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ABSTRACT 

Due to the limited resources of lithium, new chemistries based on the abundant and cheap 

sodium and even zinc have been proposed for the battery market. 

Prussian Blue Analogues (PBAs) are a class of compounds which have been explored for many 

different applications because of their intriguing electrochemical and magnetic properties. 

Manganese and titanium hexacyanoferrate (MnHCF and TiHCF) belong to the class of PBAs. 

In this work, MnHCF and TiHCF electrodes were synthetized, cycled with cyclic voltammetry 

(CV) in different setups and subsequently, the surfaces were characterized with X-ray 

Photoelectron Spectroscopy (XPS). The setups chosen for CVs were coin cell with zinc aqueous 

solution for the MnHCF series, three-electrode cell and symmetric coin cell with sodium 

aqueous solution for the TiHCF series. 

The electrodes were treated with different number of cycles to evaluate the chemical changes 

and alterations in oxidation states during cycling. 
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1. INTRODUCTION 

1.1. Sodium and zinc ion batteries 

In 1800, Alessandro Volta realized the first electrochemical battery made with zinc and copper 

plates and [1] then, different types of batteries were studied and discovered, such as the Daniell 

cell, the alkaline battery and so on. 

A battery is a power source made up of electrochemical cells that are connected in series or in 

parallel to provide a certain voltage and capacity. The cell is composed by a positive and a 

negative electrode separated by an electrolyte solution which aids the ions transfer. When a 

battery is connected to an external electric load, the redox reactions begin at the electrodes and 

the chemical energy is converted to electric energy. [2] 

Today, the lithium-ion batteries (hereafter called LIBs) are widespread due to their high energy 

density and design flexibility. [3] The “secondary” LIBs are rechargeable, and they are 

commonly used for portable electronic devices and electric vehicles. LIBs have no memory 

effect and low self-discharge, but they can be a safety hazard since they contain flammable 

electrolytes. Furthermore, LIBs are expensive because the lithium resources are limited. 

The sodium-ion batteries (hereafter called SIBs) have relatively low cost due to the higher 

abundance of sodium in nature. Since 2008, the number of research on SIBs increased rapidly 

and during the past years, several materials with potentially interesting insertion and release 

capability for sodium were tested. [4] The battery components and the electrical storage 

mechanism of SIBs and LiBs are basically the same except for their ion carriers. In terms of 

cathode materials, the intercalation chemistry of sodium is very similar to that of lithium, 

making it possible to use similar compounds for both systems. [5] 

The zinc-ion batteries (hereafter called ZIBs) use zinc ions as charge carriers, metallic Zn as 

anode and zinc-intercalating materials as cathode. The ZIBs holds a high theoretical volumetric 

capacity and natural abundance of zinc is high. [6] Aqueous Zn-based batteries show the highest 

energy density at low cost and, in comparison to other high-capacity metals like Li and Ca, Zn 

is non-flammable, chemically stable in air and recyclable. [7] 
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1.2. Prussian blue and metal hexacyanoferrates 

Prussian blue (hereafter called PB) was the first modern synthetic pigment, his chemical 

formula is Fe4[Fe(CN)6]3 and it is dark blue. PB is also known as Berlin blue or Parisian blue, 

and it is used in paints as a colour [3] and in medicine as an antidote for heavy metal poisoning. 

[8] PB has a face centred cubic open framework formed by iron (II) and iron (III) respectively 

coordinated to the carbon and the nitrogen of the cyanide. [9] The structure has large interstitial 

site, a wide range of different intercalation ions are possible, including alkali metals, divalent 

ions, and even small molecules. [10] 

– FeII – C ≡ N – FeIII – 

 

Figure 1: unit cell of Prussian Blue determined by neutron diffraction [11] 

Prussian Blue Analogues (hereafter called PBAs) have been explored for many different 

applications because of their ease of synthesis and intriguing electrochemical and magnetic 

properties. Their general chemical formula is AxP[R(CN)6]1-yVy ∙ nH2O where A are the mobile 

cations, P is the transition metal coordinated to the nitrogen of the cyanide, R is the transition 

metal coordinated to the carbon of the cyanide and V is the vacancy (0 ≤ x ≤ 2 and 0 ≤ y < 1). 

PBAs have the same open-framework lattice structure of the PB where the iron is coordinated 

to the carbon and the other transition metal is coordinated to the nitrogen of the cyanide. [12,13] 

– Fe – C ≡ N – M – 
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Figure 2: open-framework lattice structure for metal hexacyanoferrates. The red sphere is the 

iron, the dark blue sphere is the transition metal (Mn, Ti) and the big blue spheres are the 

large cavities inside the structure [12] 

Each unit cell consists of eight subunit cells and therefore contains eight interstitial sites that 

can host various ions, such as Li+, Na+, K+, NH+, Rb+, alkaline earth divalent ions and zeolitic 

water. The open-framework nature of the cubic structure, with contains open channels (3.2 Å 

in diameter) and interstitial sites (4.6 Å in diameter) in the case of PB, enables rapid solid state-

diffusion of a wide variety of ions. [12] 

1.3. Titanium and manganese hexacyanoferrates 

Manganese hexacyanoferrate (hereafter called MnHCF) and titanium hexacyanoferrate 

(TiHCF) belong to the class of PBAs. 

In previous work, the powder of MnHCF was studied with different techniques (XRD and XAS) 

and the obtained formula was Na1.9Mn1.1Fe(CN)6. Manganese hexacyanoferrate is electroactive 

and it is constituted of only abundant elements. This material features high specific capacities 

at high potential when compared to other materials of the same class. [13,14] In MnHCF, the 

iron and the manganese are respectively coordinated to the carbon and to the nitrogen of the 

cyanide. 

– FeII – C ≡ N – MnII – 

M

M’:  
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In another previous work, the powder of titanium hexacyanoferrate was studied with XRD and 

the obtained formula for the structure was Na0.86Ti0.73[Fe(CN)6] · 3H2O [15]. TiHCF showed 

electrochemical activity: it exhibited high capacity, long cycle life and good rate capability. 

[16] In TiHCF, the iron is coordinated to the carbon of the cyanide and the titanium is 

coordinated to the nitrogen of the cyanide. 

– FeII – C ≡ N – TiIV – 

1.4. Electrochemical cell and Cyclic Voltammetry (CV) 

An electrochemical cell is a device that generates electrical energy by performing chemical 

reactions (galvanic cell) or it uses electrical energy to supply it, facilitating chemical reactions 

in it (electrolytic cell). The electrolytic cell converts electrical energy into chemical energy and 

the species are oxidized at the cathode and reduced at the anode. [17] 

Cyclic voltammetry (CV) is an electrochemical technique used for qualitative and quantitative 

analyses of redox couples. With this method, it is possible to determine the reaction mechanism, 

the stability of the reaction products, the presence of intermediates in redox reactions, the 

kinetics of the electron transfer and so on. The electrode potential is ramped linearly versus 

time starting from an initial potential (Ei) until the final potential (Ef) then, the potential scan is 

performed in the opposite direction back to Ei. These cycles of ramps in potential may be 

repeated as many times as needed. [18] 

Usually, CV measurements applied to the batteries are split in two segments: the first is the 

“charge” and the second one is the “discharge”. During the charge segment there is the 

oxidation of the species, while they are reduced during the discharge part. In the case of a 

reversible redox couple, an oxidation peak in the charge segment as well as a reduction peak in 

the discharge part are observed. The more reversible is the redox couple, the more similar the 

oxidation peak will be in shape to the reduction peak. [4] 

When the potential is scanned during the cyclic voltammetry experiment, the concentration of 

the species in solution near the electrode changes over the time in accordance with the Nernst 

equation (1): 

 E = E0 + 𝑅𝑇
𝑛𝐹⁄  ∙ ln 𝑂𝑥

𝑅𝑒𝑑⁄  (1) 

where: 
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• E is the cell potential at the temperature of interest (V). 

• E0 is the standard cell potential (V). 

• R is the universal gas constant (8.31 
𝐽

𝐾 ∙  𝑚𝑜𝑙⁄ ). 

• T is the temperature (K). 

• N is the number of electrons transferred in the cell reaction. 

• F is the Faraday constant, the number of coulombs per mole of electrons (96485 𝐶 𝑚𝑜𝑙⁄ ). 

• Ox is the concentration of the oxidized species. 

• Red is the concentration of the reduced species. 

As a first approximation, for a solid electrode inserted in a solution containing electroactive 

species, if a negative potential is applied the species are reduced locally at the electrode, 

resulting in the measurement of a current and depletion of oxidized species at the electrode 

surface. Crucially, the concentration of the species relative to the distance from the surface of 

the electrode are dependent on the potential applied and how species move between the surface 

and the bulk solution. These factors all contribute to the “duck”-shaped voltammograms. The 

two peaks are separated due to the diffusion of the analyte to and from the electrode. If the 

reduction process is chemically and electrochemically reversible, the difference between the 

anodic and the cathodic peak potentials (ΔEp) is 59 mV. [19] 
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Figure 3: cyclic voltammogram scan with charge and discharge segments for TiHCF pellet 

pressed inside the aluminium mesh in the three-electrode cell (scan rate = 2 mV/s) 
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The peak current, Ip, of the reversible redox process is described by the Randles-Sevcik equation 

at 298 K (2): 

 Ip = (2.69 ∙ 105) ∙ n3/2 ∙ A ∙ C ∙ D1/2 ∙ v1/2 (2) 

where: 

• n is the number of electrons. 

• A is the electrode area (cm2). 

• C is the concentration (mol/cm3). 

• D is the diffusion coefficient (cm2/s). 

• v is the potential scan rate (V/s). [20] 

 

1.5. X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy is a non-destructive technique used for qualitative and 

quantitative analysis of different samples. This technique can obtain the chemical composition 

of the top few atomic layers because the mean free path of electron in solid is very small (λ = 

10-20 Å). In quantitative analysis by XPS, the elemental surface composition can be 

determined. Furthermore, a chemical analysis is possible by assigning binding energies (BE) to 

different chemical states. In simple cases, a higher binding energy can be attributed to a higher 

formal oxidation state of an element. Moreover, it is also possible to obtain depth profiles when 

paired with ion-beam etching. [21] 

XPS analyses are performed under ultra-high vacuum (UHV-10-9 mbar) to guarantee a 

sufficient mean free path of the photoelectrons after ejection from the solid and to reduce the 

dissipation of energy on the surface due to the inelastic scattering, as well as adsorbed gaseous 

species. In an XPS spectrum different signals can be recorded, which will be further explained 

in the following chapters:  

• Photoelectron lines: excited core electrons assigned to an element and the respective 

orbital. 

• X-ray satellites: for each photoelectron peak that results from the routinely used Al Kα 

(non-monochromate) x-ray photons, there is a family of minor peaks at lower binding 

energies, with the intensity and spacing characteristic of the x-ray anode material. 

https://en.wikipedia.org/wiki/Ion_beam#Ion_beam_etching_or_sputtering
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• Shake up and shake off processes: these processes will be explained in the following 

chapters. 

• Energy loss lines: some materials show an enhanced probability for loss of a specific 

amount of energy due to the interaction between the photoelectron and the other 

electrons on the surface of the sample. This phenomenon produces a distinct and rather 

sharp hump above the binding energy of the main line. 

• Auger lines: the emission of an Auger electron as a relaxation process after ejection of 

a core electron. This mechanism is more common in light elements. 

• Multiplet splitting: a final state effect after ionization of elements that already have 

unpaired electrons. [22] 

 

1.5.1. Photoelectrons 

 

Figure 4: ejection of the photoelectron and formation of a core hole after photoionization 

[23]  

XPS is based on the photoelectric effect (see Figure 4). It refers to what happens when electrons 

are emitted from a material that has adsorbed electromagnetic radiation. Inside the instrument 

there is an x-ray tube that produces the excitation radiation by x-ray fluorescence. The x-ray 

photons generated are directed to the sample and the photons interact with the electron of the 

material. When the x-ray photon hits the surface, it causes the ejection of a core electron. 

