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Abstract

This thesis aim is the synthesis, characterization and ESIX
proprieties studies of Prussian Blue analogues (or Metal
Hexacyanometallates, MHCMSs). They are distinguished by
the generic formula AxMy[B(CN)es] mH2O where, X, y, and
m indicate stoichiometric coefficients, M and B are
transition metals and A an alkaline metal cation. Prussian
Blue (PB) analogues materials exhibit excellent
physicochemical characteristics as ionic sieve. Moreover,
their face-centered cubic crystal structure and the
possibility to change the transition metal leads them to be
an extremely versatile compound, in terms of synthesis and

applications.

Properties and structures of these synthetized compounds,
are investigated by using a multi-technique approach
including X-ray Powder Diffraction (XRD), Scanning
Electron Microscopy (SEM), Infrared Spectroscopy (IR)
and electrochemical measurements. They were obtained
both via electrochemical and chemical synthesis on the
basis of the application field.

The main topic is related to the MHCFs release/uptake
capabilities, specifically associated to structural changing.
Furthermore, their environmental sustainability and their
wide field of application from sensing to batteries, allow to
define them as innovative materials suitable for new
analytical technologies.

Finally, the synthesis and characterization of green rust thin
film is deepened, highlighting the electrochemical behavior
of Akaganeite, which has a key role in the corrosion
progress. Thus, understanding the electrochemical reaction
involved in the corrosion processes, is useful for the

diagnosis and prevention of artefacts. Also, VIMP



technique allows to compare the controlled-
electrodeposited green rust electrochemical behaviour with

the real sample one.
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Chapter 1

Introduction

1.1 Metal-Hexacyanometallates

Metal- Hexacyanometallates or Prussian Blue analogues
(PBAs) are compounds with the general formula
AxMy[B(CN)s]zH20, where x, y and z are stoichiometric
coefficients, M and B are transition metals and A an
alkaline metal. Metal-Hexacyanometallates structure is
characterized by the binding of cyanide ion to metals in
both terminals, making M-CN-M" bridges that are usually
linear . Furthermore, as mixed-valance compounds the

charge transfer mediated by cyano ligand is allowed.

Metalhexacyanoferrates are the commonly studied
materials, and the most known one is Prussian Blue (PB),
that was used in the 18th century in painting and, later, in
photography 2.

The serendipitous finding of Prussian Blue is related to
Heinrich Diesbach of Berlin in 1704, who obtained a blue-
colour during the preparation of crimson lake colour. This
mistake was due to a contamination of potash (Potassium
carbonate) with the “animal o0il” of an alchemist, containing
cyanide group originating from the thermal degradation of
molecules, such as haemoglobin. So Prussian Blue is the
first synthetic pigment *.

If iron (I11) and hexacyanoferrate (I11) ions are mixed in a
water solution, a dark-yellow complex was achieved
(Prussian Brown, PX). PX electroreduction produces PB as
a thin film:

11



Fe'l[Fe"(CN)s] + & = Fe''[Fe"(CN)e]T (1)
PX PB

Neff ° reported for the first time a characterization of
an electrodeposited PB thin film and its cyclic voltammetry
shows the reversible oxidation and reduction of Prussian
Blue (Fig.1)

200 -

8

CURRENT (uA)
o

1 1

12 10 08 06 04 02 00 02
POTENTIAL (V vs SCE)

Figure 1.1. Cyclic voltammetry of a Glassy Carbon electrode modified®

with Prussian Blue using KCI 0,1 M as supporting
electrolyte, scan rate: 40 mV s, reference electrode:
Ag/AgCl.

Figure 1 shows three redox states: in the second region,
between 0.2 V and 0.9 V, the PB thin film shows the typical
Prussian Blue colour, while the first region is characterized
by the reduction to Prussian White (PW) and the
discoloration of the film. This redox reaction is
counterbalanced by the intercalation of cations (A")

according to:

Fe'[Fe"(CN)e]s + 4e” + 4A* =  AsFes[Fe"(CN)e]s
)
PB PW
Finally, the third region, with potential >0.9V, is
characterized by the PB oxidation to Prussian Green (PG)
as the following equation:
12



Fes"'[Fe''(CN)e]s - 3e- + 3A" = AsFes"'[Fe"'(CN)s]s
©)
PB PG

The electrochemical behavior of Prussian Blue was
extensively analyzed years later than 1978, 5’8 and the
analytical applications of PB thin film deposited on

different supports were investigated °.

Nowadays, this class of inorganic polymeric compounds is
interesting for its chemical-physical proprieties like
electrochromic ° 11, charge storage!? 3, thermocromism 4
and cation exchange '*'® | and for its technological

applications.

1.1 Structure

The structure of PB was characterized for the first time by

Keggin and Miles *” who reported:

[..] The iron atoms are arranged, ferrous and ferric
alternately, at the corners of a cubic lattice of 5.1 A edge,
and the CN groups lie in the edges of these small cubes.
The alkali atoms occur at the centres of alternate small

cubes. [..]

Then Buser et al.’® well-studied the PB structure by XRD
analysis, highlighting a cubic cell with a length of about 10
A and a low density (1.8 g/cm3). The lower density is
caused both by the iron atoms bonds and by the presence of
vacancies and cavities in the 3D- lattice.

As shown in figure 2a PB structure contain alternately iron
2+ and 3+ linked by C-N pairs. the coordinated water
molecules are attached to six Fe3+ ions. The other 8 water
molecules (non-coordinated) are allocated in the vacancy,

as the 8c sites of the unit cell.

13



Figure 1.2 (a) Unit cell of the original Prussian blue (PB) Fes[Fe(CN)s]s-n x
H20 compound. Only “coordinated” water molecules are shown. (b) Prussian
blue analogue (PBA) NaxMnFe(CN)s structure. All possible 8c positions of
alkali ions are shown

Their channels size allows to host cations inside, in
reversible ion intercalation/release intercalation reaction
useful for energy storage and ionic sensors applications.
Combining two transition metals instead of iron in the PB
structure is possible, also the diffusion barrier can be
decreased and ionic mobility can be increased concerning
the characteristics of the transition metal °.

The structure of PB was studied also by Ludi and Gidel,
who defined “insoluble” another crystal structure, different
from the Keggin and Miles described one, called “soluble”
18,20,21_

The difference between the two crystal structures is the
replacing of % of the group [B(CN)s]* with water
coordinated to B octahedral and non-coordinated water
molecules in the interstitial sites. The two different lattice
structures  result having chemical physical and
electrochemical proprieties and, in addition, magnetic and
optical ones.

It is worth noting that the definition ‘“soluble” and
“insoluble” is totally unconnected to the solubility of PBAs,
which are insoluble in common solvents, but it is referred to

their colloidal characteristics.
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1.2 Synthesis approaches

Metal hexacyanometallates synthesis methods are richly
reported 222°. The main two procedures are chemical
synthesis >® and electrochemical one®®?’. The first one,
allows to obtain powders of MHCF with an amount of
monovalent or multivalent cations which are chosen for the
synthesis. This procedure is based on the precipitation of a
soluble hexacyanometallate (potassium, sodium or
ammonium salt) and a soluble metal salt that represent the
metal M in the structure AxMy[B(CN)s]zH20.

The proprieties of the final compound, such as solubility
and stability; composition, the ratio M/A in the basic
formula AxMy[B(CN)e]zH20; the specific size of the
particle (mano or micro); the surface area; the density and
crystalline structure (fcc, rhombic, cubic, rhombohedral,
trigonal) and cell parameter; depend on the parameters of

the experimental procedure:

Type of reagents and their molar ratio;

The addition of reagents (simultaneous or successive
addition);

The order (metal into hexacyanoferrate or vice versa);

The velocity of the adding (drop by drop, slow or fast);

The temperature;

The aging;

The work up of the product, like drying condition %28-%,
All these variables may be responsible of changing that
influences the reproducibility of the results. For this reason,
an alternative way consists in the “in-drop” synthesis of the
MHCEF, thanks to a mixing of the reagents in a single drop

through two needles by a peristaltic pump.

15



K HexaCNFe

Figure 1.3.“In-drop” synthesis of Prussian Blue31

Temperature and drying are important parameters for the
sorption capacity, which enhances if the water releasing is
fast. Also, the crystal structure changes with the progressive
increasing of the temperature because of the crystallization

water loss.

MHCEF thin films are used in several applications (sensors,
ion exchangers) thanks to the electrodeposition, an electric
current driving synthesis in presence of the two precursors
and a support electrolyte. Electrodeposition can be a
versatile, fast and simple way to obtain MHCF modified

32

electrodes or thin films using potentiostatic or

potentiodynamic techniques 3.

The films can be obtained by the in situ dosed of the metal
ion on an active metal anode, for copper ** and nickel

analogues.

The thin film can modify an inert electrode, such as gold,
glassy carbon, graphite or platinum, by a in situ
precipitation from a metal ion and ferricyanide diluted
solution. The film obtained (MHCF) on the electrode
surface is insoluble and it results testable by
potentiodynamic analysis. The characterization can occur
by other analysis such as XRD, while the growth of the film
on the electrode can be quantified by electrochemical

quartz crystal microgravimetry (EQCM) 3%,

16



The potential window and the number of potentiodynamic
cycles determine the stoichiometric composition of the
MHCF films, according to the INHCF case *. Also, the
M:Fe ratio is another parameter that characterizes the
oxidation state of MHCF deposited.

Figure 1.4. Representation of the modified electrode to electrodeposition and
the intercalation of ions within the PB lattice39.

For PB electrodeposition, a the cathodic polarization takes
place on an electrode soaked in a solution of FeClz and
KsFe(CN)s. Cyclic voltammetry, galvanostatic and
potentiostatic deposition can be used. Itaya, and others
later, confirmed the deposition of insoluble form without

potassium ions intercalated %42,

1.3 Proprieties and applications
Magnetic proprieties

Prussian blue can:

- can be synthesized at room temperature obtaining

chemically stable structures;

- can be substituted by wide range of metals with different

spin and oxidation states;
- create covalent link obtaining a final 3D network;

- the cyanide bridging structure allows magnetic exchange

couplings between paramagnetic centers.

17



These proprieties make PB an attractive candidate for new

molecule-based magnets 3.

MHCM characteristics are associated with the flexibility of
their nanostructures due to the stretching and vibrational
modes of cyano-bridging ligand. Magnetic field *4> and
light “4" in a specific crystal environment are external
conditions that can change the electromagnetic
configurations. Generally, cyano-bridged metal complexes
show charge-transfer (CT) phase transitions and change in
magnetic proprieties. In MHCM, the electron delocalization
and the octahedral symmetry preservation in the electronic
ground state would be allowed by a strong electronic
coupling. Otherwise, intramolecular distortion and
solvation could stabilize the charge-transfer excited state,
creating an electron localization and reduction of the

molecular symmetry.

M'/M" ratio control leads to specific electronic spin states
of MHCF containing alkali metals. They tolerate several
electronic spins, which limit super-exchange interactions
across the cyanide bridges and allow the magnetism and

coloration changing 4>,

Furthermore, valence M' and M" can be easily obtained by
redox processes electrochemically performed “°, which is
associated to an in situ metal alkali composition, as Al/A"
ratio. This process takes place thanks to the PBAS
framework structure that allow a potential-controlled ion
exchanging, between the MHCM and solution to balance
out the charge. During this compositional control, the ion
can be allocated into two types of vacancies: ones adjacent
to the Fe(CN)s.nm(H20) preferentially occupied, while
other sites are not adjacent to the Fe(CN)e-mm(H20) and

they endure repulsive interactions. These ones are occupied

18



when all sites of the first type of vacancies are already
occupied, that represent fraction of 25% *°.

Thus, the in situ structural changeover entails physical-
chemical changes as electromagnetic materials, such as
their mechanical or magnetic properties. The stretching and
vibrational modes of the cyanobridging ligand in PBAs lead
to a typical structural flexibility. They are also
characterized by the ligand-to-metal charge transfer
mediated by the cyano ligand, for this reason classified as
mixed-valence compounds. Hence, Magnetic proprieties
are controlled by the atomic composition ratio of (high spin
metallic sites)/(low spin metallic sites).

