)g,
the particle sizes are relatively smaller and most of their
sizes lie within 200 nm to 800 nm range (figure 5c
and 5d). The particles are highly ordered and well dis-
persed; shapes are almost spherical with a few brick-
like particles. Very few big size particles are found
which resulted from the coagulation of small parti-
cles. The small size particles are in good agreement
with the cell performance. With decreasing size, the
specific surface area of the material increases, which
increases the area of host-guest interaction and finally
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Figure 3. Fourier Transform Infrared (FTIR) spectrum of
K4Fe(CN)g.
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the capacity retention. Figures 5e and 5f show the sur-
face morphology of the cathode mixture that contained
active material, K4Fe(CN)g, carbon black and graphite
powder collected after three cycles of charge-discharge.
The shapes of the particles and sizes are very similar
to those of the starting material. However, a few small
size spherical-shaped particles with their sizes in the
range of 60—-100 nm are found, which might be carbon
particles.

The EDX spectra, recorded with the pure anhydrous
K4Fe(CN)g and the active cathode mixture after three
cycles of charge-discharge at the rate of 0.05 C are
shown in figure 6, spectrum 1 and figure 6, spectrum
2, respectively. The spectral data counting (percentage
atomic number) revealed that almost one K* ion from
K, Fe(CN)g matrix was replaced by one Li* ion forming
of LiK;Fe(CN)g.

3.6 Electrochemical characterization

3.6a Cyclic voltametry: Figure 7 shows the cyclic
voltammograms obtained after sweeping the cathode
active material within the potential window of 1.5 V to
4.5 V vs. Li*/Li at the scan rate of 0.5 mV s~1.%7-%

In the first cycle, an oxidation peak and a reduction
peak were observed at 3.91 V and 2.5 V, respectively.
But a major shift of the oxidation peak in the nega-
tive direction was observed, whereas, the shift of reduc-
tion peak was negligible during second cycle. This is
because of the removal of heavy K™ ions from the cath-
ode framework which required more energy during the
forward scan. Whereas, during reverse scan the vacant
sites are occupied by the smaller and highly movable
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Figure 4. Powder X-ray diffraction pattern of anhydrous
K4Fe(CN)g.
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Lit* ions only. In the subsequent cycles, the oxidation
and reduction peak potentials did not alter markedly,
as shown in figure 7, but peak current increased upon
cycling. The enhancement of peak current is due to
the enhancement of ion exchange rate in the cathode
material by Li* than K ions.

3.6b Charge-discharge study: The typical charge-
discharge behaviour of the lab model, coin type cell is
shown in figure 8,>” where the cell was cycled galvano-
statically at a rate of 0.2 C rate between the potential
window of 2.0 V to 4.5 V vs. Li*/Li. When the cell
was charged for the first time, K™ ions were removed
from K,Fe(CN)q matrix. But during discharge process,
insertion of cations takes place in a competitive way,

Ay
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where smaller Li* ions from electrolytic solution move
faster than the larger K* ion and occupy the vacant
sites. Due to the higher mobility and higher exchange
rate of Litions compared to K* ions, Li* will substi-
tute K* ions in the matrix of the cathode material. Thus,
a new composition, Li,K,Fe(CN)g, was obtained from
K4 Fe(CN)g, where, x + y = 4.

The nature of the charge-discharge curve, illustrated
in figure 8, supports this phenomenon. In the first dis-
charge cycle, the cell delivers 32 mAh g=' specific
capacity, which gradually increases upon cycling to a
maximum value of 61 mAh g~'. The increment can be
explained in terms of capacity gain due to removal of
Li* ions at lower potential followed by the removal of
K™ ions at higher potential close to 4.5 V vs. Li*/Li. In
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Figure 5. (a, b) FESEM images of K4Fe(CN)¢.3H,0; (¢, d) anhydrous K4Fe(CN)g in pure

form; (e, f) and cathode mixture prepared with anhydrous K4Fe(CN)¢ after three cycles

charge-discharge against Li anode.
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Figure 6. EDX spectra of K4Fe(CN)g in pure form (Spec-
trum 1) and cathode mixture prepared with K4Fe(CN)g after
three cycles charge-discharge against Li anode (Spectrum 2).

general, discharge capacity of a standard cell decreases
upon cycling from the very beginning of the cycling
process.?! But in the present case, the capacity increases
very rapidly from the beginning and reaches to a max-
imum value of 61 mAh g=' which is double of its ini-
tial value and 83% of its theoretical specific capacity
(72mAh g™").
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Figure 7. Cyclic voltammogram of anhydrous K4Fe(CN)g
in 1 Molar LiClO4 solution in EC+DMC (1:1) mixture vs.
Li*/Li at the scan rate of 0.5 mVs-1 at room temperature.
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Figure 8. Charge-discharge curves of K4Fe(CN)g cathode
vs. Li*/Li at rate of 0.2 C at room temperature.