Such an electron is called photoelectron, and its kinetic energy depends upon the energy of the 

incident photon as shown in Equation (3):  



8 
 

 KE = hν – BE – φ (3) 

• KE is the kinetic energy of the photoelectron. 

• hν is the known energy of the incident photon. 

• BE is the binding energy of the atomic orbital from which the electron is originated. 

• φ is the known a work function of the analyzer: it needs to be determined once and then, 

the kinetic energy can be recalculated as binding energy. It depends on how the KE is 

defined. 

The BE is determined by measuring the KE with the electron energy analyzer. For 

homogeneous sample, the relative concentrations of the various constituents can be determined 

by measuring the peak area that is related to the number of atoms as follows: 

 I = nfσθyλAT (4) 

• I is the intensity of the peak (number of photoelectron per second). 

• n is the number of atoms of the element per cm3 of the sample. 

• f is the x-ray flux in photons/cm2 ∙ sec. 

• σ is the photoelectric cross-section for the atomic orbital of interest in cm2. 

• θ is an angular efficiency factor for the instrumental arrangement based on the angle 

between the photon path and detected electron. 

• y is the efficiency in the photoelectric process for formation of photoelectrons of the 

normal photoelectron energy. 

• λ is the mean free path of the photoelectrons in the sample (for homogeneous samples). 

• A is the area from which photoelectrons are detected. 

• T is the detection efficiency for electrons emitted from the sample. [22] 

Photoelectron lines are named according to their total momentum (J = l + s), where l = 0,1,2,3 

– denoted as s,p,d,f – and s = ± 1/2 are quantum numbers of the core energy level from which 

the photoelectrons are expelled. For example: Fe 2p3/2 where 3/2 = 1 + ½ = l + s. [24] In case 

of l being non-zero (so all orbitals apart the s-orbital), the electron spins can align with or 

opposite to the orbital momentum l. This results in doublet signals for all electrons expelled 

from non-s orbitals and a singlet for those s-orbitals core electrons. 
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1.5.2. Shake up and shake off processes 

During the photoionization of the atom by x-rays it is possible to have “shake-up” and “shake-

off” processes, both causing energy reduction of the photoelectron. During a shake off process 

the energy of the photoelectron is used to eject a secondary electron, whereas in the shake-up 

process the electron is promoted to a higher energy level. This results in the formation of a 

satellite peak a few electron volts higher in binding energy than the main peak. [22] 

 

Figure 5: examples of shake up and shake off processes [25] 

1.5.3. Auger electrons 

After the ejection of the photoelectron, the remaining ion is energetically excited because of the 

vacancy in the core-level. There are two possible relaxation processes: 

• emission of Auger electron: this is a frequent phenomenon for lighter elements (Z < 

75) after photoionization and cylindrical mirror analyzer could be used to detect Auger 

electron emitted by the surfaces of the sample.  

• x-ray fluorescence is the emission of a high energy photon after bombarding with x-

rays, which is more intense for heavier elements (Z > 75). The related technique is X-

Ray Fluorescence (XRF). 

The Auger electrons are secondary electrons which are emitted after the ejection of a 

photoelectron from a core level in a two electron process. As in an XPS experiment, electrons 

of different kinetic energies are detected, signals due to Auger electrons can also be assigned. 
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Figure 6: exemplary ejection of a KLL Auger electron [23] 

This one step process includes relaxation of one electron from a higher energy orbital who fills 

the vacancy on the core level and the ejection of an Auger electron. The Auger electron 

possesses kinetic energy equal to the difference between the energy of the initial ion and the 

doubly charged final ion. The kinetic energy of the Auger electron is independent of the ionizing 

radiation; hence the kinetic energy of the Auger line will not shift if the source changes. The 

related technique is the Auger Electron Spectroscopy (AES). 

The Auger line is identified by specifying the initial and the final vacancies in the Auger 

transition: the KLL series includes the processes where the initial vacancy is in the K shell and 

the final double vacancy is in the L shell. The electron is ejected from the K shell, then the 

electron on the L shell relaxes to fill the vacancy on the K shell and an Auger electron is ejected 

from the L shell. The final atom is doubly ionized, which is energetically more favorable than 

the singly ionized atom. 

1.5.4. Multiplet splitting 

The emission of an electron from an element that itself has unpaired spins can create a vacancy 

in two or more ways. After the photoionization, the coupling of the unpaired electron with other 

unpaired electron of the atom can create an ion with several possible final state configurations. 

This results in a photoelectron line which is split asymmetrically into several components. 

Multiplet splitting also occurs in the ionization of p levels, but the result is more complex and 
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subtle. In favorable cases, it results in an apparent slight increase in the spin doublet separation 

evidenced in the separation of the 2p1/2 and 2p3/2 lines in first-row transition metals and in the 

generation of a less easily noticed asymmetry in the line shape of the components. [22] 

In the case of Fe 2p photoelectron line, iron low-spin complexes show little or no multiplet 

splitting, as there are no or one unpaired electron initially, depending on the oxidation state. 

1.5.5. XPS quantification 

The intensity of the photoelectron lines needs to be normalized to allow for quantification by 

comparing normalized peak areas. In the setup of this work, this is realized in the evaluation 

software Unifit 2021 by dividing the intensity by a sensitivity factor SFx. This sensitivity factor 

is the product of the photoelectric cross-section σx of element x, the inelastic mean free path of 

the element x, λx and the measurement made dependent transmission function F (for 

homogeneous samples). The surface concentration in atomic percent of the element x is then 

calculated by using the Equation (5): 

 C (at. %) = 

𝐼𝐴
𝑆𝐹𝐴

⁄

∑ 
𝐼𝑋

𝑆𝐹𝑋
⁄

 (5) 
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2. EXPERIMENTS AND CHARACTERIZATION 

In this chapter, the synthesis of the powder and their formulation are described. Afterwards, the 

pellets were treated with cyclic voltammetry and the oxidation states of the different elements 

were investigated with XPS analyses. 

2.1 Synthesis of the metal hexacyanoferrates 

2.1.1. Preparation of MnHCF powder 

Manganese hexacyanoferrate powder was synthetized by co-precipitation method. The aqueous 

solution of manganese sulphate monohydrate (0.1 M MnSO4 ∙ H2O, Aldrich-Merk) and sodium 

ferrocyanide decahydrate (0.1 M Na4Fe(CN)6 ∙ H2O, supplier Aldrich-Merk) were 

simultaneously dropwise poured to an aqueous solution of sodium sulphate (0.1 M Na2SO4, 

supplier Aldrich-Merk) by means of a peristaltic pump [14]. The reaction was conducted at 

40°C. The solution was aged for five days, assuring complete decantation, then, the solution 

was centrifugated to separate the aqueous solution from product powder. The obtained powder 

was washed with ethanol-water solution for three times and finally test tubes were placed in the 

oven at 60°C for two days for drying. 

2.1.2. Preparation of TiHCF powder 

Titanium hexacyanoferrate powder was synthetized by co-precipitation method. The solution 

of tetrabutyltitanate was added to the sodium ferrocyanide solution. 

• 0.1 M Na4Fe(CN)6 solution (Sigma Aldrich): 4.8427 ± 0.0001 g of sodium iron cyanide 

and 11.5 ± 0.1 mL of hydrochloric acid 37% were added to 100 mL of water. 

• 0.1 M TBT solution (Sigma Aldrich): 1.71 ± 0.01 mL of tetrabutyltitanate were added 

to 50 mL with ethanol. 

Na4Fe(CN)6 solution was transferred into two-necked flask and it was covered with a paper of 

aluminum. TBT solution was added dropwise to Na4Fe(CN)6 solution and then, the reaction 

was conducted under N2 atmosphere at 40°C for 6 hours. Flask was covered because the product 

is sensitive to light and the reaction needed N2 atmosphere because titanium reacts easily with 

oxygen. TiHCF solution was aged for five days thus reaction proceeded, afterwards it was 

transferred into test tubes, and they were centrifugated to separate aqueous solution from 

product powder. The obtained powder was washed with ethanol-water solution for three times 

and finally test tubes were placed in the oven at 60°C for two days for drying. 
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2.1.3. Preparation of the pellets 

For preparation of the pellets, two active materials were used: MnHCF and TiHCF. Pellets were 

prepared with: 

• 70 % of active material (AM) – MnHCF and TiHCF powders. 

• 25 % of carbon black (conductive material). 

• 5 % of PTFE (binder). 

First, the active material was crushed to become homogeneous fine powder and carbon black 

was added. After, PTFE was mixed and manually pressed with carbon-active material powder 

to obtain the pellets. Thirteen pellets were prepared for MnHCF and nine pellets were prepared 

for TiHCF series. 

2.2. Electrical characterization and treatment 

2.2.1. Preparation of the electrical setup 

Three-electrode cell and symmetric coin cell setup were chosen to perform cyclic voltammetry 

on the TiHCF pellets because they were already used in previous work. For the symmetric coin 

cell setup, TiHCF pellets were used as a cathode and as an anode because titanium 

hexacyanoferrate shown two distinct, reversible redox systems. Coin cell setup was chosen for 

the MnHCF series with zinc as an anode because it was already used in previous works. [26] 

Cyclic voltammetry was performed by means of CH Instruments Model 660. 

The pellet of TiHCF was soaked into sodium nitrate solution (0.1 M) under vacuum for two 

hours. For the three-electrode cell (see Figure 7), the pellets were fixed inside the aluminium 

mesh with a clip, and it was inserted in the cell: 

• working electrode (WE) is the TiHCF pellet inside the aluminium mesh. 

• counter electrode (CE) is platinum electrode. 

• reference electrode (RE) is saturated calomel electrode (SCE). 
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Figure 7: three-electrode cell with NaNO3 as electrolyte used for TiHCF series 

For the symmetric coin cell (shown in Figure 8), the pellets were inserted inside the cell: TiHCF 

pellets were used as cathode and as anode.  

 

Figure 8: symmetric coin cell used for TiHCF series 

The manganese hexacyanoferrate pellet was soaked into zinc sulphate solution (3 M) under 

vacuum for two hours. Then, the pellet was inserted inside the coin cell (compare in Figure 9) 

where: 

• zinc is the anode. 

• MnHCF is the cathode. 

WE 

RE 

CE 
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Figure 9: coin cell used for MnHCF series 

2.2.2. Cyclic Voltammetry (CV): treatment and characterization 

Hereafter the cyclic voltammetry parameters are reported in Table 1. 

  
MnHCF – coin 

cell 

TiHCF – three-

electrode cell 

TiHCF – 

symmetric coin cell 

Initial potential 1.3 V (vs Zn0/Zn2+) 0 V (vs SCE) 0 V 

High potential 2 V (vs Zn0/Zn2+) 1.4 V (vs SCE) 1.4 V 

Low potential 1 V (vs Zn0/Zn2+) -1 V (vs SCE) -1 V 

Initial scan polarity Positive Positive Positive 

Scan rate 0.0002 V/s 0.0001 V/s 0.0001 V/s 

Sweep segments n n n 

Sample interval 0.001 V 0.001 V 0.001 V 

Quiet time 2 s 2 s 2 s 

Sensitivity 2 ∙ 10-2 A/V 2 ∙ 10-2 A/V 2 ∙ 10-2 A/V 

Table 1: parameters of Cyclic Voltammetry 

The pellets of the two series were treated with different number of cycles using CV. The metals 

inside the structure should have different oxidation states depending on the number of cycles 

performed. 
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Three types of samples were prepared: 

• The pristine (P) pellet was not treated with cyclic voltammetry. 

• The “charged” (hereafter called C) pellets were treated with one or more cycles of 

charge and the metals should be oxidized (FeIII, MnIII, TiIV). 

The sample C1 was treated with one segment of charge: it means that the electrode 

potential is ramped linearly versus time starting from an initial potential (Ei) until the 

final potential (Ef). The sample C2 was treated with three segments (one of charge, one 

of discharge and another one of charge) and the sample C10 was treated with nineteen 

segments. 