These features play important roles in the various magnetic
functionalities of Prussian Blue analog-based magnets

which are well-reported 2.

1) Charge-transfer phase transition: a metal ion and lattice
strain interaction produce thermal phase transition. Because
of strong interaction due to the bridged CN- ligand, in
Prussian blue analogs thermal phase transitions are

possible.

2) Reversible photomagnetism: several cyano-bridged bimetal
assemblies, such as Cobalt Hexacyanoferrate, exhibit a
photomagnetic effect. The electron spin state of a magnetic
material can be changed obtaining an optical control of

magnetization.

3) Second harmonic generation (SHG) and magnetization-
induced SHG (MSHG): In A'B"[M"'(CN)g], the position of
the A ion produces a7 rotoinversion operator, i.e., the
crystal structure is noncentrosymmetric. F3m-type Prussian
blue analog-based magnets are piezoelectric ferromagnets;
that is, they are condensed matter with both piezoelectricity

and ferromagnetism.

19



4) Ferroelectric ferromagnetism: to observe ferroelectric
ferromagnetism, the  attention is  focused on
hexacyanometallate-based  materials  because cyano-
polymers are ferroelectric (at T¢ 5.6 K, below Curie
temperature, the Metal-Hexacyanoferrates exhibit a long-
range ferromagnetic ordering).

5) Humidity-sensitive magnetism: vacancies of
B'"[M"(CN)e]2;5zH.O are filled with ligand water
molecules coordinated to the B ion and non-coordinated
water molecules. So, the magnetic material exhibits a
humidity-sensitive characteristic, hence the magnetic

variations can measure the humidity.
Electro- and thermo-chromism

Electrochromism is a property of a material that is able to
change color or transparency to solar radiation in a
reversible way, if they are undergone an electrochemical
potential, that is, an electron-transfer (redox) process.
Hence, switching between redox states fit with different

visible region electronic absorption bands.

If in the compound more than two redox states are
electrochemically available, the electrochromic material
may exhibit several colors (polyelectrochromic).

Electrochromic materials, have several advantages:
* A small switching voltage (1-5 V);
» Show specular reflection;
* Possess a gray scale;
* Require power only during switching;
* Exhibit adjustable memory, up to 12-48 hours.

Nowadays, the research field of electrochromic
compounds is very broad and includes inorganic, organic,

and polymeric, as well as several hybrid materials, covering

20



a range of technology for the glazing, mirrors, transparent
displays, etc.

Surely, an electrochromic device must have an ion-
containing material (electrolyte) in close proximity to the
electrochromic layer, as well as transparent layers for

applying a distributed electric field.

Table 1 shows some Metal-Hexacyanoferrates
electrochromic propriety, on the base of their redox states.
Table 1 Electrochromic property exhibited by Metal-

Hexacyanoferrate compounds.

Compounds Color of the vreduced | Color of the oxidized
species species

CuHCF Red-brown Yellow

NiHCF Gray Yellow

INHCF White Pale yellow

CoHCF Green Red-magenta

CrHCF Gray Blue

PdHCF Green Orange

VHCF Yellow Green

Thermochromism is related to the color variation if the
temperature changes. Inorganic compounds get often
change color because of the crystalline phase variation, or a
change in ligand geometry, or a change in the number of
molecules in the coordination solvent sphere. Several
examples about COHCF are known 2. As a matter of fact,
CoHCEF film with caesium or potassium intercalated change
color from olive-brown to green by heating (ca. 61°C). this
phenomenon is explained by a partial dehydration, from
octahedral Co(H20)¢?* to less hydrated structure,
tetrahedral Co(H20)4%*.
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Hence, for cobalt compounds is easily identify the degree
of solvation Co(ll) in the structure because of the different
coloring. As well as the counteractions hydrated
accommodated into the CoHCF structure can influence the

hydration, and the coloring consequently >3,
Electrocatalysis

The zeolitic structure of PBAs with a cubic unit cell of 10.2
A and with channel diameters of about 3.2 A allows the
diffusion of low molecular weight molecules (such as O
and H20.) through the crystal. The facile deposition
achieved of various Metal-Hexacyanoferrates showed

excellent electrocatalytic properties.

The most common electrocatalysis example is related to the
reduction of H20-, in fact, Itaya describe the mechanism as
hydrogen peroxide (or oxygen) penetration into the PB
lattice, it is located in the center of each vacancy, in which
four divalent iron ions favor the catalytic reduction of H20>
through a four-electron reaction 8. Although this
mechanism can be reliable the real is still not very clear

because of the difficult characterization of PB as catalyst.

Several studies report the inorganic ** and organic *°
substrates oxidation by hexacyanoferrates, revealing that
electron transfer mechanism depends both on the substrate
and the medium of reaction. In biological field,

hexacyanoferrates are useful as catalyst for amino acids
56,57

These studies have been the first steps for the future
applications of PB as (bio)sensors: from the amperometric
detection of H>O, to other substrates detailed in the
following Table 2, in which are shown the Metal
Hexacyanometallates electrocatalytic properties towards the

substrates.
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Table 2 Substrates to which Metal-Hexacyanoferrates show

electrocatalytic property.

MHCF Substrates
Ascorbic  acid %,  NADH,
CuHCF Hydrazine, Hydroxylamine,
Cysteine,*® Glutathione®® , H,0, %!
Ascorbic acid %2, Hydroquinone®,
NADH®, Dopamine®,
Epinephrine’Errore. Il segnalibro non e d
CoHCF

efinito.  Norepinephrine,Errore: 1l
segnalibro non & definito. Hydrazine 66

MorphineErrore. 1l segnalibro non é definito.

CoHCF modified with Ru

Thiosulphate Errore. 1l segnalibro non ¢ d

efinito. p_Ch|oropheno|Errore. 1l

segnalibro non é definito.

Ascorbic acid, ® Dopamine, ©

NiHCF e
Hydrazine
Cysteine,’”® Glutathione,Errore. Il s
egnalibro non e definito. 6-
InHCF thiopurine Errore. Il segnalibro non & d

efinito. MethimazoleErrore. Il segnalibro

non é definito.

Several MHCFs

Hydrogen peroxide "

MHCM as lon exchanger

The potassium intercalation into the MHCF lattice was

detected for the first time in 19652, since then, researchers

have been more and more

interested in MHCMs as

molecular sieves in several fields (clean-up, batteries,...).

The cation intercalation in the frameworks defines mainly

the electrochemical behavior of MHCMs. In fact, the
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electron transfer is related to the cation insertion/ de-
insertion process 74, which occurs as showed by the
equation (5).

B[Fe"(CN)s]x+ yYA™+ye S A/B[Fe"(CN)s]x (5)

The various cation species cause a potential shifting and a
peak shape variation in CVs. This behavior has been
reported for other MHCFs 777, Furthermore, Scholz
suggests a dependence between potential and metal ions
coordinated in the MHCM lattice, as well "®. Another factor
influences the insertion capability is due to the cation
hydration degree: lons with smaller ionic radii have larger
hydrated radii so they hold on their hydration shells. On the
other hand, larger radii ions are less strongly hydrated,
therefore they able to break off their hydration shells during
the insertion into the MHCM lattice.

The cation insertion into the lattice and the ion-exchanger
proprieties depends on the nature of the precursors used for
the synthesis or electrosynthesis. Several conditions must
be evaluated: firstly the use of ferro or ferricyanide can
influence the oxidation state of the final product as well as

experimental conditions influence its stability. "%

Secondly, the monovalent cation involved (Na*, K*, etc.)
influence the mechanism of metal binding, allowing the
exchange process. "

Lastly, the type of metal salt (Ni, Cu, Zn, Co,...) influence
the potential release of cations during the sorption process
8 as well as the chemical structure ® and the
crystallographic structure. All these features are important
for the cage effect (affinity for the cation) and for the
kinetics of the uptake process "°83,

Some studies are focused on the most conventional
hexacyanoferrates, such as NiHCF282848 CyHCF6:29.75.80
and CoHCF14:30.53
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Other “uncommon” metals in this field are palladium and
vanadium which are used for the MHCEF’s synthesis but

their main application is in the electrocatalytic field.

As a matter of fact, Grandjean et al. report a different
sorption capability of Cs, when the metal salt is Copper,
Cobalt and Nickel, following the order Cu > Co > Ni &,

Ayrault et al. show how the presence of alkali ion, such as
K™ in the framework is enhances the uptake kinetics and the
increases the sorption capacities of the ion exchanger °.
MHCM are suitable for recovering alkali or alkaline-earth
metals including Sr®® or Rb®, also other metals from
industrial wastewater such as Co®, Cr¥, As® Cu®. Some
hexacyanoferrates, Nickel hexacyanoferrate particularly,
have been used as ionic sieve for caesium recovery, as fully

reported 30,85,86,90,91

Actually, several investigations on Cs sorption by a series
of hexacyanoferrate-based materials are reported:
Ramaswamy shows the log-log plot of the distribution
coefficient against ammonium nitrate concentration,
obtaining a slope close to one. This behaviour suggests a
1:1 ion exchange ratio Cs*/NH4*%2. The mechanism
involved is very complex, depending on the structure due to
the experimental condition of the synthesis procedure,

confirmed by Mdssbauer spectroscopy %.

Changing in the crystalline structure can influence the
stoichiometric ratio of the ion releasing or uptake, in
particular in mixed hexacyanoferrate °%. Moreover, the
zeolitic material can choose to uptake/release an ion (H")
rather than Cs if pH change %. Another important feature
that influences the binding during the exchange process is
the ionic radius of the cation. It contributes to the selectivity
of the zeolitic cage for the recovery of Cs from mixed-
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electrolyte solutions %97, Lastly, the oxidation state of iron
in MHCF impacts on the sorption proprieties "%,

Batteries

Recently, Prussian Blue analogues have gained attention as
promising materials for alkali ion batteries because stable
redox capabilities and uniform porosity are important factor
for this application %1%, As detailed in the follow section
1.3, PBAs open framework structures allow a fast and
reversible ion intercalation of several alkali cations from
aqueous medium, like Li*, Na*, K* and NH4*. Therefore,
they can be used as cathode materials for lithium or sodium
secondary batteries %2, More than monovalent cations,
PBAs can reversibly guest alkaline-earth metal ions’®1%
and trivalent ions 84'% as well. During charging and
discharging processes no modification of the cells size and
the structure stiffness occur, hence long PBAs’ batteries

have longer cycle lives.

Furthermore, PBAs have suitable characteristics for
batteries applications: be safe although high volume
production, be quite inexpensive, show excellent
electrochemical performances usually in  aqueous
electrolytes, synthesized by low temperature procedure and

in bulk processes.

For these reasons they gain attention especially for large-
scale stationary storage batteries for supply the energy
deficit due to renewable sources to the grid %, In the early
1990’s studies were carried out on PBAs and Nafion as
rechargeable batteries components 1%,

Several studies report the high voltages associated to
different Prussian Blue analogues and their capability to
intercalate not only monovalent cations but di- and tri-

valent as well 107,
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Nickel 84 Copper 1%, Zinc'®, Indium 33, Cobalt %
hexacyanoferrates were studied as host of di- and tri-valent
cations. This feature is noteworthy because of their
promising energy efficiency 1% if a material cans guest
cations with two or three charges, the redox reaction is
associated to a more energy storage than in monovalent ion
batteries. The key role of the PBAs large channel structures

allows the larger cations accommodation.

2. ESIX

Lilga reports the acronym ESIX for the first time, in 1996
11 ESIX (electrochemically switched ion exchange) is a
reversible and selective method that combines
electrochemistry and ion exchange. In particular, it allows
to gain ion separation minimizing waste generation with
lower costs. At the beginning it was used for alkali metals
ion separations. Several studies for caesium recovery are
available 214 Later, ESIX has been applied to other

cations 104115,

For ESIX is essential to gain an ion exchange medium as an
electroactive film deposited on an electrode. In this way, it
is possible to manage the redox reactions, that are the
uptake and release of cations, modulating potential easily.
Hence, applying a cathodic potential to the film (X) is
enough to lead a redox reaction that forces the uptake of a
cation (A) from the solution into the film. Whereas an
anodic potential (oxidation) induces the release of the
cation from the film to a fresh solution containing high
concentration of another cation. The reduction process

occurs as:
e- + X+A" > X-A" (6)
the reoxidation follows the mechanism:
X-A*>e-+ X+A* (7)
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In this way the film works just as a cage, which can release
the cation in a fresh high concentrated solution of a
different cation in order to achieve the desalination of the
first solution (waste), realising an ion exchange:
X-A"+ A" S XA+AY (8)

Furthermore, the film can reveal a greater selectivity for a
cation (A™) rather than another one. It is an advantage
during the uptake from a solution in which there is a
mixture of cations. In this case, a competition binding

occurs with a thermodynamically driven process.
2.1 EIXMs: electroactive ion exchange materials.

