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ions is reduced, due to the shielding provided the solvation sheath, as shown in Figure
1.6(c), resulting in faster and farther diffusion of the solvated or partially solvated
guest ions into the host lattice. At the cathode, the process of discharging involves
intercalation of ions into the unit cell interstitial sites of the cathode. The process of
intercalating a cation in a cathode is a thermodynamically driven process, wherein the
cation resides in a lower energy state when present within the interstitial sites of the
lattice of the cathode as opposed to solvated cation in the electrolyte. The difference
between the free energy state (higher energy) of solvated ions and the free energy
state (lower energy state) of intercalated ions, drives the process of discharging

(intercalation) in a cathode.

Figure 1.6(a). Concept of intercalation of ions into a Prussian Blue crystal lattice.
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Figure 1.6(b). Schematic of a sub-unit cell of Prussian Blue with the intercalated Ca®* ion

experiencing electrostatic interactions with the host lattice.

Figure 1.6(c). Schematic of a sub-unit cell of Prussian Blue with the partially solvated Ca**

ion experiencing electrostatic interactions with the host lattice.
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Figure 1.6(d). Schematic representation of the concept of de-intercalation of ions from the
Prussian Blue lattice.

1.6.b. De-intercalation: The process of de-intercalation is exactly the opposite of
intercalation. The guest ions present inside the interstitial sites in the host lattice
diffuse outwards and desorb from the surface of the electrode host lattice with the
concurrent removal of equivalent number of electrons to maintain charge neutrality,
as shown in Figure 1.6(d). The ions undergoing de-intercalation are affected by the
electrostatic forces in the same manner as they would be during the process of
intercalation. From a cathode’s point view, the process of charging involves de-

intercalation of ions from the unit cell interstitial sites of the cathode.
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1.7 Metal Hexacyanometallates

The processes of intercalation and de-intercalation involve reversibly insertion and
extraction of ions. Hence, it is important to identify cathode materials that will allow
these processes to occur multiple times without degrading. This work is focused on
investigating metal hexacyanometallates as the cathode materials for rechargeable

batteries.

Metal hexacyanometallates are a class of inorganic coordination polymers which are
capable of storing and giving up electrons through the process of reduction and
oxidation. These materials can be represented by a general formula: ASP(CN)e,
wherein the S metal ion is coordinated to nitrogen end of the cyanide ligand (CN) and
the P metal ion is coordinated to the carbon end of the cyanide ligand (CN), and A
represents the large interstitial tunnel sites that are populated by the hydrated cations
in order to maintain charge neutrality of the host lattice [3, 4]. The most well-known
metal hexacyanometallate is Prussian Blue (PB). Prussian Blue is a dark blue colored
dye, which has been known for over three centuries. It is also known as Iron

hexacyanoferrate. Figure 7 shows the unit cell of Prussian Blue.
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Figure 1.7. Schematic illustration of a Prussian Blue unit cell.

Prussian Blue is represented by the chemical formula, KFe**Fe?*(CN)g. It’s basic unit
comprises of a cyanide (CN) ligand that bridges the Fe** ion on the carbon end and
Fe?* ion on the nitrogen end. The position of Fe** and Fe** can be interchanged based
on the precursor used for its synthesis. The basic unit repeats itself, resulting in the
formation of a face centered cubic (FCC) lattice belonging to the Fm3m family of

crystals.

The lattice of Prussian Blue crystals resembles that of ABX; perovskites, with unit
cell parameter a=10.26 A [3-6], and an interstitial tunnel opening of about 1.6 A,
based on the hard sphere model [2, 3]. Prussian Blue can be synthesized in two forms,
where the first form is called the “soluble version”, which is represented by the
formula, KFe**Fe?*(CN)s. “Soluble Prussian Blue” possesses the structure that is

described above [4-6]. Prussian Blue is in fact a highly insoluble compound. The
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presence of K* ions in the interstitial sites allows it to be easily peptized, resulting the

in the suspension of the extremely small colloids of Prussian Blue.

The other version of Prussian Blue is called the “insoluble version” [4-6]. The
“insoluble” Prussian Blue has the exact same crystal symmetry as possessed by the
“soluble version”. However the difference between the soluble and in-soluble
versions of Prussian Blue is that, about one-fourth of the ferrocyanide ligands
(Fe®*(CN)g*) are missing from the lattice of the insoluble version of Prussian Blue.
The missing ligands are replaced by water molecules that coordinate with the Fe®*
ions in the lattice. The insoluble version of Prussian Blue is represented by

Fe**,(Fe**(CN)6)".

The lattice structure of “soluble” Prussian Blue and “in-soluble” Prussian Blue is
presented in Figure 1.8(a) and Figure 1.8(b), respectively. The “soluble” Prussian
Blue is synthesized by mixing the ferrocyanide precursor and ferric nitrate in 1:1
molar ratio. The “insoluble” Prussian Blue is synthesized by mixing the ferrocyanide

precursor and ferric nitrate in 1:2 molar ratio.
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Figure 1.8(a). Illustration of “Soluble” Prussian Blue unit cell.
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Figure 1.8(b) llustration of “Insoluble” Prussian Blue unit cell.
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Prussian Blue has gained attention in the past decade as a possible low cost cathode
material for post Li-ion chemistries such as Na* and K ion batteries [3, 4, 11-15].
Prussian Blue has the ability to reversibly store and donate electrons through the process
of reduction and oxidation of the Fe** and Fe*" ions that are coordinated to the cyanide
ligand. Prussian Blue is a low cost, high stability material that is non-toxic [7-9]. In fact,
Prussian Blue has been approved by the FDA as a remedy for heavy metal poisoning [7].
For the purpose of comparison, lithium iron phosphate, a popular cathode material for Li-
ion batteries, has a theoretical capacity of about 179.5 mAhr/g and costs about $20/kg.
Prussian Blue has a theoretical capacity of 180 mAhr/g and costs about $3/kg. In addition
to the cost and theoretical capacities, Prussian Blue is also a very stable material capable
of withstanding several thousand cycles of charging and discharging at very high C-rates

[3, 11, 13, 15].

+2K* -2K*
+
+2e" -2e
+2K* +2e° -2K* -2e°
Prussian White (PW) ~ €——— PrussianBlue (PB) ——> Prussian Green (PG)
Reduction (discharging) Oxidation (charging)

Figure 1.9.Concept of charging and discharging a cathode material, represented by Prussian Blue.
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