• The “discharged” (hereafter called D) pellets were treated with one or more cycles of 

discharge and the metals should be reduced (FeII, MnII, TiIII). 

The sample D1 was treated with one cycle composed by one segment of charge and one 

segment of discharge: it means that the electrode potential is ramped linearly versus 

time starting from an initial potential (Ei) until the final potential (Ef) then, the potential 

scan is performed in the opposite direction back to Ei. The sample D2 was treated with 

two cycles (or four segments) and the sample D10 was treated with ten cycles (or twenty 

segments). 

For the symmetric coin cell – TiHCF series, pellets were used as an anode and as a cathode: 

• The “charged 1 – anode” (hereafter called C1 – A) and “discharged 1 – anode” (hereafter 

called D1 – A) samples were treated with one segment and one cycle of CV respectively 

and metals should be reduced (FeII, TiIII). 

• The “charged 1 – cathode” (hereafter called C1 – C) and “discharged 1 – cathode” 

(hereafter called D1 – C) samples were treated with one segment and one cycle of CV 

respectively and metals should be oxidized (FeIII, TiIV). 
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2.2.2.1. Manganese hexacyanoferrate 

Hereafter, the weights of the different pellets treated with cyclic voltammetry are reported in 

Table 2: 

MnHCF 1st batch 2nd batch 

P 3.8 ± 0.1 mg - 

C1 4.0 ± 0.1 mg - 

D1 3.2 ± 0.1 mg - 

C2 4.3 ± 0.1 mg 4.2 ± 0.1 mg 

D2 4.1 ± 0.1 mg 4.1 ± 0.1 mg 

C5 - 3.6 ± 0.1 mg 

D5 - 4.2 ± 0.1 mg 

C10 2.6 ± 0.1 mg 5.1 ± 0.1 mg 

D10 4.8 ± 0.1 mg 5.6 ± 0.1 mg 

Table 2: overview of different samples of cycled MnHCF with respective mass of total 

formulation  

2.2.2.2. Titanium hexacyanoferrate 

The weight of the pellets treated with cyclic voltammetry are reported hereafter in Tables 3 and 

4: 

TiHCF P C1 D1 D2 D10 

Three-electrode cell 3.6 ± 0.1 mg 3.1 ± 0.1 mg 1.4 ± 0.1 mg 3.8 ± 0.1 mg 4.1± 0.1 mg 

Table 3: overview of different samples of TiHCF series with respective mass of total 

formulation – three-electrode cell 
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TiHCF P C1 - A C1 - C D1 - A D1 - C 

Symmetric coin cell 3.6 ± 0.1 mg 3.4 ± 0.1 mg 3.4 ± 0.1 mg 3.9 ± 0.1 mg 3.9 ± 0.1 mg 

Table 4: overview of different samples of TiHCF series with respective mass of total 

formulation - symmetric coin cell 

2.3. X - Ray Photoelectron Spectroscopy (XPS) 

 

The XPS measurements were performed in a VG Escalab 220i-XL spectrometer with a model 

220 analyzer and six channeltrons. The x-ray tube has a twin anode source with Mg and Al and 

the non-monochromate Al Kα radiation was selected. The pressure of the analysis chamber was 

around 10-8 mbar during the measurements. Hereafter, the measurement parameters for all the 

surveys and detailed spectra are reported in Tables 5 and 6. For all measurements the lens mode 

LAE was used, since the samples with a diameter of around 8 mm were big enough to use this 

mode providing good resolution and intensity. 

 Acquisition parameters Survey spectra Detailed spectra 

Range (eV) -5 – 1200 eV  - 

Pass energy (eV) 50 eV 50 eV 

Number of scans 1 4 – 6  

Dwell time (ms) 100 ms 300 ms 

Step size 0.5 0.1 

Table 5: acquisition parameters for survey and detailed spectra for the different samples of 

the MnHCF and TiHCF series 
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MnHCF Range (eV) TiHCF Range (eV) 

Mn 3p, Fe 3p and Na 2s 35 - 80 eV Ti 3p, Fe 3p and Al 2p 20 - 135 eV 

C 1s  270 - 310 eV C 1s 270 - 310 eV 

N 1s  385 - 415 eV N 1s  385 - 415 eV 

O 1s  520 - 550 eV O 1s  520 - 550 eV 

Mn 2p, F 1s and Fe 2p 630 - 745 eV F 1s and Fe 2p 675 - 750 eV 

Na 1s and Zn 2p 1005 - 1090 eV Zn 2p and Na 1s 1005 - 1090 eV 

  Ti 2p 445 - 480 eV 

Table 6: measured energy range for detailed spectra for different elements of the MnHCF and 

TiHCF series 

Charge correction was performed to the N 1s signal of cyanide to 397.6 eV. [26] For cross-

checking of the charge correction, the signal of conductive carbon was observed to be in the 

range of 284.5 eV ± 0.3 eV. Peak fitting was performed with the software Unifit 2021 using 

Voigt profiles (convolution of Gaussian and Lorentzian functions). XPS quantification in Unifit 

2021 was realized by measuring intensities and normalizing them with sensitivity factors. These 

sensitivity factors are calculated in the program as a product of the transmission function, 

photoelectric cross-section, and inelastic mean free path (for homogeneous samples). 
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3. RESULTS AND DISCUSSION 

In this chapter, the results of the cyclic voltammetry and the XPS measurements are discussed. 

Emphasis is put on systematic changes between different cycled samples and correlation of 

cyclic voltammetry and the XPS results. 

3.1. Cyclic Voltammetry (CV) 

For MnHCF coin cell with Zn as a cathode (≈ -0.76 V vs SHE – saturated hydrogen electrode), 

papers suggested to use a potential range between 1.0 – 2.0 V. [26] For TiHCF three-electrode 

cell, in previous work CVs were performed between -1.3 – 1.3 V vs SCE (≈ 0.24 V vs SHE) in 

aqueous electrolyte at different scan rate. [27] For all setups, a wide range was tested at a high 

scan rate with cyclic voltammetry and then the potential was chosen according to the position 

of the peaks. In this work, the chosen range was between 1.0 – 2.0 V for MnHCF series and -

1.0 – 1.4 V for TiHCF series. For the TiHCF in symmetric coin cell setup, electrodes are made 

with the same material, therefore the peaks are in a different position than TiHCF three-

electrode cell where the reference was SCE. 

Herein, the results of cyclic voltammetry of MnHCF in the coin cell setup and TiHCF in the 

three-electrode cell and symmetric coin cell setups are described. 

3.1.1. Manganese hexacyanoferrate – coin cell 
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Figure 10: CV scan which leads to the sample C1 of MnHCF series 
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In the cyclic voltammetry scan of the sample “charged 1” of the MnHCF series (Figure 10) 

there are four peaks: as seen above in Chapter 1.4, during the charge segment there is the 

oxidation of the species. The main peak at 1.72 V could be assigned to the oxidation of iron 

and the other peaks around 1.85 V, 1.92 V and 1.98 V are probably due to the oxidation of 

manganese [28] with concomitant Na-ion removal from the MnHCF structure. 
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Figure 11: CV scan which leads to the sample D1 of MnHCF series 

In the cyclic voltammetry scan of the sample “discharged 1” of the MnHCF series (Figure 11) 

there are both charge and discharge segments. As seen above in Chapter 1.4, in the discharge 

part there is the reduction of the species, and four peaks are observed. The main peak at 1.55 V 

could be assigned to the reduction of the iron and the other peaks around 1.75 V, 1.82 V and 

1.90 V are probably due to the reduction of manganese [28] with concomitant Zn-ion 

intercalation into the MnHCF structure during the discharge segment.  
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Figure 12: CV scan which leads to the sample D10 of the MnHCF series 

Cyclic voltammetry scan of the D10 sample of the MnHCF is reported in Figure 12 and the 

scan changes during cycling. This is most likely due to the modification of the structure which 

is due to the substitution of manganese by the Zn ions during cycling. [26,28] 
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3.1.2. Titanium hexacyanoferrate – three-electrode cell 

Hereafter, an exemplary cyclic voltammetry scan for the TiHCF pellets is reported. This pellet 

was pressed inside the aluminium mesh to have good surface contact, and CV was performed. 

It was not possible to recover it for the subsequently measurements, so XPS analyses were 

performed on the pellets treated with CVs and fixed inside the aluminium mesh with a clip. 

This CV scan is useful to identify the positions of the oxidation and reduction peaks. 
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Figure 13: exemplary cyclic voltammetry (scan rate = 2 mV) of the pristine pellet pressed 

inside the aluminium mesh for TiHCF series – three-electrode cell and treated with one cycle 

of CV 

In Figure 13, cyclic voltammetry of pristine pellet for the TiHCF series is reported: two peaks 

are observed in both charge and discharge segments. The peaks around 0.48 V in charge 

segment and 0.42 V in discharge part could be assigned to the Ti3+/4+ redox couple, instead the 

other small hump around 1.1 V in the charge part is due to the oxidation of iron. [27] The peak 

of the oxidation of the iron is not observed in the CV and it should be around 0.7 V in the 

discharge segment. [27] The other peaks around -0.50 V and -0.75 V in discharge part were not 

assigned. 
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Figure 14: CV scan which leads to the sample C1 fixed inside the aluminium mesh with a clip 

for TiHCF series – three-electrode cell 

Figure 14 shows the CV scan of the C1 pellet fixed inside the aluminium mesh with a clip with 

the aim of recovering it after the cyclic voltammetry to perform XPS measurement. Cyclic 

voltammetry scan does not show the peak around 1.2 V, and this is probably due to the loss of 

the surface contact. 
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3.1.3. Titanium hexacyanoferrate – symmetric coin cell 

As seen above in Chapter 3.1.2, CVs performed with three-electrode cell were not as expected 

and this is the reason why afterwards cyclic voltammetry was performed with symmetric coin 

cell for the TiHCF series to have a good surface contact and, consequently, a better CV scan. 

In this case, TiHCF pellets were used as a cathode and as an anode, and the electrolyte was 

always NaNO3. 
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Figure 15: CV scan which leads to the sample C1 of the TiHCF series – symmetric coin cell 

In Figure 15, cyclic voltammetry scan for the sample “charged 1” of the TiHCF series is 

reported. Herein, two peaks are observed: the peak at 0.1 V could be assigned to the oxidation 

of titanium and the peak around 0.8 eV is due to the oxidation of iron according to CV scans 

shown in Chapter 3.1.2. The positions of the redox peak are different between the two cells 

because in three-electrode cell the reference was the SCE and, in symmetric coin cell, cathode 

is a TiHCF pellet. 
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Figure 16: CV scan which leads to the sample D1 of the TiHCF series – symmetric coin cell 

In the cyclic voltammetry for the sample “discharged 1” of the TiHCF series (Figure 16) there 

are the charge and the discharge segments. In the discharge part, two peaks are observed: the 

peak at -0.05 V was assigned to the reduction of titanium and the peak around 0.65 eV is due 

to the reduction of iron according to CV scans shown in Chapter 3.1.2. The peak around -0.75 

V in the discharge segment was not assigned. 

3.2. X-Ray Photoelectron Spectroscopy 

The following Chapters 3.2.1, 3.2.2, 3.2.3 encompass the XPS investigation of the MnHCF and 

TiHCF in different electrical setups. The focus is on chemical changes in the hexacyanoferrates 

structure and oxidation states of the transition metals during electrical cycling. 

In the MnHCF series, a redox chemistry in line with cyclic voltammetry as well as significant 

chemical changes can be recorded. In contrast, the TiHCF series only reveals less chemical 

changes and no measurable change in oxidation states. This is further explained in the upcoming 

chapters. 