Materials suitable for ESIX method are defined as
electroactive ion exchange materials (EIXMs), which have
recently received considerable attention because of their
peculiar proprieties 116, These materials have to be suitable
for an ion exchange reaction that takes place through a
transferring electronic charge during a redox reaction.
Therefore, EIXMs include two families of compounds
which the charging and discharging processes occur easily:
inorganic mixed-valence transition metals compounds and

organic conducting polymers (CPs).

The best representative compounds that belong to the first
class are the MHCFs, which show both electric and ionic
conductivity during the electrochemical redox process.

Their characteristics are extensively described below.

On the other hand, CPs are another class of EIXM because
of their combination between conventional polymers and
electronic proprieties of semiconductors or metals, for this

reason called as “synthetic metals” 117118,

The reversible oxidation or reduction of the conducting
polymer cause the positive or negative charge generation,
and the opposite charge counterions will be uptaken on

released from the polymer matric neutrality conservation
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1)

2)

3)

118 CPs have been widely studied 118120121 ‘in particular the
modifications associated to the redox processes 106:111-113

and their applications consequently 1257127,

The electrochemical conductivity, ion transfer and
exchange capability, and stability can be improved applying

several strategies:

having a large surface area, a shortened pathway for ion
transport and low interfacial impedance between the
electrode and electrolyte;

using carbon materials to enhance the conductivity and
mechanical stability;

developing inorganic and organic as hybrid EXIMs in order

to achieve synergistic effects 128,
2.2 EXIM as Hexacyanoferrate

As described in the section 1.1 the structure of Prussian
Blue (or iron hexacyanoferrate) is characterized by the cage
structures in which the Fe'!' atoms are linked by carbon
atoms of cyanide ions, while Fe" are surrounded
octahedrally by nitrogen atoms. The charge compensation
occurs with the alkali metal cations allocation in the
tetrahedral sites of the structure. The unit cells are Y4
available in the “insoluble” form of PB to maintain the
electroneutrality 8, Otherwise, the empty nitrogen sites are
occupied by water molecules.
Oxidation and reduction can take place both in the
“insoluble” and in the “soluble” form of PB, working as a
EXIM, where the ESIX process is related to the follow
reactions 128129
AsFes"" [Fe!' (CN)s]a + 4 A" + 4 & <> AgFes" [Fe!' (CN)g]s
9 Prussian White - “soluble”
AsFes"" [Fe"' (CN)g]s <> 4 A" + 4 e + Fes"" [Fe""" (CN)g4
(10) Berlin Green - “soluble”
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Fes"" [Fe" (CN)s]s + 4 A" + 4 & «— AsFes" [Fe" (CN)g]s
(11) Prussian White — “insoluble”

Fes"' [Fe" (CN)s]s + 3C <> 3 ¢ + Fes"" [Fe" (CN)6C]s
(12) Berlin Green - “insoluble”

Other MHCFs work as ionic sieve thank to their zeolitic

structure that allow to accommodate cations, i.e. Copper

Hexacyanoferrate (CuHCF), Nickel Hexacyanoferrate

(NiHCF), etc.

CuHCF nanoparticles ¥ and thin film 3! are studied as
ionic sieve for Caesium recovery and alkali cations as well.
About CuHCF, in addition to ion exchange capability,
electrocatalytic proprieties are reported 5.

Also CoHCF is a good ion exchanger based on two redox
couples (Fe'/Fe'and Co'"/Co"' ) 32 and it shows the light
switchable magnetism capability 3,

Furthermore, other MHCFs such as ZnHCF 109134135

MnHCF 136137 'InHCF 3,
NiHCF is the most studied PBA because of its open

framework structure and the kinetic behaviour in sodium
and potassium. It has been prepared using several methods
from nanoparticles ® to thin films 84, nanosheet **® and
nanotube ¥, In addition, NiHCF was the first PBAs used
as ion exchanger from Lilga et al.12 because of its selective
affinity for ¥'Cs and its well-stability, which provide for
industrial applications *°.  The selectivity of PB for
caesium occurs even if HzO" or K* concentrations were
higher than Cs* ones, with an only reducing of the
adsorption amount '#*, The problem of PB and PBAs is due
to their fine size particles that form a colloidal suspension.
It makes the separation from the solution difficult after use.
To overcome this problem, PBAs can be coupled with

polymer matrix or fixed on supports 42,
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Hence, the zeolitic structure of PBAs allow not only to
recover radioactive cations as *3’Cs, but also to catch alkali

143

cations (in desalinization processes “*°, electrochemical ion

144

sensors'* or batteries applications 4>148),

In particular, thallium is a high toxic rare metal, because its
salts can be exchanged for K™ by human fluids, interfering
with physiological processes’*’. Many techniques are
available to remove them from industrial wastewater, like
precipitation, electrochemical deposition or solvent
extraction)!*®, Several studies concern about the PBAs
capability to remove TI, highlighting the psysicochemical
influences of PBAs %149,

Also, gases like ammonia can be adsorbed by PBAs, like a
CoHCF, prepared by Zhang et al., cans selectively adsorb
dissolved ammonia (NH4*) and ammonia (NH3)™°.
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Work aims

This work aims to obtain materials electrochemically,
which show redox capabilities, easily identifiable through
potentiostatic and potentiodynamic techniques.
Specifically, these  materials capability to be
electrodeposited on conductive substrates, allows them to
be characterized not only but electrochemical techniques
but also though the most common spectroscopic techniques,
such as XRD, ATR-FTIR, SEM, etc. A comparative
discussion about the growth, characterization, and ionic
sieves proprieties of the Cu, Ni, Co, Zn, In and Cr PB
analogues is presented. In particular, Chapter 3 of this
dissertation focuses on a facile approach to a stable
modification of GCE by ZnHCF, obtaining a well-defined
redox couple. Furthermore, ZnHCF was investigated in
different support electrolytes (mono-, di- and trivalent
cations), in order to highlight its capability as ionic sieve. In
addition, ZnHCF powders were tested both as cathode for
ZIBs and as standard for Zn/MnHCF batteries studies.
Besides, Chapter 4 reports the electrochemical behaviour of
different PBAs as sieves for REEs recovery, demonstrating
their reversible insertion/de-insertion electrochemically
controlled. Also, kinetic behaviour of NIHCF was
demonstrated. This capability allows to use PBAs for
different applications including wastewater treatment,
batteries and element purification. Finally, the synthesis and
characterization of green rust thin film is reported in the
appendix section. In particular, the results obtained
highlight that an iron oxy-hydroxides compound
(Akaganeite) prefers to insert chloride ions, which is
responsible of the corrosion progress. Thus, understanding
the electrochemical reaction involved in the corrosion

processes, is useful for the diagnosis and prevention of
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artefacts. Also, VIMP technique allows to compare the
controlled- electrodeposited green rust electrochemical

behaviour with the real sample one.
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Chapter 3

Zinc hexacyanoferrate as ESIX material
3.1 Introduction

In situ generation of thin film materials on a conductive substrate is a
useful technique for the preparation of electrodes and
electrochemical devices for many technological applications. For
instance these methods allow steady films fabrication for ion sensors
or ion sieves testing [1-3]. The advantage of the electrodeposition
consists of the in situ functionalization of the electrode surface. This
allows to tailor the thin film by controlling some experimental
variables such as the applied potential, the precursors concentration,
the supporting electrolytes [4, 5]. The surface modification could be
achieved also by adsorption or via mechanical attachment. Metal
hexacyanoferrates (MHCFs) or Prussian Blue analogues (MHCFs),
are inorganic compounds which were successfully electroformed [6—
8]. MHCEFs thin films fabricated by electrodeposition were used for
several applications such as electrocatalysis, energy storage and,
above all for ion-sensing detection and exchange capability [9-12].
Their open structures, also called zeolitic-like, allow to intercalate
and store alkali cations upon electrical charging, ensuring the
electroneutrality of the compounds. So, they are the perfect
candidates for the ion separation controlled by electrochemically
switched ion exchange systems, which was reported for the first time
by Lilga et al. [13]. The method explained the selective and
reversible removal of Caesium using an electrode modified by
Prussian blue analogue. Briefly, the potential was modulated and
switched in polarity, forcing the oxidation/reduction of the thin film,
which in turn caused the release or uptake of the alkali metal cation,
as described by the Eq ().
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M[Fe' (CN)elx + yA™ + ye™ 5 AyM[Fe'! (CN)4]x (1)

Later on, other studies were carried out on the insertion/de-insertion
involving mono, di and tri-valent cations, [14, 15] which, generally,
influence the electrochemical behaviour of MHCFs [14, 16, 17]. In
particular, their capability as sieves for pollutants like caesium, or
for mixed aqueous electrolytes batteries, was widely reported [18—
21].

Table 3.1 Cost and LD50 (rat, oral) of some metal chlorides. From reference [22]

BaClz | CoCl2 | CuCl2 | MnCl. | NiCl2 | SnCl2 | ZnCl:

LD50 118 |80 |584 | 1484 | 105 | 700 | 350
(mg kg™)
Price 45 1272 | 174 199 904 | 148 122
(€ kgt

Cations are host in a given lattice site in MHCFs during the
reduction reaction, while released during the oxidation step. The
relative reduction and oxidation potential are closely related to both
the hydration energy and the adsorption energy into the MHCF [23].
The transition metal of the MHCF material also influences their
ability as ionic sieve [24, 25]. Additional key aspect refers to the
abundance of the metal and safety concerns. Among MHCFs, zinc,
manganese and iron analogues are characterized by low toxicity and
low cost, therefore making them promising systems for development
in several industrial applications [26, 27]. In particular, zinc
hexacyanoferrate (ZnHCF) is one of the MHCFs used in aqueous ion
battery improvement, thanks to its very high operating potential [28].
As shown in Table 1, the precursor salt ZnCl> has a LD50 of 350
mg/kg, and is relatively cheap while compared to other transition
metal chloride salts [22]. LD50, lethal dose or median lethal dose, is
defined as the amount of a toxic agent lethal to the 50% of the

experimental animals exposed to it. However, although procedures
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for the deposition of zinc hexacyanoferrate film are available, there
is a lack of deposition protocol on the common electrode support
(Glassy Carbon electrode) [29]. For instance, Fenga and Stradiotto
suggest a controlled electrodeposit procedure of ZnHCF on
piezoelectric quartz crystal [30] and the ZnHCF preparation on
graphite-epoxy composite [31]. Eftekhari [32] reported the
dependence of the formal potential values in different supporting
electrolytes and the electrocatalytic activity of ZnHCF obtained by a
direct modification of the Zn electrode. Several procedures of
chemical modification of an electrode are reported as well. Joseph et
al. [33] studied the behaviour of ZnHCF on wax-impregnated
graphite electrode, evaluating the influence of the Zn?* and
ferricyanide salts ratio on electrosynthesis step as well as the
electrochemical behaviour in different supporting electrolytes.
Kemmegne-Mbouguen et al. [34] investigate the clay-zinc
hexacyanoferrate carbon paste electrode as sensor for Uric acid,

Dopamine and Tryptophan.

Furthermore, thanks to the low toxicity of zinc, it could be a valid
alternative to replace lithium in aqueous ion batteries [35].
Generally, ZIBs (Water-based Zinc-ion battery) show several
advantages, such as high theoretical gravimetric and volumetric
capacity of 820 mAh g and 5855 MmAh cm, low electrochemical
potential (-0.76 V vs. SHE), high abundance and intrinsic safety,
which are ideal features for an anode material [36, 37].