It is interesting to note that during initial charg-
ing process, only 50% K* ions are removed from the
K4Fe(CN)g matrix due to the restriction of higher limit
at 4.5 V to avoid electrolyte decomposition and thus
fifty percent of the theoretical capacity is achieved
in the initial cycle. But in the subsequent cycles, the
capacity gain is observed due to removal of K ions
at higher potential followed by the removal of newly
occupied Li™ ions at lower potential. It should be fur-
ther noted that when one K™ ion is completely replaced
by a LiT ion forming the composition, LiK;Fe(CN)g,
the cell shows two distinct plateaus, one is at 2.75 V
another is at 2.50 V vs. Li*/Li and this is explained
in terms of phase transition at LiysK;Fe(CN)g due to
removal of fifty percent of the first lithium ion from the
LiK;Fe(CN)g¢ matrix.

3.6c Chronoamperometry study: Chronoamperome-
try experiment was carried out in order to determine
the diffusion co-efficient of Lit and K™ ions using the
following Cottrell equation:

. nFAD'2C?
i= i ()
(1)

where, n = number of electron(s) transferred per
electro-active species; F = Faraday’s constant; A = area
of the electrode surface in cm?; D = diffusion coef-
ficient in cm?s™'; C® = concentration of the electro-
active species in mol.cm™; and t = time in second. In
this case, n = 1; F = 96, 486 coulomb mol~'; A = 1.3
cm?; and C° = 5.04 x 10>mol cm™3. It should be
mentioned here that C* was calculated by measuring
the density of the solid anhydrous K;Fe(CN)s applying
relative density measurement technique. The relative
density was found 1.8566 g cm~3at 25°C.
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Figure 9. Chronoamperogram of anhydrous K4Fe(CN)g in
1 M LiClO;, solution in EC+DMC (1:1) mixture vs. LiT/Li.
Inset is potential excitation waveform.

In the chronoamperometry experiment, the potential
was stepped from 3.290 V to 2.785 V and the corre-
sponding i-t curve was recorded, as shown in figure 9
(cycle 1). The cell was then charge-discharged gal-
vanostatically at a rate of 0.2 C in order to pro-
duce LiK;Fe(CN)s. Using LiK;Fe(CN)g, another set
of chronoamperometry experiment was carried out and
the corresponding i-t curve was recorded as shown in
figure 9 (cycle 2). The diffusion coefficients, obtained
after putting the cut off current (i) and time (t) in
Cottrell equation, are tabulated in table 1.>”-*® In the
first cycle, during anodic scan, K* ions are removed
from K ,Fe(CN)g matrix forming K;Fe(CN)g and in the
reverse cycle, Lit ions occupy the space vacated by the
K™ ions. In the second cycle, only Li* ions are involved
in both the anodic/cathodic process because one K*
ion from K Fe(CN)¢ was replaced by Lition forming
LiK;Fe(CN)g during charge-discharge cycles.

The diffusion coefficient calculated from the Cottrell
equation, tabulated in table 1, shows that the Dy, value
of K* ions is lower than that of Lit due to its larger
size. The diffusion co-efficient (Dy;,) of the Li* ions,
obtained in the second cycle, are identical as expected,
but the value is slightly lower in the first cycle as

Table 1. K™, Li" ion diffusion coefficients in K4;Fe(CN)g
measured in 1 M LiClO4 solution in EC4+DMC (1:1)
mixture vs. Lit/Li by chronoamperometry using Cottrell
equation.

Cycle Anodic diffusion Cathodic diffusion
number  coefficient (cm?s™') coefficient (cm?s~!)
1 D+ =2.68x 107" Dy+ =0.974 x 10710
2 DL+ =1.12 x 10710 Dpi+ =129 x 10710

obtained during cathodic sweep. The value, obtained in
the first cycle, is lower than expected value, because the
concentration of the electro-active lithiated species that
has been considered during calculation is 5.04 x 1073
mol.cm~? (C®), though the actual concentration is low
in LiK;Fe(CN)g in the first cycle.

4. Conclusion

Highly dispersed K ;Fe(CN)s can be synthesized by
dehydrating K4Fe(CN)s.3H,0 at 200°C in atmospheric
condition. The material was used as cathode using
lithium salt as electrolyte in a non-aqueous solvent
system against lithium metal anode instead potassium.
Size of K* ion being large than Li", cation diffusion
into the cathode material is slow. In order to increase
cation diffusion rate capability and ultimately the cell
performance, K* ions were replaced in K4Fe(CN)g
by Li" ions, by the charge-discharge process. Cyclic
voltametry has shown an increasing redox peak cur-
rent upon cycling, which is explained in terms of faster
exchange rate of smaller Li* ion with larger K* ion.
Similarly, the charge-discharge behaviour of the cath-
ode material at 0.2 C rate has shown an increment in
faradic capacity upon cycling, which is explained in
terms of the removal of Kt ions at higher potential
followed by the removal of Lit ions at lower poten-
tial as cyclic advances are going on. As a result, the
capacity increased very rapidly during first few cycles
and reached a maximum value of 61 mAh g=' close
to its theoretical specific capacity (72 mAh g~'). Fur-
thermore, since the material is non-toxic and cost effec-
tive, it may be an economical and environment friendly
cathode material for rechargeable Li, K-ion battery.
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