In the case of Mn 2p, Mn 3p, Fe 2p, Fe 3p and Zn 2p the information about binding energies 

refer to 2p3/2 energy, if not otherwise stated. 
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3.2.1. Manganese hexacyanoferrate - coin cell 

First, representative survey spectra of the MnHCF series are shown. Then, the applied fits and 

comparative detailed spectra are used to describe alterations during electrochemical cycling. 

Complete XPS quantification of the samples of the MnHCF series as well as TiHCF series 

could be found in the Appendix. 

3.2.1.1. Survey spectra of the MnHCF powder and exemplary formulated 

samples 

Hereafter, the survey spectra of different samples for the MnHCF series are reported and every 

spectrum shows photoelectron and Auger lines for the different expected elements. 

 

Figure 17: survey spectrum of the MnHCF powder used for formulation of the samples in the 

MnHCF series 

In Figure 17, the survey spectrum of the powder of the MnHCF series are shown. Peaks of 

different elements are observed: as expected, there are the main signal of manganese (641 eV 

– 2p doublet), iron (708 eV – 2p doublet), nitrogen (397.6 eV – 1s singlet) and carbon (around 

285 eV – 1s singlet) that compose the structure of the manganese hexacyanoferrate. [22] 

Moreover, there is the peak of sodium (1071 eV – 1s singlet) which derives from the synthesis, 

and it is most likely inside the large cavities in the structure. Also, the oxygen peaks (around 

530 – 532 eV – 1s singlet) are due to the presence of water in the cavities because of the aqueous 

solution. 



28 
 

 

Figure 18: survey spectrum of the pristine pellet of MnHCF series 

In the survey spectrum of the pristine pellet of the MnHCF series (Figure 18), a peak due to the 

fluorine is observed around 690 eV (F 1s – singlet). [22] This intense peak is due to the 

polytetrafluoroethylene (PTFE) used for the preparation of the pellets. Furthermore, unexpected 

Zn 2p signals are observed at 1021 eV and 1044 eV: these peaks are probably due to a 

contamination of the sample during the preparation of the pellets. 

 

Figure 19: survey spectrum of the C10 pellet of MnHCF series 

In the survey spectrum of the “charged 10” pellet of the MnHCF series in Figure 19, there are 

again two peaks due to the zinc: the 2p3/2 is at 1021 eV and 2p1/2 is around 1044 eV but with a 

larger intensity than the pristine pellet. [22] The presence of zinc can be related to the 

transformation of the MnHCF cathode during cycling as independent XAFS measurements 
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suggest a progressively manganese substitution with Zn in the cathode material. [14] The peaks 

of zinc are observed for all the pellets of the MnHCF treated with cyclic voltammetry and it 

derives from the aqueous electrolyte.  

3.2.1.2. Quantification of the MnHCF powder 

Hereafter, the atomic percentages of the different elements for the pristine powder used for 

formulation of the MnHCF series are reported in Table 7 and the ratios between N 1s of the 

cyanide and the metals of the pristine powder are shown in Table 8. The quantification was 

calculated with the fit obtained from the detailed spectra and, for the pristine powder, the Fe 2p 

peaks were used for the quantification because there are not the loss structure of F 1s under the 

Fe 2p signals. 

  N Na C O Mn Fe 

Pristine powder 22.5 5.1 56.2 8.9 3.9 3.4 

Table 7: atomic percentages of the different elements for pristine powder of the MnHCF 

series 

  [N(CN)]/[Fe2p] [N(CN)]/[Mn2p] [Fe2p]/[Mn2p] 

Pristine powder 6.5 5.8 0.9 

Theoretical ratios 6.0 6.0 1.0 

Ratios from previous work [14] 6.0 5.5 0.9 

Table 8: ratios between nitrogen of the cyanide (397.6 eV) and the metals of the powder used 

for the formulation of the pellets of the MnHCF series 

The XPS quantification of the powder and the ratios between the nitrogen of the cyanide and 

the metals suggest successful synthesis of the MnHCF powder. The higher content of Na is due 

to the synthesis procedure and will be removed during cycling, as shown later. The oxygen 

derives from water in the cavities and a quantification of carbon relative to the metals is difficult 

since adventitious hydrocarbons overlap with C 1s cyanide signal.  
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3.2.1.3. XPS fitting of the detailed spectra in MnHCF series 

A set of fitting parameters for all detailed scans Mn 3p, Fe 3p, C 1s, N 1s, O 1s, Mn 2p and Fe 

2p were extracted from the MnHCF powder sample and used for the fitting of the series of 

cycled MnHCF samples. The width of the Gaussian and Lorentzian functions in the 

convolutions were set constant resulting in FWHM/eV of 2.6 for Mn 3p doublet, 2.6 for Fe 3p 

doublet, 1.8 for C 1s singlet, 1.9 for N 1s singlet, 2.3 for O 1s singlet, 3.3 for Mn 2p doublet 

and 2.3 Fe 2p doublet. Binding energy positions of components in the detailed spectra were 

allowed to vary a range of ± 0.3 eV. 

Hereafter, exemplary fittings are reported using detailed spectra of the formulated pellet of 

MnHCF without cycling complemented by other examples if needed. 

 

Figure 20: N 1s peaks of the pristine pellet for the MnHCF series 

As seen above in Chapter 2.3, charge correction was performed on N 1s signal, and the main 

peak was fixed at 397.6 eV. 

In Figure 20, the fit of the N 1s signals for the pristine pellet of the MnHCF series is reported 

and two different peaks are observed: the main peak around 397.6 eV was assigned to the 

nitrogen of the cyanide and the other peak around 402 eV was assigned to the nitrogen 

coordinated to the oxygen of the water that is inside the large cavities of the MnHCF structure. 

[29,30] 
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Figure 21: N 1s peaks of the C1 pellet for the MnHCF series 

In the fit of N 1s peaks of the C1 pellet and all further cycled samples for the MnHCF series 

(Figure 21), a new peak is observed around 399.4 eV, and this could be assigned to the nitrogen 

coordinated to the hydrogen of the water that is inside the large cavities of the structure. [30] 

 

Figure 22: C 1s peaks of the pristine pellet for the MnHCF series 

As seen above in Chapter 2.3, for cross-checking of the charge correction, the signal of 

conductive carbon was observed to be in the range of 284.5 eV ± 0.3 eV. 

Figure 22 shows the C 1s peaks for the pristine pellet of the MnHCF series, six peaks are 

observed: the main signal at 284.3 eV could be assigned to the carbon of the cyanide [31] and 

the signal of conductive carbon, which cannot be deconvoluted since they are close in binding 

energy. The other peak at 285.5 eV, 286.7 eV and 288 eV could be assigned to aliphatic 



32 
 

hydrocarbon, carbon-hydroxil bonds and carbonyl or –FCH–CH–F bonds respectively. [32] 

The peaks around 291.1 eV and 292.4 eV could be assigned to the –CF2– bonds of the PTFE. 

[32,33] 

 

Figure 23: loss structure peaks of F 1s of PTFE 

The F 1s spectrum exhibits a significant loss structure around 20-30 eV to higher binding 

energies, which interferes with the Fe 2p signal. For a better interpretation of the Fe 2p peaks 

in the same region, the F 1s region of a pure PTFE sample (Figure 23) was analysed with XPS, 

and the spectrum was fitted with Unifit 2021. The width of the Gaussian and Lorentzian 

functions in the convolutions were set constant resulting in FWHM/eV of 7.27 for F 1s loss 

structure. The heights of the loss structure peaks were related to the F 1s height for the PTFE, 

then the fluorine loss structures were included in the detailed spectra of the Fe 2p for all the 

samples. Hereafter, Table 9 reports the ratios between the height of the loss structure peaks and 

the F 1s signal for the pure PTFE sample. 

Loss structure 

position 
706.0 eV 711.7 eV 717.0 eV 721.8 eV 726.1 eV 

𝐡𝐞𝐢𝐠𝐡𝐭 𝐥𝐨𝐬𝐬 𝐬𝐭𝐫𝐮𝐜𝐭𝐮𝐫𝐞

𝐡𝐞𝐢𝐠𝐡𝐭 𝐅 𝟏𝐬 𝐬𝐢𝐠𝐧𝐚𝐥
 5.3 ∙ 10-3 2.8 ∙ 10-2 3.0 ∙ 10-2 1.8 ∙ 10-2 2.1 ∙ 10-2 

Table 9: ratios between the height of the loss structure peaks and the F 1s signal for the pure 

PTFE sample 
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Figure 24: Fe 2p peaks of the pristine pellet for the MnHCF series 

In Figure 24, Fe 2p peaks for the pristine pellet of the MnHCF series are shown: the main peak 

around 708.2 eV was assigned to Fe2+ according to literature [34,35] and the other wider peaks 

are due to the loss structures because of the F 1s signal of PTFE used as a binder. 

The Fe 2p3/2 signal has associated satellite peaks and the satellite peak of Fe 2p3/2 for Fe2+ is 

located approximately at 714.7 eV. [36] This satellite peak was not included in the detailed 

spectra of the Fe 2p signals for all the samples. For appropriate fitting of the Fe 2p signals, the 

spin-orbit coupling energy of 13.2 eV for the Fe 2p had to be adjusted to 12.9 eV and the 

Lorentzian and Gaussian width of the Fe 2p1/2 was not hold equal to the respective values of 

the Fe 2p3/2. [37] 

 

Figure 25: Fe 2p peaks of the C2 pellet for the MnHCF series 
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In the fit of the Fe 2p peaks for the C2 pellet of the MnHCF series (Figure 25), the main peak 

around 708.2 eV was assigned to Fe2+ as seen before and the second peak at 710.3 eV could be 

assigned to the Fe3+ according to literature [31,35]. The signal around 710.3 eV is more intense 

for all the charged samples compared to the discharged ones. This will be further demonstrated 

in the next chapter. The Fe 2p3/2 signal has associated satellite peaks and these satellite peaks 

of Fe 2p for Fe3+ are located approximately at 718.8 eV for the Fe 2p3/2 and 729.5 eV for the 

2p1/2 signal respectively. [36] These satellite peaks were not included in the detailed spectra of 

the Fe 2p signals for all the samples. 

 

Figure 26: Mn 2p peaks of the powder used for the formulation of MnHCF series 

Mn 2p peaks of the pristine powder are shown in Figure 26: the peak around 640.8 eV was 

attributed to Mn2+ according to literature and the signal at 642.0 eV was attributed to Mn3+ 

according to literature [38]. The minor signal at 646.6 eV could be a satellite structure of the 

high spin manganese coordinated to the nitrogen of the cyanide. [39] 

If there is manganese oxide inside the samples, it is probably overlapping with the signals of 

the Mn at 640.8 eV and 642.0 eV, and it should be around 641.3 eV. [40] 
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Figure 27: Mn 2p peaks of the pristine pellet for the MnHCF series 

In Figure 27, it is observed that Mn3+ signal for the pristine pellet of the MnHCF series is higher 

than Mn3+ for the pristine powder: this might indicate that the manganese was partially oxidized 

during the preparation of this pellet. 

 

Figure 28: O 1s peaks of the pristine pellet for the MnHCF series 

Figure 28 shows the O 1s peaks of the pristine pellet for the MnHCF series and four peaks are 

observed: the peaks at 530.7 eV and 532.4 eV were assigned to the oxygen coordinated to the 

nitrogen and to the oxygen of the water that is inside the cavities of the structure. [29]  

Moreover, there are other signals at 524.0 eV, 534.8 eV and 536.8 eV, and these peaks were 

assigned to Na KLL Auger Lines. [22] The KLL Auger lines of sodium were not counted in the 

quantification of oxygen. 
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Figure 29: O 1s peaks of the C10 pellet for the MnHCF series 

In the fit of the O 1s peaks of the C10 pellet for the MnHCF series (Figure 29), there is a 

additional signal around 529.3 eV: this low binding energy component in O 1s singlet is found 

for the charged samples and this peak could be assigned to the oxygen coordinated to the 

manganese according to literature. [40] Furthermore, for the cycled samples, zinc could go 

inside the large cavities of the structure or substitute the manganese: in this case the signal at 

530.7 eV could be also due to the oxygen coordinated to the zinc [41]. It is probably overlapping 

with the peak of the oxygen coordinated to the nitrogen and it is not possible to distinguish 

them. Further discussion can be found in the following chapter. Moreover, the two peaks around 

534.8 eV and 536.8 eV are missing because the sodium is removed from the structure during 

cycling. 