Several advantages of ZIBs are reported in terms of safety, cost and
performances and they are compared with nonaqueous Li/Na/K-ion

ones, in table 1.2.

Table 3. 2 Advantages of aqueous ZIBs over nonaqueous Li/Na/K-ion batteries[37]

\ Characteristics HLi HNa HK HZn ]

llonic radius [A] lo.76 |1.02 [1.38 J0.75 |
Cost of metal anode||19.2 (3.1 13.1 ||2.2

(USD) kg™

Volumetric capacity|2042 |1050 (609 |5857

(mA h m?)
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| Characteristics [ILi [Na |K |zn |

Capacity density [mA|[2061 ||1129 |610 |5855

h cm=]

lonic conductivity (S|[10°-102  (organic||10-'-6 (aqueous
cm) electrolytes) liquid electrolytes)
|Safety [Low |High |

As cathode types are commonly used manganese- or vanadium-
based materials, or Prussian blue analogues. In particular, CUHCF
[36]and ZnHCF[38] have been already tested, because of their high
output voltage of about 1.6V. In particular, Zhang and al.[38],
applied ZnHCF as ZIBs cathode firstly. They synthetized
rhombohedral ZnHCF, which led to many Fe(CN)s vacancies
because of the adaption of Zn?* to ZnN4 tetrahedron rather than an
octahedral configuration. Briefly, the reaction involved are the

following:

Cathode

XZN?* +2xe +Zn3[Fe(CN)sl2<>Znz+{Fe(CN)s]2 (1)
Anode

xIne2xe +1Zn?t (2)

The electrochemical behaviour of ZnHCF as cathode material in

aqueous rechargeable batteries is extensively reported [23, 38-43].

Based on the literature data, substitution or partial substitution with
Zn ions occurs in several MHCFs during cycling, such as CuHCF
[44]. Li et al.[45] report that the Mn substitution with Fe in MnHCF
for Na ion battery, lead to an improvement of the cycle life, limiting
the phase transition and the active material dissolution. In addition,
Ni et al. demonstrate that the electrochemical stability is improved
by the Mn (partially) substitution into the ZnHCF lattice.
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3.2 Experimental
3.2.1 ZnHCF-GC modified electrode
Materials

Chemicals were reagent grade from Sigma-Aldrich (KsFe(CN),
ZnCl;, HsBOs, KCI, NaCl, LiCl, SrCl,, MgCl;, BaCl,, CaCl,
AI(NOz3)s, CrClz)and used without any further purification. All
experiments have been performed in air, at room temperature and
with Millipore Milli-Q nanopure water with a resistivity of =
17MQcm.

Apparatus

Electrochemical measurements were performed with a Model 730e
(CH Instruments) electrochemical workstation using a standard
three-electrode electrochemical glass cell (10 ml). The substrate of
the working electrode was glassy carbon, GC (diameter = 3 mm) or
graphite foil, GF (0.10 mm thick, 99.9%, Goodfellow); and a Pt
counter electrode was used. All potentials were reported vs Ag/AgCl

reference electrode in saturated KCI.
Preparation of modified electrode

ZnHCF films were deposited by a Zn reduction on GCE through
cyclic voltammetry scans in 0.5 M ZnCl, and 0.4 M H3BOs solution
between -0.40 and -1.2 V at 0.1mV/s. Zn-GC modified electrode was
soaked in a 50 mM KzFe(CN)s and 0.1M KCI solution for 5 minutes
and then dried at room temperature. The electrochemical behaviour
in presence of different monovalent, di- and trivalent metal cations
was investigated by recording CVs in various supporting electrolytes
and following a precise protocol.

Physical Characterisation

To perform SEM and ATR-FTIR analysis, ZnHCF was deposited on
graphite foil following the protocol described in the experimental
section used for GCE modification. Briefly, the oxidised electrode
(ZnHCF-0) was obtained potentiodynamically by applying a linear
sweep from OCP to + 1.2 V in KCI 0.1 M, while the reduced
electrode (ZnHCF-R) from OCP to + 0.4 V, in the same electrolyte.
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ATR- FTIR

IR spectra were recorded from 4000 to 400 cm™ on a PerkinElmer
Frontier FT-IR instrument, equipped with single reflection ATR unit

(universal diamond ATR top-plate) as a sample support.
SEM

SEM experiments were performed on a field emission scanning
electron microscope (FESEM) ZEISS SIGMA 300.

3.2.2 ZnHCF powders
Chemicals and solutions

Chemicals were reagent grade from Sigma-Aldrich (KsFe(CN)g,
ZnCl,, KCI). Deionized water was used throughout this work. All

experiments were carried out at room temperature and in air.
Chemical synthesis

Zinc-hexacyanoferrate powders were synthesized by a co
precipitation method: 25mM ZnCl; solution was dropwise added to a
25mM stirred KsFe(CN)e solution. A yellowish colloidal solution
was obtained. The solution was allowed to stand overnight. The
precipitated sample was washed with deionized water and
centrifuged several times in order to remove the unreacted salts and
separate the solid products. The precipitate was dried at 80°C

overnight.
Electrochemical measurements

Electrochemical measurements were performed with a Model 730e
(CH Instruments) electrochemical workstation using a standard
three-electrode electrochemical glass cell (10 ml). The substrate of
the working electrode was graphite foil, GF (0.10 mm thick, 99.9%,
Goodfellow); and a Pt counter electrode was used. All potentials
were reported vs Ag/AgCI reference electrode in saturated KCI. The
electrodes were prepared by evaporation of an aqueous suspension of

the sample on graphite foil.
X-ray powder diffraction (PXRD)

Powder X-ray diffraction (PXRD) data were recorded by using a

monochromatic X-ray beam (wavelength of 1 A) at the MCX
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beamline in ELETTRA synchrotron Trieste (Italy). Data were
collected in a capillary geometry, setting the spinner at 300 rpm. The
X-ray diffraction pattern was collected consecutively in the range
5°<26<70°, with steps of 0.01° and an acquisition time of 1 s/step.
The crystal structure was refined using Fullprof Suite [46].

Fourier Transform Infrared spectroscopy (FT/IR)

FT/IR spectra was recorded on a Jasco FT/IR-4600 PLUS instrument
working in transmission mode in the spectrum range between 4000
and 500 cm~! and were carried out in solid form using KBr pellet
method, containing about 1% w/w of the sample.

Scanning Electron Microscope (SEM)

The morphology of the particles was observed by ESEM Quanta-200
- Oxford Instruments, in High Vacuum. The images were collected
with the backscattered electron detector (BSE).

Oxford INCA-350 X-EDS microanalysis system, equipped with Si
(Li) detector with thin window for investigations on low atomic
number elements.

Atomic Absorption spectroscopy (AAS)

Elementary composition was obtained with Perkin Elmer- Analyst
400 Spectrometer.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed in air from room
temperature to 500°C, with a heating rate of 5°C/min, and rapid

cooling.

3.3 ZnHCEF thin film
3.3.1 Electrochemical studies

Zinc hexacyanoferrate films were obtained on a GCE following the
double step electrosynthesis protocol detailed in the “Experimental
section”. Firstly, Zn® was deposited on GCE by Cyclic voltammetry
(Fig.3.1A), then the soaking of Zn modified-GCE in a KsFe(CN)s

solution causes the redox reaction in about 10 minutes. It takes place
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on the surface of the electrode, with the conversion of zinc to

potassium zinc hexacyanoferrate, as follows:

3 Zn° + 6 KsFe"'(CN)s + x H20 S KaZns [Fe''(CN)e]2 x H20 + 4
K4Fe'(CN)s (2)

The ZnHCF films on GCE were characterized in a 0.1M KCI
solution by cyclic voltammetry. Voltammograms show the
K2Zns[Fe'(CN)s]2/ KZns[Fe'"'(CN)s]2 reversible redox couple with a
formal potential of about +0.9 V vs Ag/AgCl and a steady current
density for the first 30 segments (Figure 3.1B). The CV shape is
characterized also by the weak anodic and cathodic peaks at ca. 0.65
V. As reported, this particular morphology is due to the cubic
structure [23], that is confirmed also by the SEM analysis (Section
3.2). Furthermore, the stability of the film by repeated CV scans at
0.1V s was checked. The intensity of the cathodic and anodic peak
current is stable until the 15" cycle, then, it decreases gradually until
50" cycle and the last cycles are characterized by a fast decrease of
the current with the number of the cycles. (Figure 3.1C) The
procedure, described in the “Experimental section”, was tested
several times obtaining charge values with a RSD % of 21. It was
obtained by the CVs showed in figure 3.1D. The data is affected by
the electrochemical control lacking during the deposition. The
stickiness was ensured by the electrode drying at room temperature,
whereas the electrode rinsing was a precondition to obtain a well
define peak. Three ZnHCF film comparable CV responses were
showed in fig. 1D, with similar peak current values. The current
involved in the process is closely related to the amount of the
electroactive material originated from the reaction taking place on
the electrode surface during the soaking step. The calculated surface
coverage value was 1.46 - 10 mol/cm?, considering the charge

value of the first five CVs.
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Figure 3.5 A) CV of Zinc electrodeposited on GCE; B) CV of ZnHCF-GC modified
electrode at 0.1 V s in a 0.1M KCI solution-10 cycles; C) CV of ZnHCF film: 1% cycle,
15% cycle, 50th cycle and 100™ cycle recorded; D) First cycles of ZnHCF film CVs response
for three different electrodes.

ZnHCF films were characterized using different concentrations of a
KCI solution, and the result are reported in Figure 3.3.2. This test
reveals the role of the potassium cation in the redox reaction, based

on Nerstian equation for a solid film:
K,Zn,[Fe (CN)g], + K* + e~ 5 KzZn,[Fe'l (CN)g]; (3)
E =k + 0.0591og [ax,] (4)

According to the equation (4), Figure 3.2 shows linear dependence
of the two variables (E cathodic vs log of KCI solution
concentration) with a slope of about 68 mV, close to theoretical
value of 59 mV. This, in turn, confirms a Nerstian behaviour and a
one-electron transfer reaction. In addition, the effect of other
supporting electrolytes was investigated, the results are shown in

section 3.3.
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Figure 3.7 A) ZnHCF-GC modified electrode at several scan rate in KCI 0.1 M; B) Relation

between log ipa (MA) and log scan rate (mV/s)

Figure 3.3B shows the characterization of the ZnHCF electrode in
terms of anodic current dependence to the scan rate. Specifically, the
CVs of ZnHCF-GCE at several scan rates are displayed in Figure
3.3A. The curves highlighted that the decreasing of the scan rate
causes a decreasing of the anodic and cathodic peaks, as expected,
and a shifting of E°. A checking the power-law relationship with the
scan rate, i.e.; i = av® where i is the current of anodic and cathodic
peaks, v the scan rate, and a and b are experimental parameters, is
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shown in the panel B of the Figure 3.3. The panel displays two
different slopes for the log(v) -log(i) plot, where b value is about 0.5
at higher scan rate underling a diffusion-controlled process, whereas
b is quoted around 1 at low scan rate, indicating a surface-controlled
process. Therefore, the K* insertion/de-insertion processes are
surface-controlled at lower scan rates and diffusion-controlled at
higher ones. In light of this evidence, we consider 100 mVs™ is a
suitable scan rate to investigate ZnHCF capability as ionic sieve,
which ensure the occurrence of a diffusion controlled-process.
Similar results were reported by Eftekhari and Joseph et al. [32, 33],
who studied the effect of the support electrolytes at high scan rate
and at low scan rate, respectively. Eftekhari reported the effect of the
support electrolytes on the voltammogram shape and formal
potential shifting of the ZnHCF chemically modified electrode,
testing several alkali cations, while Joseph et al. focused on surface

processes of a ZnHCF- wax-impregnated graphite electrode.
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Figure 3.8 ZnHCF in Mixture 0.1M ZnClz and 0.1M KCI 0.1Vs* vs Ag/AgCI

Figure 3.4 shows the voltammogram of ZnHCF-film in a mixture
electrolyte of ZnCl> and KCI. It is worth noting the shifting of the
CV scans to lower potential, which indicates the accommodation of

Zn?* as well as K*. After ca. 10 cycles the voltammogram stabilised.
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The film was studied also in 0.1M ZnCl, and in 0.1M KClI, the
results are showed in Fig. 3.5. The ZnHCF voltammograms in ZnCl>
are lightly shifted if compared to KCI scans. It indicates the Zn%*
uptake/releasing, as already reported [23, 38]. Furthermore, in the
support electrolyte mixture (0.1M ZnCl, and 0.1M KCI) both redox
couples are observed, which means the intercalation of both Zn?* and
K™. In particular, the black CV shape results different both from the
red CV and the blue one. It means that ZnHCF hosts both K™ and
Zn* at the same time. Furthermore, the isosbetic points at ca 0.95 V
indicate the transformation from KZnHCF to a mixture of KZnHCF

and ZnZnHCF. The mass balance condition was maintained.