 

Figure 30: Zn 2p peaks of the C10 pellet for the MnHCF series 
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The fit of the Zn 2p3/2 peak for the C10 pellet of the MnHCF series is shown in Figure 30 and 

three peaks are observed: the first peak around 1020.7 eV was assigned to the zinc that 

substitute the manganese inside the MnHCF structure [28] and the second peak at 1021.8 eV is 

probably due to zinc coordinated to the oxygen. [42] The third peak around 1024 eV could be 

assigned to the zinc coordinated to the oxygen of two hydroxyl groups, since in literature is 

reported the signal of Zn(OH)2 at 1023.2 eV. [43] 

 

Figure 31: Na 2s, Fe 3p and Mn 3p peaks of the pristine pellet for the MnHCF series 

Figure 31 shows different peaks of the pristine pellet for the MnHCF series: the peak at 54.6 

eV is Fe 3p signal and it was assigned to Fe2+ according to literature [34] and to previous 

detailed spectrum (Figure 24). The Fe 3p signal was also used for the quantification of the iron 

inside the sample. The peak around 48.5 eV is Mn 3p signal and it was not assigned to any 

oxidation state because in literature the same BE value is reported for Mn2+ and Mn3+. [40] For 

uncycled samples, the manganese is situated in the building framework of the hexacyanoferrate 

structure and through cycling in the aqueous Zn2+ solution, some Mn-ions get replaced by the 

Zn-ions and can migrate in the cavities. In the latter, the Mn-ions can coordinate to water, which 

is also situated in the cavities. The other peak at 63.5 eV is Na 1s signal. 

The overview of the fitting results and quantification can be found in the Appendix. 
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3.2.1.4. Comparative spectra for cycled samples in the MnHCF series 

Subsequently, the comparative spectra are reported for the evaluation of the change of the 

oxidation states for different samples and other chemical changes after cycling. Since the 

detailed spectra of the samples were scanned 4 to 6 times, absolute intensities as counts/sec are 

displayed. As the only data processing a constant background was subtracted, which was equal 

to the base line on the low-binding energy side. 

 

 

Figure 32: comparative spectra of N 1s peaks of the different samples for the MnHCF series 

In Figure 32, the comparative spectra of N 1s peaks of the MnHCF series are shown: a second 

peak around 399.4 eV increases during cycling and it is intense for the D10 sample. As seen 

above in Chapter 3.2.1.3, this peak was assigned to the nitrogen coordinated to the hydrogen of 

the water that goes inside the large cavities of the structure during cycling. Furthermore, the 

signal at 402.0 eV increases during cycling but not as much as the peak around 399.4 eV. As 

already described, the signal at 402.0 eV is attributed to nitrogen coordinated to the oxygen and 
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it could be due to the NaNO3 used as electrolyte. The relative contributions of the N-H and N-

O species increase along with the overall oxygen content during cycling (see Figure 34). 

 

 

Figure 33: comparative spectra for O 1s peaks of the different samples for the MnHCF series 

In the comparative spectra of the O 1s peaks for the MnHCF series (Figure 33), charged pellets 

show a peak around 529.4 eV that increases during cycling and it is higher for the charged 

samples and it is attributed to oxygen both coordinated by manganese and zinc. As shown below 

in the discussion of the Mn 2p comparative spectra, the charged samples always show 

significantly higher manganese content in XPS compared to the discharged ones. 

As seen before in Chapter 3.2.1.3, the Na KLL lines around 524.0 eV, 534.8 eV and 536.8 eV 

disappear upon the first cycle due to the removal of the sodium from the structure. 
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Figure 34: atomic percentages of oxygen in different samples in MnHCF series 

As shown in Figure 34, the atomic percentage of oxygen is usually higher for the charged 

samples, granted the outlier D5. 
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Figure 35: comparative spectra of Fe 2p peaks of the different samples for the MnHCF series 

In Figure 35, the comparative spectra of the Fe 2p peaks of the different samples of the MnHCF 

series are reported and different oxidation states are observed. As expected, the powder, the 

pristine pellet and the discharged samples show a main peak around 708.3 eV and this peak was 

attributed to the Fe2+. The C1 shows a second peak around 710 eV, and this was assigned to the 

Fe3+. The other charged samples show a broad peak for Fe 2p3/2 and this is probably due to the 

oxidation of the iron. Also, the overall intensity of the Fe 2p signal of the charged samples 

seems to be lower. 

Hereafter, the ratio between Fe2+ and Fe3+ in different samples in MnHCF series is reported in 

Figure 36. It is observed that the amount of Fe2+ is higher for discharged samples and the ratio 

decreases for the charge samples, except for the D10 pellet which is probably an outlier. This 

histogram confirms that iron is oxidized during the charge and reduced during the discharge 

segment. 
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Figure 36: ratio between Fe2+ and Fe3+ in different samples in MnHCF series 

 

 

Figure 37: comparative spectra of Mn 2p peaks of the different samples for the MnHCF 

series 
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In the comparative spectra of the Mn 2p peaks of the different samples of the MnHCF series 

(Figure 37), there are many differences between the samples. In the pristine powder and in the 

C2 sample the signal is around 640.8 eV, it was assigned to Mn2+. For the pristine pellet, C1, 

C5 and the C10 pellets, the peak is shifted to higher binding energies (641.8 eV) and this peak 

was attributed to Mn3+ as seen before in Chapter 3.2.1.3. 

D5 sample show a lower amount of manganese and the peak is around 641.8 eV as the charged 

samples: this could be due to a non-complete reduction of the manganese during the last 

discharge segment. D1 show a low amount of manganese and D2, D10 samples don’t show any 

Mn 2p signal: this could be due to the substitution of manganese with the zinc during cycling.  

In contrast to that, in the comparative spectra of Mn 2p, the surface of the charged samples 

compared to the discharged ones enriches in Mn. As discussed before in the O 1s comparative 

spectra, the charged samples also exhibit a low binding energy component around 529.4 eV. A 

possible explanation could be that, during the charge segment, Mn-ions migrates to the cavities 

in the structure and the resident water molecules show a shift in O 1s due to the bonding to 

manganese while, during the discharge segment, manganese goes outside from the structure, 

and it is solved in the aqueous electrolyte solution. So, the electroactivity during charging would 

not be only due to the oxidation of Fe2+ to Fe3+, but also the enrichment of the surface with Mn-

ions. 

Sample  [O 1s529.4 eV]/[Mn 3p] 

Pristine powder 0.3 

Pristine pellet 0 

C1 2 

D1 0 

C2 4.7 

D2 0 

C5 3.8 

D5 0 

C10 4.5 

D10 0 

Table 10: ratios between O 1s peak at 529.4 eV and Mn 3p signal at 48.5 eV 

The ratio between the concentration of oxygen coordinated to the manganese and Mn-ions 

(Table 10) increases during cycling and it is almost constant for the samples treated with a high 
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number of cycles. This indicate that manganese goes inside the structure from the first cycle 

and the amount of water in the cavities increases during cycling. 

 

 

Figure 38: comparative spectra of Zn 2p peaks of the different samples for the MnHCF series 

In the comparative spectra of Zn 2p peaks for the MnHCF series shown in Figure 38, the peak 

at 1024 eV increases during cycling but mostly for the discharged samples and this could be 

due to the presence of the zinc coordinated to two hydroxyl groups or water molecules inside 

the large cavities of the structure. Moreover, the charged samples show the Zn 2p3/2 peak more 

shifted to 1020.7 eV so it can be assumed that zinc substitute the manganese in the framework 

from the first cycle. The Zn 2p3/2 is more shifted to 1021.8 eV for the discharged samples, and 

this could be due to the insertion of the Zn in the large cavities of the structure during the 

discharge segment while it goes outside from the interstitial sites during the charge. 

Hereafter, the atomic percentage of zinc (for the Zn 2p3/2 peak at 1021.8 eV) in different samples 

in MnHCF series is reported in Figure 39. It is observed that the concentration of zinc is higher 
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for discharged samples, and it decreases for the charge pellets, except for the D10 which is 

probably an outlier. This histogram supports the idea of the insertion of the zinc in the interstitial 

sites during the discharge and the removal of the Zn-ions from the cavities during the charge 

segment. 

 

Figure 39: atomic percentages of Zn 2p 1021.8 eV in different samples in MnHCF series 
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3.2.2. Titanium hexacyanoferrate – three-electrode cell 

It should be remarked that cyclic voltammetry measurements of these samples in the three-

electrode cell did not show any clear oxidation and reduction peaks. Therefore, a comparative 

interpretation concerning the redox chemistry with XPS is not possible. So, in this chapter only 

a general characterization with XPS can be given and chemical changes other than alterations 

of oxidation states are determined. 

3.2.2.1. Survey spectra of the TiHCF powder and exemplary formulated 

samples 

 

Figure 40: survey spectrum of the TiHCF powder used for formulation of the samples in the 

TiHCF series 

In the survey spectrum of the powder of the TiHCF series (Figure 40), peaks of different 

elements are observed. As expected, there are the peaks of the titanium (458.7 eV – Ti 2p 

doublet) [22], iron (708 eV – Fe 2p doublet), nitrogen (397.6 eV – N 1s singlet) and carbon 

(around 285 eV – C 1s singlet) that compose the structure of the manganese hexacyanoferrate. 

Moreover, there is the peak of sodium (1071 eV – Na 1s singlet) which derive from the 

synthesis, and it is probably inside the large cavities in the structure. Also, the oxygen peaks 

(around 531 eV – O 1s singlet) are probably due to the presence of water in the cavities because 

of the aqueous solution.  
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Figure 41: survey spectrum of the pristine pellet for the TiHCF series 

In the survey spectrum of the pristine pellet of the TiHCF series shown in Figure 41, an 

additional F 1s singlet peak is observed around 690 eV. This intense peak is due to the 

polytetrafluoroethylene (PTFE) used for the preparation of the pellets. 

 

Figure 42: survey spectrum of the D10 pellet for the TiHCF series 

In Figure 42, the survey spectrum of the “Discharged 10” pellet of the TiHCF series is reported. 

The Al 2s singlet peak is observed around 120 eV [22], and this probably comes from the 

aluminium mesh where the pellet was fixed for the three-electrode cell. Also, the O 1s peak is 
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obviously far more intense than in the pristine pellet survey. This will be further discussed in 

later chapters. 

3.2.2.2. Quantification of the TiHCF powder 

Hereafter, the atomic percentages of the different elements for the pristine powder used for 

formulation of the TiHCF series are reported in Table 11 and the ratios between N 1s of the 

cyanide and the metals of the pristine powder are shown in Table 12. The quantification was 

calculated with the fit obtained from the detailed spectra and, for the pristine powder, the Fe 2p 

peaks were used for the quantification because there are not the loss structure of F 1s under the 

Fe 2p signals. 

 N Na C O Ti Fe Cl 

Pristine powder 23.6 3.8 49.6 12.7 3.9 3.9 2.5 

Table 11: atomic percentages of the different elements for the pristine powder of the TiHCF 

series 

The XPS quantification of the powder suggests successful synthesis of the TiHCF powder. The 

content of Na is due to the synthesis procedure, oxygen derives from water in the cavities and 

chlorine comes from the synthesis since hydrochloric acid was used for the preparation of 

TiHCF powder. A quantification of carbon relative to the metals is difficult since adventitious 

hydrocarbons overlap with C 1s cyanide signal. 