0.00004

—— MIX Zn/K
0.00003 A — KCI
——ZnCl,

0.00002

0.00001

0.00000

iIA

-0.00001

-0.00002

-0.00003

-0.00004

-0.00005 : : : : :
12 1.0 08 06 04 0.2

Potential/ V

Figure 3.9 ZnHCF in Mixture 0.1 M ZnCl2 and 0.1M KCI (black line), in 0.1M ZnCl2 (red
line) and 0.1M KCI (blue line) at 0.1Vs? vs Ag/AgCI

3.3.2 Physico-chemical characterization of ZnHCF films

The ZnHCF was electrodeposited on grafoil following the same
experimental protocol, in order to be investigated by SEM and ATR-
FTIR spectroscopy. For this purpose, two different electrodes were
analysed: ZnHCF-O, referring to the oxidized electrode and ZnHCF-
R to the reduced one.

SEM characterization reveals a surface morphology composed of
poly-dispersed particles that are aggregated to form a porous
network. The ZnHCF-samples consist of size-heterogeneous
particles, of about 100-300 nm (Fig. 3.6C), although some particles
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are bigger (Fig. 3.6B). The morphology is characterized by cubic
particles which are pointed out distinctly, at a nanometric level as
well. The cubes visible in the figure can be related to the cubic
structure of zinc hexacyanoferrate. The morphologies displayed in
the Fig. 3.6A and 3.6B, for the ZnHCF-R and ZnHCF-O
respectively, confirms a similar behaviour of the modified electrode.
Therefore, the potentiodynamic modification do not affect the
overall shape and morphology of the films.

FTIR characterization provides useful information on the oxidation
state of the studied compounds. The ATR-FTIR spectra of the
oxidised and reduced electrodes are represented in Figure 3.7. All
samples show a broad band of the ven adsorption at about 2000-2200
cm?, as expected for bimetallic cyanide Fe-C-N-Zn, which can be
used as a fingerprint of the oxidation state. A close inspection of the
figure reveals that the spectrum recorded for ZnHCF-O shows a
band at 2096 cm™, which is close to the band at 2091 cm™ founded
for Fe'-C-N-zZn'' system [41]. In addition, the insert in the figure
displays a couple of broad peaks at 489 cm™ and 603 cm™* which are
related to Zn-N and Fe-C stretching respectively. Lastly, peak at
1622 cm™ and 3620 cm™ are due to the presence of OH from water

molecules.
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Figure 3.10 SEM micrographs of ZnHCF modified electrodes: A) and D) ZnHCF-R at
different magnification; B) and C) ZnHCF-O at different magnification.
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Figure 3.11ATR-FTIR spectra of ZnHCF-O and ZnHCF-R on graphite foil.

3.3.3 Exchange capability

A precise protocol was followed to investigate the ZnHCF-GCE
electrochemical behaviour in several mono-, di- and trivalent cations

in order to evaluate the affinity of the tested cations compared to K*:
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the first CV was recorded in 0.1 M KCI; the second CV was
recorded in 0.1 M of cation tested, and finally the last CV was
repeated in 0.1 M KCI [16].

The CVs of ZnHCF-GCE was studied in different support electrolyte
cations in addition to K*. The results are shown in Fig. 3.8A (all
cations), 3.8B (monovalent cations), 3.8C (divalent cations) and D
(trivalent cations).
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Figure 3.12 CVs of ZnHCF film in A) 0.1M LiCl, NaCl, MgCl,, CaClz, SrCl;, BaCly,
CrCls, Al(NOs)s, KCI before and after exchanges; B) in 0.1M KCI before and after 0.1M
LiCl and NaCl; C) in 0.1M KCI before and after 0.1M MgClz, CaClz, SrClz and BaClz; D)
in 0.1M KCI before and after 0.1M CrCls, AI(NOs)3

The various cation species cause a potential shifting and a peak
shape variation (Fig. 3.8A). This behaviour has been reported for
other MHCFs [47-49] and rationalized in terms of cation overall
dimension. An insertion/de-insertion mobility order of monovalent
cations was reported for ZnHCF film, and potassium shows the best
cation mobility [33]. Fig. 3.8 B, C and D show the ZnHCF film
capability to intercalate/de-intercalate respectively monovalent,
divalent and trivalent cations compared to K*. The perfect
reversibility of the process is confirmed for all the cations, by the CV

recorded in K* before and after the CV. There is almost complete
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match of the pristine and of the recovered CVs in potassium salt,
also in terms of peak current. This unambiguously electrochemical
behaviour suggest that ZnHCF film here reported has the capacity to
exchange mono-, divalent- and trivalent cations with high efficiency.
Kinetics of the exchange was also investigated, and our experimental
data suggests that the uptake of di- or trivalent ions is slower than the
uptake of the potassium. For example, Figure 3.9 shows the CVs of
ZnHCF recorded in KCI 0.1 M, in CaCl> 0.1 M and then back to
KCI. Unlike the CV related to the re-uptake of K* ion, the CV
recorded during the insertion of Ca?* shows a potential shift from the
first segment to the steady last ones. A similar behaviour does not
occur for the potassium insertion, in fact the voltammogram (Fig.
3.9A) is characterized by the overlapping segments. Therefore, these
processes are controlled by kinetics and the uptake of di- and
trivalent cations takes place slowly, whereas smaller radii cations
were exchanged easily. Although the channel diameter for metals
hexacyanoferrates is similar and close to 320pm, the cationic radii
influence the potential shift and also the attitude of each ion to be
inserted and de-inserted [50].
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Table 3.3 lonic and hydrated radii, cathodic and anodic potential of different cations tested.

lonic radii | Hydrated | Cathodic | Anodic
r«(A) [51] | ionic radii | Potential | Potential
rm (A) [51] | (V) vs | (V) VS
Ag/AgCl | Ag/AgCl
Li* 0.6 3.82 0.700 -0.870
Na* 0.95 3.58 0.706 -0.838
K* 1.33 331 0.786 -0.881
Mg* 0.65 4.28 0.713 -0.858
Ca*? 0.99 4.12 0.707 -0.896
Sr+? 1.13 412 0.698 -0.801
Ba*? 1.35 4.04 0.722 -0.828
Al*3 0.5 4.75 0.723 -0.988
Cr+3 0.64 4.61 0.774 -0.870
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Figure 3.10 shows the relationship between radii size (hydrated
radius) of alkali cations and the ZnHCF intercalation potential. It
decreases with the hydrated radii size (in details in Table 3.3),
following the order K>>Na>Lli, as also accepted for other MHCFs
[52]. ZnHCF easily hosts alkali earth cations as well. The diffusion
coefficients (Dapp) Were calculated by the Ip vs v* slope. As showed
in Table 3.4, potassium Dapp is by far the highest as described by the
potential vs hydrated radius. As a matter of fact, Li* shows a faster
diffusion then Na" into ZnHCF, even though their Dapp values are
comparable. The CVs (fig. 3.9) show a good reversible process in
spite of the increasing of ionic radii size of the cations
accommodated into the structure. As matter of fact, the lattice might
go to microstructural distortions. lons with smaller ionic radii have
larger hydrated radii so they hold on their hydration shells. On the
other hand, larger radii ions are less strongly hydrated, therefore they
able to break off their hydration shells during the insertion into the
ZnHCF lattice.

Table 3.4 Diffusion coefficient (Dapp) of alkali cation (0.1M solution) in the ZnHCF film,
obtained from CV at high scan rates.

Cation Li* Na* K*
1078 Dapprid (cm?s?t) | 3.66 1.67 8.56
108 Dggpox (cm?s?) | 5.08 3.28 6.02
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3.4 ZnHCF powders

3.4.1 Characterization
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Figure 3.15 ZnHCF powders on grafoil in a 0.1M KClI solution at 0.1 Vs

The electrochemical measurement recorded between 1.2 and 0.2V at
0.1V/s in a KCI 0.1M solution shows a two peaks voltammogram at
about 1V and 0.8V corresponding to the species Zns[Fe(CN)e]2 and
Zn[Fe(CN)g], respectively.

The general formula Znz[Fe(CN)es]2xH20 where x equals 0 indicates
the rhombic phase, where Zn' has a tetrahedral configuration,
saturated by four cyanide and without coordinative water [2].

The IR spectra of hexacyanometallates shows the v(CN) band
frequency fingerprint between 2000-2200cm™, detecting the

electronic configuration.

Specifically, for Zns[Fe(CN)s]2 two strong peaks at 2185 cm™ and at
2099 cm™ were evaluated as shown in Fig 3.12. The band at 2100
cm is attributed to the CN stretching in the Fe—-CN-Zn of ZnHCF.
A high absorption frequency is due to the rhombohedral structure

indicating, also no coordinated water in the structure [39].
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TG curve reveals a negligible weight loss, suggesting the absence of

coordinative water and confirming the rhombic phase of ZnHCF.
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Figure 3.18 XRPD pattern and refinement of ZnHCF

ZnHCF was taken for XRD analysis to confirm both the success of
the synthesis and the identification of the structure lattice. The
diffraction patterns obtained for the sample were consistent with the
rhombic phase as has been reported [23]. ZnHCF shows a
rhombohedral structure (space group: R-3C) with a, b, ¢ and y equal
to 12.57(9) A, 12.57(9) A, 33.05 (1) A and 120°, respectively (figure
3.14).

SEM images show a well-organized structure related to the rhombic
phase. Furthermore, according to Zhang et al. concentration of
reagents influences the structure of the ZnHCF. In fact, a 25mM
ZnCl; solution was used in a 1:1 molar ratio with KsFe(CN)s
obtaining only one phase (Fig. 3.15) . Also, chemical composition
obtained by SEM analysis matches with AAS-analysed one.
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Table 3.5 Comparison of atoms ratio in ZnHCF powders tested by AAS and SEM

AAS SEM

WD 14mm
abundance
percentage (%)

C - 40,41

Fe 7.375 mmol 7,67

Zn 9.95 mmol 11.39

K 0.277 mmol -

Elemental  composition was giving from  AAS

Ko.04Zn1 35[Fe(CN)s] and confirmed by SEM elemental analysis.

as

Figure 3.19 SEM images of ZnHCF powders
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Also, the CVs confirm the same behaviour both for ZnHCF powders
and ZnHCEF thin film.

3.4.2-Z1Bs

ZnHCF powders were tested to check the potential use of a ZnHCF-
based cathode material in aqueous Zn-ion batteries (ZIB). In
addition, it was used as a standard to compare data obtained from a
similar material based on metal hexacyanoferrates, the MNnHCF as a
cathode in ZIBs.

Zn/ZnHCF battery electrochemical proprieties were evaluated cyclic

voltammetry at first, as indicated in the figure 3.17.
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Figure 3.21 CV curve of ZnHCF vs Zn?*/Zn at 1 mVs™

Zn/ZnHCF shows a reversible process during cycling (Fig. 3.17),
two different peaks at 1.94 V in oxidation and at 1.71 V in reduction
are visible. The difference between cathodic and anodic peaks (AEp)
of 230mV indicates the reversible intercalation/deintercalation of
Zn?* into the lattice of ZnHCF. Thus, the moving direction of cations
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follow the scheme, suggested by Zhang et al.[53]:
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Figure 3.22 Schematic moving direction of cations into the battery

Two electrochemical reactions (1) and (2) occur:
Cathode : Zn**+ 2 A ¢ + Zn3 [Fe(CN)s]2 5Zns [Fe(CN)s]2 1)
Anode: A Zn S+2Ae + A Zn* 2)

Indeed the insertion/de-insertion of Zn into the ZnHCF lattice occurs
effortlessly, as already reported by Zhang and al.[55]. This
behaviour was also confirmed by CVs and XRD patterns.