  [N(CN)]/[Fe2p]  [N(CN)]/[Ti2p] [Fe2p]/[Ti2p] 

Pristine powder 5.5 5.5 1.0 

Theoretical ratios 6.0 6.0 1.0 

Ratios from previous work [15] 8.2 6.0 1.4 

Table 12: ratios between nitrogen of the cyanide (397.6 eV) and the metals of the powder 

used for the formulation of the pellets of the MnHCF series 

As expected, the ratios between the nitrogen of the cyanide and the metals are around 5.5 and 

theoretically, iron and titanium centres are surrounded by six cyanides in the TiHCF structure. 
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3.2.2.3. XPS fitting of detailed spectra of the TiHCF series - the three-

electrode cell 

A set of parameters for all detailed scans Fe 3p, C 1s, N 1s, O 1s, Ti 2p and Fe 2p were extracted 

from the TiHCF powder sample and used for the fitting of the series of cycled TiHCF samples. 

The width of the Gaussian and Lorentzian functions in the convolutions were set constant 

resulting in FWHM/eV of 2.6 for Fe 3p doublet, 1.8 for C 1s singlet, 1.9 for N 1s singlet, 2.3 

for O 1s singlet, 2.0 for Ti 2p doublet and 2.3 Fe 2p doublet. Binding energy positions of 

components in the detailed spectra were allowed to vary a range of ± 0.3 eV. 

For the TiHCF – three-electrode cell, the analysed samples were mainly reduced (pristine 

powder, pristine pellet and discharged pellets), only the C1 should be oxidized and this is why 

a full comparison is not possible. 

Hereafter, exemplary fittings are reported using detailed spectra of the formulated pellet of 

TiHCF without cycling complemented by other examples if needed. 

  

Figure 43: N 1s peaks of the pristine pellet for the TiHCF series 

As seen above in Chapter 2.3, charge correction was performed on N 1s signal, and the main 

peak was fixed at 397.6 eV. 

In the fit of the N 1s peaks for the pristine pellet of the TiHCF series (Figure 43), three peaks 

are observed: the main peak around 397.6 eV was assigned to the nitrogen of the cyanide [29], 

the peaks around 399.4 eV and 402 eV could be due to the nitrogen coordinated to the hydrogen 

and to the nitrogen coordinated to the oxygen of the water that is inside the large cavities in the 
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structure. [29,30] As in the case of the MnHCF series explained in Chapter 3.2.1.3, this can be 

correlated to an increase in oxygen during cycling. Demonstrative comparative spectra will be 

shown in the next chapter. 

 

Figure 44: C 1s peaks of the pristine pellet for the TiHCF series 

As seen above in Chapter 2.3, for cross-checking of the charge correction, the signal of 

conductive carbon was observed to be in the range of 284.5 eV ± 0.3 eV. 

In Figure 44, the fit of the C 1s peak for the pristine pellet of the TiHCF series is shown and 

five peaks are observed: the main signal at 284.5 eV could be assigned to the carbon of the 

cyanide [31]. We cannot do a deconvolution of C 1s (-CN) and C 1s (conductive carbon) 

because they are too close in binding energy. The other peak at 286.4 eV and 288.6 eV could 

be assigned to simple carbon-oxygen bonds and –CHF–CHF– bonds as well as carboxylate 

groups respectively. [30,32] The peaks around 291.8 eV and 293 eV could be assigned to the –

CF2– bonds of the PTFE. [44,45] The interpretation of the C 1s is therefore analogous to the 

MnHCF series. 
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Figure 45: Fe 2p peaks of the TiHCF powder used for formulation of the samples in the 

TiHCF series 

In the fit of the powder used for the formulation of the samples in the TiHCF (Figure 45), the 

Fe 2p3/2 is around 708.4 eV, and it was assigned to Fe2+ according to literature [34,35]. 

 

Figure 46: Ti 2p peaks of the TiHCF powder used for formulation of the samples in the 

TiHCF series 

In the fit of the Ti 2p peaks of the pristine pellet for the TiHCF series shown in Figure 46, there 

is the 2p3/2 peak at 458.7 eV and this peak could be assigned to the Ti4+ coordinated to the 

nitrogen of the cyanide. [16] 
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Figure 47: O 1s peaks of the TiHCF powder used for formulation of the samples in the 

TiHCF series 

In the fit of O 1s of powder used for the formulation of TiHCF pellets (Figure 47), there are 

four signals: the peaks around 530.4 eV and 532.3 eV were attributed to the oxygen coordinated 

to the nitrogen and to the oxygen of the water that is inside the cavities of the structure. [29] 

Moreover, the two signals at 524.1 eV and 535.7 eV were assigned to Na KLL Auger Lines 

[22] and they were not counted in the quantification of the oxygen. 

 

Figure 48: Fe 3p peak of the TiHCF powder used for formulation of the samples in the 

TiHCF series 

Figure 48 shows the Fe 3p and Na 1s peaks of the powder used for formulation of the samples 

in the TiHCF series, the peak at 54.7 eV was assigned to Fe2+ according to literature [34,35] 
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and to previous detailed spectra (Figure 45) and the peak at 63.4 eV is Na 2s signal. [22] The 

Fe 3p signal was used for the quantification of the iron inside the sample.  

The overview of the fitting results and quantification can be found in the Appendix. 

3.2.2.4. Comparative spectra for the samples of the TiHCF series - three-

electrode cell  

Subsequently, the comparative spectra are reported for the evaluation of the change of the 

oxidation states for different samples and other chemical changes after cycling 

As in Chapter 3.2.1.4, the comparative spectra include curves of absolute intensity in 

counts/sec. A constant background has been removed equalling the base line at the lower 

binding energy side. 

 

Figure 49: comparative spectra of N 1s peak of the different samples for the TiHCF – 

three-electrode cell 

In Figure 49, the comparative spectra of the N 1s of the different samples for the TiHCF series 

are shown: a second peak around 399.4 eV increases during cycling and it is intense for the 

D10 sample. As seen above in Chapter 3.2.2.3, this peak was assigned to the nitrogen 

coordinated to the hydrogen of the water that goes inside the large cavities of the structure 

during cycling. 
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Figure 50: comparative spectra of O 1s peak of the different samples for the TiHCF – three-

electrode cell 

In the comparative spectra of the O 1s peaks for the TiHCF series (Figure 50), the peak around 

532.5 eV increases during cycling and this is probably due to the insertion of water inside the 

large cavities of the structure. 

 

Figure 51: comparative spectra of Fe 2p peaks of the different samples for the TiHCF – 

three-electrode cell 

In the comparative spectra of the Fe 2p peaks of the different samples of the TiHCF series 

shown in Figure 51, the iron signal is around 708.4 eV for the powder, the pristine pellet and 

the discharged sample and it was assigned to Fe2+. The Fe 2p3/2 peak of the C1 sample is broader 

than other samples and this is probably due to the oxidation of the iron during the charge 
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segment. As seen above in Chapter 3.1.2, the cyclic voltammetry of the C1 sample does not 

show the peak around 1.2 V and, probably, this is the reason why the Fe 2p peak does not show 

a clear peak around 710.0 eV for the oxidation of the iron. 

Here, the overlap of the F 1s loss structure must be kept in mind, which contributes to the shape 

of the curve. As already mentioned, the cyclic voltammetry of these samples does not show the 

expected oxidation and reduction features. So, it does not appear justified to assume higher or 

lower oxidation states for the transition metal for charged and discharged samples respectively. 

 

Figure 52: comparative spectra of Ti 2p peaks of the different samples for the TiHCF – three-

electrode cell 

In Figure 52, the comparative spectra of Ti 2p peaks of the different samples for the TiHCF 

series – three-electrode cell are shown: the peaks are almost in the same position for all the 

samples. Theoretically, for the C1 sample titanium should be oxidized and for the pristine 

powder, the pristine pellet and the discharged samples titanium should be reduced: but as seen 

above in the comparative spectra, the Ti 2p peaks of discharged samples were assigned to Ti4+. 

CV scans of all the discharged samples are reported in the Appendix: in the CV scan of D1 

sample is observed a small hump at 0.05 V which could be assigned to the reduction of titanium 

but for D2 and D10 pellets no reduction peak is observed for titanium. 

Hereafter, Table 13 reports the binding energies of the peaks for titanium and it confirms the 

oxidation state does not change between the charged and the discharged samples. 
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Pristine 

powder 

Pristine 

pellet 
C1 D1 D2 D10 

Ti 2p peak 

positions 
458.7 458.6 458.7 458.7 458.8 458.4 

Table 13: binding energies of the main component in Ti 2p of the different samples of the 

TiHCF – three-electrode cell 

3.2.3. Titanium hexacyanoferrate – symmetric coin cell 

In this chapter, the comparative spectra acquired for TiHCF – symmetric coin cell will be 

discussed. Survey spectra, quantification of the powder and XPS fitting scheme of the detailed 

spectra will not be shown because it is analogous to the TiHCF – three-electrode cell previously 

discussed in Chapters 3.2.2.1, 3.2.2.2 and 3.2.2.3. In this case, the cyclic voltammetry 

measurements of the samples show clear oxidation and reduction peaks and all the CV scans 

are reported in the Appendix. 

3.2.3.1. Comparative spectra for the samples of the TiHCF series – 

symmetric coin cell 

As seen above in Chapter 3.2.2.4, the comparative spectra include curves of absolute intensity 

in counts/sec. Again, a constant background has been removed equalling the base line at the 

lower binding energy side. Hereafter, pellets are called: C1-A and C1-C are the anode (A) and 

cathode (C) after the first charging cycle, D1-A and D1-C are anode (A) and cathode (C) after 

the first discharging cycle respectively. The overview of the fitting results and quantification 

can be found in the Appendix. 
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Figure 53: comparative spectra of N 1s peaks of the samples for the TiHCF series – 

symmetric coin cell 

In Chapter 3.2.2.4, in the comparative spectra of N 1s peaks of the samples for the TiHCF three-

electrode cell, a second peak around 399.4 eV increases during cycling and it is intense for the 

D10 sample. In Figure 53, the comparative spectra of the N 1s of the different samples for the 

TiHCF series – symmetric coin cell are shown and the samples do not show any relevant 

differences, this is most probably due to the performance of only one cycle. 

 

Figure 54: comparative spectra of O 1s peaks of the samples for the TiHCF series – 

symmetric coin cell 
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In Figure 54, the comparative spectra of O 1s peaks of the samples for TiHCF series are reported 

and it is observed that this series does not show strong increase in the intensity of the O 1s peak, 

since the samples shown are, almost, fully cycled once. 

As seen above in Chapter 1.4, the metals should be oxidized in the cathode and reduced in the 

anode, the expected oxidation states for iron and titanium are: 

• Fe3+ and Ti4+ in the cathode. 

• Fe2+ and Ti3+ in the anode. 

 

Figure 55: comparative spectra of Fe 2p peaks of the samples for the TiHCF series – 

symmetric coin cell 

In the comparative spectra of the Fe 2p peaks of the different samples of the TiHCF series 

(Figure 55), the iron signal is around 708.4 eV for all the pellets, and it was assigned to Fe2+ 

according to literature. [34,35] Expected position of Fe3+ peak would be around 710.3 eV as 

reported in literature [31,35] and in these comparative spectra, no Fe 2p3/2 signal is observed at 

this BE. 

Again, the overlap of the F 1s loss structure must be kept in mind, which contributes to the 

shape of the curve. In the symmetric coin cell setup, the samples showed distinct oxidation and 

reduction events in cyclic voltammetry so it may be speculated that, after removing the sample 

from the electrochemical setup, the oxidation states in the surface are not conserved. Comparing 

to the MnHCF series, the latter is characterized by major chemical changes (e.g., introduction 

of Zn-ions) which may stabilize the surface state also after removing from the electrochemical 

setup. 
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Figure 56: comparative spectra of Ti 2p peaks of the samples for the TiHCF series – 

symmetric coin cell 

In Figure 56, the comparative spectra of Ti 2p peaks of the different samples for the TiHCF 

series – symmetric coin cell are shown: the peaks are in the same position for all the samples, 

and they were assigned to Ti4+ according to literature. [16] Theoretically, titanium that should 

be oxidized for C1-C and D1-C samples and it should be reduced for the pristine powder, the 

pristine pellet, the C1-A and D1-A samples. Again, the samples showed distinct oxidation and 

reduction events in cyclic voltammetry so it may be speculated that, after removing the sample 

from the electrochemical setup, the oxidation states in the surface are not conserved. 