The charge and discharge profile of ZnHCF at C/5 is shown in figure
3.19, with a discharge capacity around 60 mAh g*, and a discharge
plateau around 1.71 V, which is interesting. However, the cyclability
performance shown in figure 3.4.7 indicates a consistent capacity
fading, and only around 33% capacity was retained after 50 cycles.
This might be due to the dissolution of ZnHCF material, as reported
by Zhang and Ni et al. [53, 54].
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Figure 3.24 Cycling performance of ZnHCF at C/5 rate

These tests were useful to compare the Zn/MnHCF cell behaviour,
whose cathode material is similar but with another transition metal
coordinating the cyanide in HCFs, the manganese. MnHCF full-cell
was tested through CV, as shown in figure 3.21. The redox peaks
form 10" to 50" shown similar trend as the first 10 cycles, and the
current intensity of the anode peak at around 1.7 V and two
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reduction peaks at 1.20-1.40 V are increasing within the first 30
cycles, and after that the current intensity reaches a stable state from
40-50 cycles. Meanwhile, the reduction peak at 1.70-1.75 V keeps

decreasing, and becomes stable after 30 cycles.

A rationalization of this behaviour is the following. MNHCF material
is reported to display a partial substitution of Mn during cycling,
most likely due to the activation of iron sites, with concomitant
formation of the ZnHCF phase. Therefore the Zn?* intercalation/
process does not occur in a reversible way, but follows a partial

substitution Mn-Zn, as confirmed by Li and al.[46].
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0.0004

B 1.71V
—— 10th cycle 50
— 20th cycle
30th cycle
0.0002 - —— 40th cycle
— 50th cycle

Current (A)

0.0000 - _

-0.0002

1.0 12 1.4 16 18 2.0
Potential (V vs Zn*'/Zn)

Figure 3.25 CV curves of MnHCF full-cell at 0.2 mV s form 10th to 50th cycles
We emphasises here the use of ZnHCF powders for the sake of
comparison in this application: firstly because of its unique phase,

and secondly because the phase was rhombohedral distinguishable

from the MnHCF monoclinic one.
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3.5 Conclusion
Films of zinc hexacyanoferrate have been deposited on a Glassy
Carbon electrode with a specific protocol aimed at ensuring
reproducible electrode characteristics. The morphology of the
electrodeposited material has been further studied by SEM. and
ATR-FTIR spectroscopy confirming the occurrence of the Fe''-C-N-
Zn" structural unit. A full electrochemical characterisation suggested
a good stability of the film and the capacity to intercalate several
both- mono and di-valent cations. Kinetics of the
intercalation/deintercalation process has been also addressed.
Overall. the low-toxicity and cheapness zinc make zinc
hexacyanoferrate films a promising candidate for application in ion

exchange system.

Otherwise, ZnHCF powders were characterized by different
techniques. All of them confirmed that the synthesis procedure
allowed to obtain only the rhombic phase. The CV scans of ZnHCF
powders matched with the ZnHCF film ones. Galvanostatic tests
show a considerably fast capacity fading. Furthermore, using it as
standard we were able to check the Mn-Zn replacement rather than

the insertion of zinc ions during cycling.
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Chapter 4

Systematic study of REESs intercalation

4.1 Introduction

Rare earth elements (REES) have been acquired importance because

of their wide range of applications, both in traditional and high-tech

industries 12.Their global demand and consumption have been

growing rapidly in conjunction with the developing of technological

devices.

The European companies are mainly involved in manufacturing

processes for semi-finished or finished products which contain REE

like magnets, alloys, automotive catalysts, etc. (detailed in Table 4.1)

Table 4.6 Selected industrial activities in rare earth processing in Europe °.

Country Products
France automotive
catalysts,
phosphors
Estonia rare earth separation, rare earth
metal
production
Geramany Magnet
production
United Kingdom Magnet
production

Alloys with rare

earths

Netherlands

Magnet

production
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Austria catalysts, glass polishing powder,
glass fusion, pigments and ceramic
glazes, pharmaceutical

products

The uneasy mineral extraction, the increasing demand, the limited
supplies and their location in some areas has led to innovative
recovery processes, which in turn produces electronic wastes (e-
waste). Such a waste can be considered a valuable end-of-life
product containing REEs 4, which needs valorisation. Separation
processes are essential both for the REEs extraction and recovery.
Not only for the extraction process from an oxide mixture, but also
for single REE separation by other metals in wastes. All the REES
are salt minerals in the earth soil as fluorocarbonates, phophates or
fluorite minerals 5. REEs are stable principally as trivalent cations
and they show high affinity with oxygen. Although REEs are quite
abundant, they are naturally concentrated, so the separation of them
result a big challenge from an economic point of view. For this
reason they are considered rare. Table 1 shows the metals crustal
abundance (ppm) for the first time reported by Wdephol °.
Noteworthy for the abundance of lanthanum for example is not rare

at all.

Table 4.7 Abundance of metals in the Earth’s crust.

Elements |Symbol||Atomic number|Crustal Abundance (ppm)
Nickel Ni 28 90
Zinc Zn 30 79
Copper Cu 29 60
Cerium Ce 58 60.0
Lanthanum La 57 30.0
Cobalt Co 27 30
Neodymium ||Nd 60 27.0
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Elements |Symbol||Atomic number||Crustal Abundance (ppm)
Yttrium Y 39 24.0
Scandium Sc 21 16.0
Lead Pb 82 10
Praseodymium||Pr 59 6.7
Thorium Th 90 6
Samarium Sm 62 53
Gadolinium ||Gd 64 4.0
Dysprosium  ||Dy 66 3.8
Tin Sn 50 2.2
Erbium Er 68 2.1
Ytterbium Yb 70 2.0
Europium Eu 63 1.3
Holmium Ho 67 0.8
Therbium Th 65 0.7
Lutetium Lu 71 0.4
Thullium Tm 69 0.3
Silver Ag 47 0.08
Gold Au 79 0.0031
Promethium  |Pm 61 10718

Furthermore, REEs have been divided into light (LREE) and heavy
(HREE) rare earth elements (fig. 1), although Gd and Dy are

sometimes classified

as medium-weight lanthanides. The

classification occurs on the basis of their trend in crustal abundance

and the formation geological models ’.
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The growing industrial applications of the rare earth elements (REE)
led to a growing interest in the research of new technologies for
separation and recovery of rare earths, as reported &°. Particularly,
lanthanum constitutes starting lighting igniction (SLI), digital
camera, etc; dysprosium is essential in high power magnets and

lasers; gadolinium is used as imaging contrast agent for NMR.
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Figure 4.26 REEs in periodic table and their classification in LREES and HREEs.

REEs appear as malleable and ductile soft metals which can be
reactived at elevated temperature, while in aqueous solution they are
in their trivalent state. Except for the atomic number and ionic radii,
which are inversely correlated, the REEs chemical proprieties are
very similar to each other.
Generally, hydrometallurgical techniques are the common methods
for the metals recovery. The first step concerns alkali or acid
leaching, followed by separation methods (e.g., liquid/liquid
extraction), and, lastly, purification by adsorption (e.g., silica gel,
activated carbon, zeolites etc.) or by ion-exchange processes *°.
Separation, purification, transport and sensing can occur through
selective ligands which are able to coordinate REE ions. Several
compounds as DOTA (dodecane tetraacetic acid), EDTA (acido
etilendiamminotetraacetico), etc. have the capability to form
complex with REEs in aqueous environments 113 Also,
Hydroquinoline derivatives (8-HR) are able to create coordination
link useful for sensing, although the coordination system results very
complex 4. Another important feature is releted to the possibility to
73



achieve fuorescent sensor thanks to chemical reactions during the
formation of complex. Examples of reaction-mediated sensors are
reported 156, Moreover, electrochemical sensors perform a very well
response in terms of sensitivity and selectivity. The measurements
can be very fast, repeatible and easy to perform, thanks to different
techniques like CV (cyclic voltammetry), SWV (square wave
voltammetry) and potentiometry. Brindley et al*’ reported the
particular feature of Ferrocene derivatives using electrochemical
techniques. The electrochemical response, during the redox
processes, changes with the concentration of La(lll), Lu(lll) and
Gd(I11) linked to it. The anodic peaks shift was observed for all
ligands, with an extent in terms of millivolts, depending to the ionic
radius of the REE which creates a different polarization near the
ferrocene unit.

The adsorption proprieties of MHCFs allow to purify water thanks to
a solid/liquid extraction. In addition, they cointain one or more redox
center (iron and sometimes transion metal linked), which allow to
control by potentiodynamic processes their oxidation states. Finally,
these compounds are easily synthetized on carbon active materials.
Thus, the fairly open with a cubic framework with large zeolite-like
interstitial sites of MHCFs structure is able to easily accommodate
ions during redox reactions, for electroneutrality purposes.
Monovalent, divalent and trivalent cations can be involved. Hence,
metal-hexacyanoferrates are suitable for the electrochemically
switched ion  exchange (ESIX) technique: the ion
insertion/deinsertion can be regulated by the direct control of the
redox states of the electroactive material; the facile electrosynthesis
on conductive substrates allows to achieve the ion separation and the
following regeneration of the film 181°, Therefore, ESIX is recently
used in environmental applications, such as for the selective
removal of radioactive Cs* %, or separation of Cu?* 2!, Ca®** 2 and
Ni2* 23, 1t is worth noting that the capability to intercalate a specific
cation is influenced by changing metal sites in the lattice 24, MHCFs

can be excellent candidates for the separation of REEs by ion-
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exchange, thanks to their electrochemical signature and peculiar
structure?®,

Table Al shows the ionic radii and lattice parameters of MHCFs
which are studied as ionic sieve for REEs. As a matter of fact, metal
substitution may lead to a changing in cell parameter and
consequentely in the intercalation capabilities. All of the MHCFs
showed in table 1 were already studied as ion exchanger of common

mono, di and trivalent cations 20:26-33,

Table 4.8 lonic radii and lattice parameters of NiHCF, CuHCF, CoHCF, CrHCF, InHCF

24,34,35

Metals m Experimental
(A) Lattice

parameter
aons (A)

Ni* 0.83 10.21

Cu? 0.87 10.12

Co?* 0.89 10.28

Cr¥* 0.75 10.23

In* 0.80 10.51

4.2 Experimental

4.2.1 CuHCF film deposition

GCE working electrode pre-treatment consisted of cycling 20 times
from 1.0 V to -0.2 V at 0.100 V s! in 1.0 M KNOs. The
electrodeposition was carried out at -0.80 V using a solution of 0.05
M Cu(NO3z)2 and 0.1 M KNO3z as supporting electrolyte for 20
seconds, then the electrode was rinsed and soaked in 1.0 x 10 M
KsFe(CN)sand 0.1 M KNO; for 300 seconds at +0.6 V %0,

4.2.2 CoHCF film deposition

GCE working electrode pre-treatment consisted of cycling 20 times
from 1.0 Vt0 0.0 V at 0.100 V s in 1.0 M KNO3. CoHCF film was
deposited from a solution that contains 2.5 x10~° M Co(NO)z, 2.5 x
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103 M KsFe(CN)g, and 0.5 M KNOs as supporting electrolyte at
native pH=.

4.2.3 CrHCF film deposition

GCE working electrode pre-treatment consisted of cycling 20 times
from 1.0 V10 0.0 V at 0.100 V st in 1.0 M KNOs. CrHCF film was
deposited from a solution that contains 0.01 M CrClz, 0.002 M
KsFe(CN)s, and 0.1 M KClI as supporting electrolyte at pH ~2%'.
4.2.4 InHCF film deposition

GCE working electrode pre-treatment consisted of cycling 20 times
from 1.0 V10 0.0 V at 0.100 V st in 1.0 M KNOs. InHCF film was
deposited from a solution that contains 5.0x1073 M InCls, 5.0 x 1073
M KsFe(CN)s, and 0.1 M KClI as supporting electrolyte at pH =28,

Table 4.9 Schematic experimentals for thin film MHCFs electrodeposition

MHCF KsFe(CN)es | Metal salts Support pH
electrolyte

CoHCF 25x107° | 25x10°M KNO3z0.5M | native
M Co(NO),

CuHCF 1.0x10° |[0.05M KNO30.1M | native
M Cu(NO)3

CrHCF 0.002 M 0.01MCrCls |KCI0.IM |2

INnHCF 5.0x10°3 5.0x103 M KCI0.1M |2
M InCl3

NiHCF 5.0x103% | 5.0x10° M KCI 0.1M | native
M NiCl,

All chemicals were reagent grade from Sigma-Aldrich®

(K3Fe(CN)es, Er(NO3)3, Co(NO)2), Alfa-Aesar ® (InCl3,Gd(NO3)s3,
La(NO3)3, Dy(NO3)3), Merck ® (KNOgz), Carlo Erba reagents ®
(CrCls), Baker reagents® (KCI) and Acros organics® (Cu(NO)s)a.
All experiments have been performed in air, at room temperature,

and with bi-deionized water.
4.2.5 Apparatus

Electrochemical measurements were performed by using a Model
730e (CH Instruments) electrochemical workstation and a standard

three-electrode electrochemical glass cell (10 mL). The substrate
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materials of working electrode were glassy carbon (diameter=3 mm).
A Pt counter electrode was used.

All potentials were recorded vs. Ag/AgCl in saturated KCI. The
glassy carbon (GC) electrode was polished with a 0.05 um alumina

slurry on a cloth and then rinsed with water.

4.2.6 Analysis procedure

The electrochemical behaviour in presence of different are earth
cations was investigated by recording CVs in various supporting
electrolytes following the protocol: firstly, a CV was recorded in a
KCI 0.1 M, then a CV was recorded in other cations 0.1 M solution,

finally, a last CV scan was repeated in 0.1 M KCI.

4.3 Results

CuHCF

Intercalation capability of CuUHCF thin film was tested for four rare
earth elements, in particular erbium, dysprosium, gadolinium and
lanthanum, the stable CV shape proved the facile accommodation of
each REE into the CuHCF lattice (Fig.4.2).
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Figure 4.27 CVs of CuHCF recorded in Er(NOs) 3, GAd(NOs) 3, La(NOs) 3, Dy(NO3) 3. vs
Ag/AgClat 0.1V st

As well known, MHCFs are able to intercalate and release cations.
Thus, CuHCF reversibility process was studied. The protocol
described in experimental section was followed and it allowed to
verify the intercalation and release of REE cations compared to K
ions.

Indeed, all of the REE tested, showed a very well defined
voltammogram, in which the potential shift is due to the variation of
the cation accommodated into the lattice. The trivalent cation
intercalations not occur a destabilization of the film, only a slight

reduction of the current, as described in figure 4.3.
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Figure 4.28 CVs at 0.1 V s-1 of a CuHCF film in 0.1 M KNO3s and Dy(NOs)s solutions at
native pH

The panels in fig.4.4 show the CVs recorded in KNOs and in
Er(NO3) 3, GA(NO3) 3, La(NOs3) 3, Dy(NO3) 3 respectively. The CV
recorded in KNOgz before and after the CV recorded in each REE,
shows the same shape and potential shift, which indicate the CUHCF
capability to intercalate the trivalent cations reversibly. The current
intensity decreases slightly, because of the loss of electroactive

material from the electrodes.
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Figure 4.29 CVs of InHCF recorded in KNOs, in REE and finally in KNOs vs Ag/AgCI at
0.1V st (REE= Dy(NOs3)3(A), Gd(NO3) 3 (B), Er(NOs) s (C), La(NOs) 3 (D)).
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Dy(NOs3) 3(D)). - Inset: CVs recorded at several [REE] vs Ag/AgCl at 0.1 V s

The same CuHCF film was studied in several concentration of each

REE, its behaviour is described by the following redox reaction:

Cus[Fe"'(CN)g]2 + 1/3 A%* + e~ 2 Ays[CusFe'(CN)e]2

1)

The intercalation of A, which can be on between Dy3*, Er®*, La® or

Gd**, leads to a controlled potential shift with the variation of its

concentration, operated by Nerst equation:
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0.059

3 lOg [A3+]) (2)

Thus, the theoretical slope must be near to 19 mV and similar values

E=k+(
are evaluated from the experimental data for each REE (Fig.4.5).

CrHCF
CrHCF was tested because of the chromium abundance.

CrHCF thin film was electrodeposited on GCE and studied in
different REEs.

The voltammograms recorded show a clear redox couple at about
0.60/0.65 V. The shapes and the peak positions are so similar that is
difficult to tell them apart (Fig.4.6).

As described for other MHCFs, CrHCF is able to intercalate cations

into the lattice, through the redox reaction (3).

Cr[Fe"(CN)e] + 1/3 A% + e 2 Ays[CrFe'(CN)g] 3
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Figure 4.31 CVs of CrHCF recorded in Er(NO3z) 3, Gd(NOs3) 3, La(NOz) 3, Dy(NO3) 3. vs
Ag/AgClat0.1V s-t
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The potential shift, caused by the intercalation/deintercalation of the

REE, was evaluated at higher potential than in KNOs, expect for

lanthanum. It caused a wide peak without symmetry of cathodic and

anodic peaks, that can be related to the kinetic control of the process.

In all cases the reversibility was checked: the uptake/release of REEs

happen if compared to potassium ions (fig. 4.7)
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Figure 4.32 CVs of CrHCF recorded in KNOg, in REE and finally in KNOs vs Ag/AgCl at
0.1V st (REE= Dy(NOs3)3(A), Gd(NOs) 3 (B), La(NO3) 3 (C), Er(NO3) 3 (D).
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Figure 4.33 CVs of CrHCF recorded in KNOg, in REE and finally in KNOs vs Ag/AgCI at
0.1V st (REE= Er(NOs) s (A), Dy(NO3) 3 (B), Gd(NO3)3 (C), La(NOs) 3 (D)).

As well as for CUHCF, CrHCF shows a nerstian behaviour, showing

slopes near to 22mV, close to the theoretical one (Eq. 2).

CoHCF

CoHCF CVs recorder in different REEs (Fig.4.9) show a similar

behaviour with the couple peak potential near to 0.55/0.7 V. The
peaks appear widely and similar each other.

Cos[Fe'"'(CN)e]2 + 1/3 A" + e~ 2 AysCos[Fe''(CN)e]2

()
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Figure 4.34 CVs of CoHCF recorded in Er(NOs)s, Gd(NOs)s, La(NOs)z, Dy(NOs)s. vs
Ag/AgClat0.1V st
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Figure 4.35 CVs of CoHCF recorded in KNOs, in REE and finally in KNO3 vs Ag/AgCI at
0.1V s-1. (REE= Dy(NO3)3 (A), La(NO3)3 (B), Gd(NO3)3 (C), Er(NO3)s (D)).

The reversible ability of the CoHCF to intercalate and de-intercalate
the REEs is showed in figure 4.10, where it is possible highlight the
considerable decrease of the current intensity from during the K*

intercalation after the REES one.
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Finally, CoHCF shows a nerstian behaviour, the slopes calculated by
the following experimental data are ca. 25 mV, close to theoretical

one.
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Figure 4.36 Potential (V) vs Log [REE] (REE= Dy(NOz3)s (A), Gd(NOs)3 (B), La(NO3)3
(C), Er(NO3)s (D)). — Inset: CVs recorded at several [REE] vs Ag/AgCl at 0.1 V s

INHCF

Indium hexacyanoferrate (InHCF) shows a particular behaviour
when intercalates REEs, because no nerstian behaviour was
evaluated, mainly because of the instability of the voltammograms in

low concentration of support electrolytes.

Even though, a well-defined CV in REEs 0.1 M was recorded, which
indicates the INHCF capability to host REESs into the lattice (fig. 12).
The CV shapes of INHCF film in Er®*, La**, Gd** and Dy** result
very similar and the potential shifting are very close each other. It is

not possible recognized the REE intercalated trough the CV shape.

Generally, as for other MHCFs, the redox reaction which involve

during the insertion and de-insertion processes is the following:

In"[Fe"(CN)e]2 + 1/3 A3 + &= 2 Aoss[In' Fe''(CN)s].  (6)
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INHCF may show a nerstian behaviour, with a linear slope of 19 mV
ca.. Despite of the other MHCF tested, InHCF did not show a good
stability al low concentration of support electrolytes.

Several reasons can justify this behaviour. One of that could be the
characteristic of Indium. For example, it is a trivalent cation, despite
of Co or Cu already tested, so the third charge can influence its
behaviour during the intercalation process, even though the

intercalation of trivalent cations was reported 38,
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Figure 4.37 CVs of InHCF recorded in 0.1M Er(NOs3) 3, Gd(NOz) 3, La(NO3) 3, Dy(NO3) 3.
vs Ag/AgClat 0.1V st
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Figure 4.38 CVs of InHCF recorded in KNOs, in REE and finally in KNOs vs Ag/AgCl at
0.1V s (REE= Dy(NO3)3(A), Gd(NOs) 3 (B), Er(NO3) 3 (C), La(NO3) 3 (D)).

lonic radii influences

Table 4.10 Electronic configuration and ionic radii of lanthanum, gadolinium, dysprosium
and erbium.

Element La Gd Dy Er

Configuration | 5d*6s? 4f7 5d* 652 | 410 6s? 4f12 62

lonic  Radii | 106.1 93.8 91.2 89
(pm)

As a matter of fact, the intercalation of the REEs tested is influenced
by the lattice composition and the dimensions of each REE. In
particular, except for InHCF, all of the MHCFs tested show the
reversible capability to intercalate easily lanthanum, gadolinium,
dysprosium and erbium. This behaviour is probably due to the

dimensions of lattice which are very similar (table 4.5). Dissimilar
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dimension of InHCF could influence the intercalation of these

cations, which caused the film instability.

Also the lattice parameter, which changes during the oxidation and
reduction, could influences the intercalation processes as already
reported by Asai et al. 24,

Selective recovery of REEs

Among the metal hexacyanoferrates, nickel hexacyanoferrate
(NIHCF) and copper hexacyanoferrate (CuHCF) are excellent
candidates for cation extractions 2%26-2°, Ciabocco et al. 3! showed
the NiHCF capability to easily intercalate trivalent cations as well as
monovalent cations. The ions exchange capabilities of CUHCF were
also highligthed %,

Herein, we report evidence of an unprecedent selectivity of NiHCF
and CuHCF for rare earth elements. The outcome suggests an
exclusive selectivity for REEs depending on the MHCF.

The proposed procedure is focused on the selective separation of
REEs through a very simple process and consisting in a loop of two
electrochemical steps. The CuHCF and NiHCF electrochemical

sorption capabilities for different rare earth cations were conducted
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Figure 4.39 CVsat 0.1 V s-1 of A) of a NiHCF film in 0.1 M KNOgz and Er(NOs)s3 solutions
at native pH; B) of a CUHCF film in 0.1 M KNOs and Dy(NOs)s solutions at native pH; C)
NiHCF and D) CuHCF film in 0.1 M KNOs, RE(NOs)s (RE=La, Dy, Gd, Er)

using a precise protocol 3 . The protocol allowed the potassium -
rare-earth replacement estimation and, in the last step, the evaluation
of the reversibility of the process. The procedure was applied to
several rare earth elements cations, namely, La®>*, Gd**, Dy** and
Er¥*, representing light-group rare-earth “LREE” and heavy-group
rare-earth “HREE” elements

Figure 14A shows the reversibility process toward to the trivalent
erbium in NiHCF film. The CV signature is characterised by two
predominant species that can be assigned to K:Ni'[Fe"(CN)g] and
KNi'1 s[Fe''(CN)g] 3°.