Hereafter, binding energies of the main component in Ti 2p and Fe 3p peaks for the different 

samples in TiHCF – symmetric coin cell are reported in Table 14, and it is not possible to 

observe any systematic chemical changes for the transition metals. 
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BINDING ENERGIES (eV) 

  Ti (2p) Fe (3p) 

Pristine powder 458.7 54.7 

Pristine pellet 458.6 54.8 

C1 – A 458.7 54.9 

C1 – C 458.7 54.8 

D1 – A 458.8 54.8 

D1 – C 458.4 55.2 

Table 14: binding energies of the main component in Ti 2p and Fe 3p for the different 

samples in TiHCF - symmetric coin cell 
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4. CONCLUSIONS 

XPS analyses was fundamental to understand the chemical changes and alterations of the 

oxidation states of the metals for MnHCF and TiHCF series after the treatment with cyclic 

voltammetry. 

For the manganese hexacyanoferrate electrodes treated with CV in coin cell, it was observed 

that there are many differences between samples treated with different number of cycles. 

Firstly, the oxidation state of iron changes during cycling because it is reduced for the discharge 

samples and oxidized for the charged ones. Secondly, zinc substitutes manganese in the 

framework from the first cycle. Moreover, the surface of the charged samples compared to the 

discharged ones enriches in manganese while the concentration of Zn-ions decreases during the 

charge and enhances during the discharge segment. A possible explanation could be that, during 

the charge segment, Mn-ions migrates in the interstitial sites and Zn-ions goes outside from the 

large cavities of the structure while, during the discharge segment, manganese goes outside, 

and zinc goes inside the interstitial sites. So, the electroactivity shown during cycling would not 

be only due to the oxidation and reduction of iron, but also the mobility of Mn and Zn-ions, as 

expected from electrochemical viewpoint. Finally, it can be assumed that Zn and Mn-ions are 

coordinated to the water inside the large cavities of the manganese hexacyanoferrate structure. 

For the TiHCF series treated with CV in three-electrode cell and symmetric coin cell, there are 

not any relevant differences in oxidation state between samples treated with different number 

of cycles. 

For the three-electrode cell, it must be kept in mind that titanium hexacyanoferrate has shown 

electrochemical activity when the pellet was pressed inside the aluminium mesh. Afterwards, 

the pellets were fixed inside the aluminium mesh with a clip with the aim of recovering them 

after the CV to perform XPS measurement. CVs were not as expected: they do not show any 

clear reduction peaks for the metals in discharged samples and, probably, the surface contact 

was lost during cycling.  

In the symmetric coin cell setup, the samples showed distinct oxidation and reduction events in 

cyclic voltammetry. It may be speculated that, after removing the sample from the 

electrochemical setup, the oxidation states in the surface are not conserved. Comparing to the 

MnHCF series, the latter is characterized by major chemical changes and as seen above, the 

substitution of the manganese in the framework by the Zn-ions during cycling and the mobility 
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of Mn and Zn-ions could stabilize the surface state also after removing it from the 

electrochemical setup. So, for the MnHCF series, the electroactivity shown during cycling 

would not be only due to the oxidation and reduction of iron, but also the movement of Mn and 

Zn-ions while, for the TiHCF series, the electroactivity shown during cycling is probably due 

to the oxidation and reduction of the metals and maybe to the mobility of Na-ions. 
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5. APPENDIX 

5.1. Cyclic voltammetry 

5.1.1. Manganese hexacyanoferrate – coin cell 
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Figure 57: cyclic voltammetry scan for the sample C2 of the MnHCF series – coin cell  
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Figure 58: cyclic voltammetry scan for the sample D2 of the MnHCF series – coin cell 
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Figure 59: cyclic voltammetry scan for the sample C5 of the MnHCF series – coin cell 
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Figure 60: cyclic voltammetry scan for the sample D5 of the MnHCF series – coin cell 
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Figure 61: cyclic voltammetry scan for the sample C10 of the MnHCF series – coin cell 

5.1.2. Titanium hexacyanoferrate – three-electrode cell 
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Figure 62: cyclic voltammetry scan for the sample D1 of the TiHCF series – three-electrode 

cell 
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Figure 63: cyclic voltammetry scan for the sample D2 of the TiHCF series – three-electrode 

cell 
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Figure 64: cyclic voltammetry scan for the sample D10 of the TiHCF series – three-electrode 

cell 
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5.2. X-Ray Photoelectron Spectroscopy 

5.2.1. Manganese hexacyanoferrate – coin cell 

5.2.1.1. XPS fitting of the detailed spectra in MnHCF series 

5.2.1.1.1. XPS fitting of the detailed spectra of Fe 2p peaks 

 

Figure 65: Fe 2p peaks of the pristine powder for the MnHCF series 

 

Figure 66: Fe 2p peaks of the C1 sample for the MnHCF series 
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Figure 67: Fe 2p peaks of the D1 sample for the MnHCF series 

 

Figure 68: Fe 2p peaks of the D2 sample for the MnHCF series 
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Figure 69: Fe 2p peaks of the C5 sample for the MnHCF series 

 

Figure 70: Fe 2p peaks of the D5 sample for the MnHCF series 
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Figure 71: Fe 2p peaks of the C10 sample for the MnHCF series 

 

Figure 72: Fe 2p peaks of the D10 sample for the MnHCF series 
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5.2.1.1.2. XPS fitting of the detailed spectra of O 1s peak 

 

Figure 73: O 1s peaks of the pristine powder for the MnHCF series – coin cell 

 

Figure 74: O 1s peaks of the C1 sample for the MnHCF series – coin cell 
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Figure 75: O 1s peaks of the D1 sample for the MnHCF series – coin cell 

 

Figure 76: O 1s peaks of the C2 sample for the MnHCF series – coin cell 
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Figure 77: O 1s peaks of the D2 sample for the MnHCF series – coin cell 

 

Figure 78: O 1s peaks of the C5 sample for the MnHCF series – coin cell 
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Figure 79: O 1s peaks of the D5 sample for the MnHCF series – coin cell 

 

Figure 80: O 1s peaks of the D10 sample for the MnHCF series – coin cell 
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5.2.1.1.3. XPS fitting of the detailed spectra of Zn 2p peak 

 

Figure 81: Zn 2p peaks of the C1 sample for the MnHCF series – coin cell 

 

Figure 82: Zn 2p peaks of the D1 sample for the MnHCF series – coin cell 
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Figure 83: Zn 2p peaks of the C2 sample for the MnHCF series – coin cell 

 

Figure 84: Zn 2p peaks of the D2 sample for the MnHCF series – coin cell 
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Figure 85: Zn 2p peaks of the C5 sample for the MnHCF series – coin cell 

 

Figure 86: Zn 2p peaks of the D5 sample for the MnHCF series – coin cell 
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Figure 87: Zn 2p peaks of the D10 sample for the MnHCF series – coin cell 
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5.2.1.2. Binding energies and relative contribution to the respective orbital 

of the different elements 

BINDING ENERGIES (eV) 

Sample  N 1s Na 1s C 1s O 1s F 1s 

Pristine 

powder 

395.8 (27.4%) 

397.6 (71.8%) 

400.9 (0.8%) 

1071.6 

282.3 (17.8%) 

283.5 (28.9%) 

284.7 (46.6%) 

286.0 (5.4%) 

288.1 (1.4%) 

528.9 (12.5%) 

530.7 (39.2%) 

532.5 (48.4%) 

 - 

Pristine 

pellet 

397.6 (97.6%) 

400.9 (2.4%) 
1071.7 

284.3 (66.6%) 

285.6 (12.0%) 

286.8 (9.2%) 

288.1 (3.2%) 

290.2 (0.8%) 

291.2 (4.2%) 

292.4 (4.0%) 

530.7 (30.7%) 

532.4 (69.3%) 

688.99 (75.5%) 

690.96 (15.4%) 

692.71 (9.1%) 

C1  

397.6 (88.3%) 

399.5 (10.7%) 

400.9 (1.0%) 

1071.72 

284.0 (58.7%) 

285.2 (18.7%) 

286.4 (9.3%) 

287.9 (3.5%) 

289.8 (0.1%) 

291.0 (6.3%) 

292.4 (3.4%) 

529.7 (9.7%) 

530.7 (24.6%) 

532.4 (65.7%) 

688.64 (84.5%) 

689.85 (11.7%) 

691.15 (3.8%) 

D1 

397.6 (90.8%) 

399.5 (7.6%) 

400.9 (1.7%) 

1072.03 

284.1 (61.2%) 

285.3 (16.8%) 

286.5 (10.4%) 

287.8 (3.6%) 

291.0 (3.9%) 

292.2 (4.1%) 

530.7 (25.2%) 

532.5 (74.8%) 

688.73 (76.9%) 

690.3 (16.1%) 

691.99 (7.1%) 

C2 
397.6 (83.6%) 

399.5 (16.4%)  
 - 

283.1 (40.0%) 

284.2 (22.2%) 

285.4 (16.7%) 

286.6 (3.8%) 

287.9 (4.3%) 

289.99 (4.0%) 

291.2 (9.1%) 

529.0 (47.8%) 

530.7 (42.6%) 

532.6 (9.5%) 

688.0 (77.8%) 

689.9 (15.6%) 

691.0 (6.5%) 

Table 15: binding energies and relative contribution (in at. %) to the respective orbital in 

parenthesis of the different elements (N, Na, C, O and F) for MnHCF series - coin cell 
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BINDING ENERGIES (eV) 

Sample N 1s Na 1s C 1s O 1s  F 1s  

D2 

397.6 (73.2%) 

399.4 (23.1%) 

400.9 (3.7%) 

 - 

283.3 (19.0%) 

284.0 (41.4%) 

285.6 (18.7%) 

286.8 (4.1%) 

288.1 (3.3%) 

290.2 (2.5%) 

291.4 (10.2%) 

292.6 (0.8%) 

529.4 (63.7%) 

530.6 (0.1%) 

531.3 (21.7%) 

532.5 (14.5%) 

688.4 (88.0%) 

690.4 (12.0%) 

C5 

397.6 (62.0%) 

399.5 (27.0%) 

400.9 (11.0%) 

 - 

283.3 (12.2%) 

284.3 (41.4%) 

285.6 (20.6%) 

286.8 (11.8%) 

288.1 (7.0%) 

290.2 (1.9%) 

291.4 (5.3%)  

 530.5 (46.7%) 

532.3 (39.8%) 

534.4 (13.4%) 

688.4 (92.1%) 

690.2 (7.9%) 

D5 

397.6 (78.1%) 

399.5 (17.1%) 

400.9 (4.8%) 

-  

284.3 (45.0%) 

285.5 (30.6%) 

286.8 (15.2%) 

288.1 (5.8%) 

290.0 (1.8%) 

291.2 (0.2%) 

292.3 (1.5%) 

529.3 (47.6%) 

530.7 (33.7%) 

532.2 (18.8%) 

688.5 (46.2%) 

689.2 (53.8%)  

C10 

397.6 (72.8%) 

399.1 (21.2%) 

400.9 (6.1%) 

-  

283.3 (10.8%) 

284.1 (47.7%) 

285.3 (20.9%) 

286.5 (8.5%) 

287.8 (4.7%) 

289.9 (0.9%) 

291.2 (6.5%) 

528.8 (43.9%) 

530.7 (37.9%) 

532.2 (18.3%) 

688.4 (9.7%) 

690.5 (90.3%) 

D10 

395.8 (41.3%) 

397.5 (47.8%) 

399.1 (11.0%) 

 - 

283.5 (19.9%) 

284.1 (29.4%) 

285.3 (16.9%) 

286.5 (13.4%) 

288.1 (5.8%) 

289.9 (0.3%) 

291.0 (9.3%) 

292.2 (6.0%) 

529.4 (63.7%) 

530.6 (0.1%) 

531.3 (21.7%) 

532.5 (14.5%) 

688.6 (6.2%) 

690.4 (93.8%)  

Table 16:binding energies and relative contribution (in at. %) to the respective orbital in 

parenthesis of the different elements (N, Na, C, O and F) for MnHCF series - coin cell 
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BINDING ENERGIES (eV) 

Sample  Mn 3p Fe 3p Zn 2p 

Pristine powder 47.6 55.0  - 

Pristine pellet 48.4 54.5 1022.0 

C1  48.6 54.6 1021.5 

D1 48.8 54.5 1021.7 

C2 47.7 54.4 

1020.6 (51.8%) 

1022.0 (46.1%) 

1023.9 (2.1%) 

D2 -  54.5 

1020.7 (20.8%) 

1021.9 (69.4%) 

1024.0 (9.8%) 

C5 48.9 54.4 

1020.8 (71.6%) 

1022.3 (16.3%) 

1024.1 (12.1%) 

D5 49.0 54.6 

1020.5 (3.6%) 

1021.6 (88.7%) 

1023.6 (7.8%) 

C10 48.7 54.6 

1020.7 (50.4%) 

1021.8 (41.1%) 

1024.0 (8.5%) 

D10  - 55.3 

1020.5 (16.9%) 

1022.0 (49.8%) 

1023.8 (34.1%) 

Table 17: binding energies and relative contribution (in at. %) to the respective orbital in 

parenthesis of the metals (Mn, Fe and Zn) for MnHCF series – coin cell 
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ATOMIC PERCENTAGES 

Sample  N Na C O Mn Fe F  

Pristine 

powder 
23.3 6.7 57.5 4.7 3.9 3.9 -  

Pristine pellet 8.1 2.4 64.5 4.9 1.2 1.5 17 

C1  10 0.5 60.5 9.3 0.4 1.7 14.6 

D1 10.4 0.7 58.3 9.3 0.1 1.8 15.4 

C2 6.1 -  45.9 24 2.5 1.7 16.6 

D2 9.7  - 59.1 7.3 -  1.5 19.7 

C5 10.8  - 39.3 30.9 4.3 1.5 7.6 

D5 15.4  - 38.1 26.2 1.6 2.9 4.2 

C10 11.2  - 42.5 25.3 2.9 2.1 10.3 

D10 8.3 -  55.3 10.1  - 1.6 20 

Table 18: atomic percentages of the different elements for MnHCF series – coin cell 
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5.2.2. Titanium hexacyanoferrate – three-electrode cell 

5.2.2.1. XPS fitting of the detailed spectra of the TiHCF series 

5.2.2.1.1. XPS fitting of the detailed spectra of Ti 2p peaks 

 

Figure 88: Ti 2p peaks of the pristine pellet for the TiHCF series – three-electrode cell 

 

Figure 89: Ti 2p peaks of the C1 sample for the TiHCF series – three-electrode cell 
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Figure 90: Ti 2p peaks of the D1 sample for the TiHCF series – three-electrode cell 

 

Figure 91: Ti 2p peaks of the D2 sample for the TiHCF series – three-electrode cell 
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Figure 92: Ti 2p peaks of the D10 sample for the TiHCF series – three-electrode cell 

5.2.2.1.2. XPS fitting of the detailed spectra of O 1s peak 

 

Figure 93: O 1s peak of the pristine pellet for the TiHCF series – three-electrode cell 
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Figure 94: O 1s peak of the C1 sample for the TiHCF series – three-electrode cell 

 

Figure 95: O 1s peak of the D1 sample for the TiHCF series – three-electrode cell 
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Figure 96: O 1s peak of the D2 sample for the TiHCF series – three-electrode cell 

 

Figure 97: O 1s peak of the D10 sample for the TiHCF series – three-electrode cell 
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5.2.2.2. Binding energies and relative contribution to the respective orbital 

of the different elements 

BINDING ENERGIES (eV) 

Sample  N 1s Na 1s C 1s O 1s F 1s 

Pristine powder 

397.6 (90.7%) 

399.7 (3.7%) 

402.2 (5.6%) 

1071.8 

284.6 (93.2%) 

286.4 (3.5%) 

288.2 (3.4%) 

530.4 (45.7%) 

532.4 (54.3%) 
  

Pristine pellet 

397.6 (85.6%) 

399.4 (8.6%) 

401.9 (5.8%) 

1071.7 

284.5 (65.7%) 

286.4 (11.3%) 

288.6 (3.6%) 

291.7 (16.7%) 

293.0 (2.7%) 

530.2 (48.6%) 

532.5 (51.4%) 

684.6 (0.8%) 

689.0 (90.9%) 

691.7 (8.3%) 

C1  

397.6 (70.6%) 

399.7 (21.1%) 

401.5 (8.4%) 

 - 

284.4 (64.5%) 

286.2 (20.0%) 

288.7 (4.2%) 

291.7 (9.2%) 

292.6 (2.1%) 

530.5 (49.6%) 

532.6 (50.4%) 

684.1 (1.3%) 

689.0 (82.4%) 

690.0 (16.3%) 

D1 

397.6 (75.0%) 

399.9 (13.5%) 

402.0 (6.8%) 

1072.0 

284.4 (69.7%) 

286.4 (14.3%) 

288.65 (4.7%) 

291.6 (10.0%) 

292.9 (1.2%) 

530.5 (53.6 

%) 532.5 

(44.8%) 

684.6 (2.2%) 

688.9 (88.7%) 

690.6 (9.1%) 

D2 

397.6 (68.2%) 

399.9 (23.4%) 

401.7 (8.4%) 

1071.9 

284.5 (61.7%) 

286.4 (17.3%) 

288.9 (4.3%) 

291.7 (13.0%) 

292.5 (3.7%) 

530.6 (61.0%) 

532.6 (39.0%) 

684.5 (1.5%) 

689.0 (89.9%) 

690.6 (8.6%) 

D10 

397.6 (48.9%) 

399.9 (46.2%) 

401.6 (4.9%) 

1071.5 

284.3 (63.2%) 

286.1 (23.2%) 

288.3 (9.8%) 

291.3 (10.1%) 

292.1 (3.7%) 

530.4 (36.9%) 

532.2 (63.1%) 

684.9 (3.9%) 

688.6 (88.6%) 

690.8 (7.5%) 

Table 19: binding energies and relative contribution (in at. %) to the respective orbital in 

parenthesis of the different elements (N, Na, C, O and F) for TiHCF series – three-electrode 

cell 
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BINDING ENERGIES (eV) 

Sample  Ti 2p Fe 3p Zn 2p 

Pristine powder 458.7 54.7   

Pristine pellet 458.6 54.8 1021.9 

C1  458.7 54.9 1021.6 

D1 458.7 54.8 1021.8 

D2 458.8 54.8 1021.7 

D10 458.4 55.2 1021.6 

Table 20: binding energies of the metals (Ti, Fe and Zn) for TiHCF series – three-electrode 

cell 

ATOMIC PERCENTAGES 

 Sample N Na C O  Ti Fe F Zn Al 

Pristine 

powder 
23.9 3.8 49.5 11.9 3.9 4.5 -   - -  

Pristine 

pellet 
8.0 1.2 54.9 6.1 1.4 1.7 26.6 0.1  - 

C1 3.3  - 58.5 18 3.0 1.4 15.8  -  - 

D1 5.5 2.4 55 16.9 2.7 1.6 15.7 0.3  - 

D2 4.6 1.2 52 17.3 3.7 1.4 19.7 0.1  - 

D10 4.5 0.9 49.1 22.7 1.5 1.6 16.5 0.2 3.2 

Table 21: atomic percentages of the different elements for TiHCF series – three-electrode cell 
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5.2.3. Titanium hexacyanoferrate – symmetric coin cell 

5.2.3.1. Binding energies and relative contribution to the respective orbital 

of the different elements 

BINDING ENERGIES (eV) 

Sample  N 1s Na 1s C 1s O 1s F 1s 

Pristine 

powder 

397.6 (90.7%) 

399.7 (3.7%) 

402.2 (5.6%) 

1071.8 

284.6 (93.2%) 

286.4 (3.5%) 

288.2 (3.4%) 

530.4 (45.7%) 

532.4 (54.3%) 
 - 

Pristine 

pellet 

397.6 (85.6%) 

399.4 (8.6%) 

401.9 (5.8%) 

1071.7 

284.5 (65.7%) 

286.4 (11.3%) 

288.6 (3.6%) 

291.7 (16.7%) 

293.0 (2.7%) 

530.2 (48.6%) 

532.5 (51.4%) 

684.6 (0.8%) 

689.0 (91.0%) 

691.7 (8.2%) 

C1 - A 

397.6 (83.1%) 

399.8 (9.8%) 

401.9 (7.1%) 

1071.7 

284.5 (63.5%) 

286.7 (17.7%) 

288.9 (4.6%) 

292.1 (13.0%) 

293.4 (1.3%) 

530.4 (30.0%) 

532.6 (70.0%) 

684.4 (0.9%) 

689.2 (86.3%) 

690.9 (12.8%) 

C1 - C 

397.6 (80.9%) 

399.8 (11.5%) 

401.9 (7.6%) 

1071.8 

284.4 (58.1%) 

286.4 (21.1%) 

289.0 (4.3%) 

292.1 (14.8%) 

293.3 (1.7%) 

530.4 (36.1%) 

532.4 (63.9%) 

684.4 (0.8%) 

689.2 (80.8%) 

690.9 (18.3%) 

D1 - A 

397.6 (78.8%) 

399.7 (13.8%) 

402.0 (7.4%) 

1071.8 

284.5 (61.2%) 

286.5 (18.7%) 

289.0 (5.1%) 

292.2 (14.0%) 

293.4 (1.1%) 

530.6 (30.5%) 

532.7 (54.3%) 

535.8 (15.2%) 

684.4 (0.9%) 

689.3 (86.4%) 

691.5 (12.7%) 

D1 - C 

397.6 (80.2%) 

399.6 (11.7%) 

402.2 (8.2%) 

1071.6 

284.5 (60.1%) 

286.4 (19.4%) 

289.0 (4.9%) 

292.2 (15.5%) 

293.4 (0.1%) 

530.4 (32.9%) 

532.7 (59.8%) 

535.6 (7.4%) 

689.3 (92.3%) 

691.5(7.7%) 

Table 22: binding energies and relative contribution (in at. %) to the respective orbital in 

parenthesis of the different elements (N, Na, C, O and F) for TiHCF series - symmetric coin 

cell 
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BINDING ENERGIES (eV) 

 Sample Ti 2p Fe 3p Zn 2p 

Pristine powder 458.7 54.7  - 

Pristine pellet 458.7 54.8 0.1 

C1 - A 458.6 55.1 0.3 

C1 - C 458.6 55 0.2 

D1 - A 458.7 55 0.1 

D1 - C 458.6 55 0.1 

Table 23: binding energies of the different metals (Ti, Fe and Zn) for TiHCF series - 

symmetric coin cell 

ATOMIC PERCENTAGES 

  N Na C O Ti Fe F Zn 

Pristine powder 23.9 3.8 49.5 11.9 3.9 4.5 -  -  

Pristine pellet 8.0 1.2 54.9 6.1 1.4 1.7 26.6 0.1 

C1 - A 6.7 0.8 57.8 11 1.2 1.6 20.7 0.3 

C1 - C 6.3 0.7 56.1 8.9 1.2 1.5 25.2 0.2 

D1 - A 7.4 0.5 56.8 9.3 1.1 1.7 23.1 0.1 

D1 - C 7.4 1.0 56.4 10.1 1.3 1.7 22.2 0.1 

Table 24: atomic percentages of the different elements for TiHCF series - symmetric coin cell 
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