This electrochemical system shifts of about 100 mV depending of
the ion accomodated into the structure. When Er®* is inserted there is
a positive shift respect to K™ at the initial stage. This underlined the
electrochemical driven sorption&release of ions into the structure. It
is seen that the first 10 cycles recorded in KNO3s (black line) are

almost coincident with the last (red line) recorded after performing
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10 cycles in a solution containing Er** cations (blue line); thus
confirming the perfect cation exchange reversibility. Also, the
release of erbium is faster than the uptake of potassium, as shown in
Fig.14A. As a matter of fact, the potential shift related to the CVs
recorded in erbium highlights the different kinetic control for the
release/uptake of the cations. Furthermore, the perfect cation
exchage reversibility is confirmed for all the investigated cations, as
well. By analogy, but using Dy**, figure 14B shows 10 CVs of
CuHCF recorded in potassium nitrate before (red line) and after
(blue line) the test in dysprosium nitrate (black line). This
polarization curve displays one main process at ca. +0.8 V vs. SCE,
which is due to the KCu'"[Fe"'(CN)s]2/ K2Cu''[Fe!'(CN)g]2 couple 2°.
Once again, there is a peak potential dependency to the inserted ion,
at first. In addition, the complete overlapping of the CVs recorded in
K", underlines the reversibility of the process. The voltammogram in
Dy(NO3)s reaches a potential stability in 4 cycles, slower than in K*.
Therefore, this electrochemical behavior makes the CuHCF
potentially useful for REE sorption and release, using a different ion.
This feature, together with the perfect electrochemical reversibility,
confirmed by the absence of any substitution of Ni or Fe, is a basic
requirement in order to test these devices as selective molecular
sieves.

Furthermore, the dependence of CVs upon the concentration were
studied for each rare-earth cation in the 1.0 — 1.0x10 M range in
order to assess the role of the rare earth cation in the electrochemical
process. The replacement of K* ions with another cation causes
substantial changes in the peak shape and position, as already
pointed out. The peak potentials shift can be related to the radius of
the hydrated cation, as has been noted previously for other Prussian
Blue type of compounds 3 or to the ionic potential (ratio of ionic
charge to radius) as reported by Scholz et al.*®. The redox
mechanism involves the rare earth cations insertion during reduction
and its release during oxidation, in according with the following

redox reactions:
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Ni1_5[Fe”|(CN)e] +1/3A% +e 2 A1/3[Ni1,5|:e”(CN)e] @)
Cus[Fe"(CN)e]2 + 1/3 A% + e 2 Ays[CusFe'(CN)s].  (8)

The Nernst equation for reactions (7) and (8) reads (in volts):

E=k+ (23 log [A%]) @)

Where A is one of the rare earth ions between erbium, lanthanum,
dysprosium, and gadolinium.

We confirm equation (7) and (8) as the insertion/de-insertion
mechanism of the tested rare earth elements, being the Nerstian
slope values very close to 19 mV. This is a consequence of the
zeolitic structure of the MHCF characterized by open channels
whose chemical-physical characteristics constitute the driving force
for ion discrimination: the nature and the size of the ion are the
limiting factors in order to be inserted into the structure.

Figure 14C reports the CVs of NiHCF films in 0.1 M La(NOs)s,
Gd(NO3)s, Dy(NOs3)3 and Er(NOs)s solutions at 0.1 V s and in a
mixture containing all the investigated rare earth elements. Even
though, the peak position and the overall shape depend on the nature
of rare earth cations, as evidenced above, it is worth noting the
perfect analogy between the CV in the solution containing the Ers*
alone and in the mixture containing all the rare earth elements, for
the NIHCF case. This fact suggests an exclusive selectivity of
NiHCF toward to a specific cation, i.e. the Er¥*,

Figure 14D reports the CVs of CuHCF films in 0.1 M La(NOs3)3,
Gd(NOs)s, Dy(NOs3)s and Er(NOs)s solutions at 0.1 V s and in a
mixture containing all the investigated rare earth elements. Unlike
NiHCF, the CV of each RE cation is very similar to the others, so a
possible analogy between the mixture and one of the REE tested, is
not easily identified. Though, the oxidation peak potential in mixture
is very close to the Lanthanum one (ca. +0.67 V).

To verify the above hypothesis, MP-AES analysis were carried out
on the solutions after the REE releasing, during the restoring step.
NiHCF is confirmed to not only uptake erbium, as suggested from
the CVs, but also dysprosium. The binary selectivity can be due to

the similarity of erbium and dysprosium, which belong to the class
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of “heavy rare earth elements”. Concerning CuHCF, even though a
REE selectivity order cannnot be anticipated based on CV results,
the MP-AES analysis indicated the presence of dysprosium and
lanthanum. Lanthanum belongs to the “light rare earth elements”
class and the ionic radii is bigger than the other REES tested,;
therefore CuHCF can preferentially select it. These data must be

improved, using other techniques.

Kinetic behaviour during the exchange process K/REE of
NiHCF film

In order to optimize experimental parameters of the REESs
extraction/separation procedure thank to a NiHCF thin film-modified
electrode, an EFA (Evolving factor analysis) technique was used.
The REEs extraction/separation procedure is based on an exchange
process, in which K+ was exchanged by REE and afterward a REE
was released and insertion of K+ occurs again. A voltammograms

sequence was carried out:

30 cycles in KNO3

30 cycles in REE mixture (uptake di RE)
30 cycles in KNO3

30 cycles in REE mixture (uptake di RE)
30 cycles in KNO3

30 cycles in REE mixture (uptake di RE)

Furthermore, 180 cycles in KNO3 were recorded as background. The

whole of 180 cycles was analysed by the EFA technique by the
The Unscrambler X version 10.2 2009-2012, CAMO softwares.

EFA technique allows to define the presence of several species and
their evolution (in terms of concentration), changing one or more
parameters, providing the mass balance conservation (close

condition). For our aim, the close condition occurs when the total
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charge keeps constant, namely the same amount of electrode
material reacts during the process and the external parameter
variation corresponds to the cycles recorded.

1.0 0.2 0.6 0.4 0.2 0.0
EN

Figure 4.40. 180 cycles of NiHCF film in KNO3

Fig. 4.15 show the overlapping of 180 cycles of the NIHCF modified
electrode in KNOs: the voltammograms morphology changes with

the increasing of cycles number. Some considerations must be done:

1. the decreasing of the single cycle charge value: the total
amount of the electroactive amount decreases with the time because
of the mechanical loss of the electroactive material.

2. The voltammograms shape variation: during the progression
of the cycles recorded, on one hand the peak intensity at ca 0.55V

decreases on the other hand the peak intensity at ca. 0.4V increases

To avoid the problem due to the loss of the electroactive material
and to maintain the close condition, the voltammograms were
normalized considering the charge as constant. We report only the
cathodic process of the voltammograms for clarity. Figure 4.16

reports the 180 voltammograms afterward the normalizing process.
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Figure 4.41. Cathodic voltammograms overlapping cycle 1-180 after charge normalization.

The absence of a clear isosbestic point, although detectable, is due to
the normalization on the charge of the whole cathodic span. The
morphological evolution of the voltammograms indicates the
progressive changing from the K-rich-specie to the Ni one *°. This
particular characteristic is confirmed by the calculated concentration
obtained from the EFA analysis (Fig. 4.17).
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Figure 4.42. Calculated concentrations profiles of Ni-rich-specie (red) and K-rich-specie
(black).

Then, the 180 cycles of REEs extraction procedure were analysed. In
figure 4.18 the overlapped and charge normalized cathodic CVs (in

total 180 cycles) were reported.
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Figure 4.43. Overlapped cathodic voltammograms, charge normalized. The six phases are

marked by different colours (detailed in the legend).
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Figure 4.44. Concentration profiles calculated fixing 3 species. The dot curves show the
overlapping of the K-rich-NiHCF (red), Ni-rich-NiHCF (black) obtained by the 180 cycles
in KNOs elaboration.

The gradual increase of the number of the cycles leads to an
evolution of the peaks morphology according to the NiHCF
behaviour in KNO3z examined above. The CVs recorded in the
mixture of REEs, after the first cycles, the morphology of the
voltammograms remains constant.  The concentration profiles
reported in figure 4.19 were calculated by EFA, fixing three species:
K-rich-NiHCF, Ni-rich-NiHCF, the NiHCF containing REEs. To
this elaboration data was overlapped the curves obtained from the

background elaboration (dot curves).
The detailed analysis of figure 4.19, highlights six different steps:
1% Step (cycles 1-30) in KNO3

In the first 30 cycles there are only two species: the K-rich-specie
(black line- curve 1), majority specie, and Ni-rich specie (blue line -

curve 2).

- 24 Step (cycles 31-60) in REEs mixture
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Starting from the 31st cycle appear a new specie (red line- curve 3)
and at the same time disappear the curves 1 and 2 almost completely.
The curve 3 shows some fluctuation before the stationary state.

- 3" Step (cycles 61-90) in KNO3

The curve 3 decays immediately to zero, which means that only two
cycles are enough for the REEs releasing and the re-uptake of K.
The intensity of curves 1 and 2 are reversed.

4" Step (cycles 91-120) in REEs mixture

The situation is analogous to the one described in the 3rd step.

5% Step (cycles 121-150) in KNO3

The curve 3 decays immediately to zero, therefore the releasing of
REEs occurs, while the curve 1 still decreases and the curve 2 still

increases.

6" Step (cycles 161-180) in KNO3

Here a stabilization of the curve 1 (decreasing) and curve 2

(increasing) occurs.

It worth noting that the evolution of the curves 1 and 2 is the same
behaviour of the film in KNOs during the 180 cycles recorded, with

a perfect overlapping of the dot curves.

Therefore, the kinetic behaviour of NiHCF release of REEs occurs

faster than their uptake, related to K ions.

4.5. Conclusion

In conclusion, we demonstrated the reversible uptake and release of
several REEs into/from different hexacyanoferrate lattices. Also, the
intercalation of REEs results different from the deintercalation
process from a kinetic point of view. Finally, the nerstian behaviour

was tested, as well.
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Finnaly, we also demonstrate the uptake and release capability of
two films of metal hexacyanoferrate electrodes for the sorption of
REEs. Interestingly, the EFA analysis shows the kinetic behaviour of
NiHCF confirming the CVs results: the release of REEs from the
lattice occurs faster than the uptake process, leading the NiHCF film
to be a facile way for REEs recovery. Despite of the co-precipitation
methods, the proposed electrochemical one is also facile,

reproducible and fast (few minutes).
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Appendix A

Green rust electrochemical characterization

A Introduction

A.1. Iron Corrosion process

Atmospheric corrosion of steel has been widely investigated [1-3],
in order to prevent the process. On the other hand, iron corrosion is a
crucial problem in the conservation of iron artifacts in the fields of
cultural heritage. In fact, the iron products are usually recovered
already with the formation of rust, therefore the removal of corrosion
products and an adequate treatment must be applied to the iron
products to stop or slow down the corrosion process. [4, 5].
However, the corrosion process that takes place is due to the oxygen
and water (also humidity) action, as described in the following

reactions[6]:

Fe > Fe** +2¢~ (1)
both in neutral/basic solutions:

%02 + H,O +2e = 20H )
and in acid solutions:

10, + 2H* + 26~ 2 H,0 (3)
which occur spontaneously.

The rust formation starts at pH > 4 with the precipitation of Fe(OH)>
and continues with the further oxidized by O to Fe304 and FeOOH
or Fe203'H20.

The continue formation of the rust film is related not only to the
presence of oxygen or water but also to the salinity. So, salinity
control becomes an important feature, especially in the submarine

excavation archaeology for the preservation of artefacts.
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The structure and composition of the film of rust consisting of
several polymorphs of oxy/hydroxide of iron, detailed in the section
(Al1.2) summarized as follow:

* Goethite, a-FeO(OH), has been used as an ocher pigment since
prehistoric times.

» Akageneite is the B polymorph, formed by weathering and noted
for its presence in some meteorites and the lunar surface.
However, recently it has been determined that it must contain
some chloride ions to stabilize its structure, so that its more
accurate formula is FeOo.g33(OH)1.167Clo.167.

» Lepidocrocite, the y polymorph, is commonly encountered as
rust on the inside of steel water pipes and tanks.

* Feroxyhyte () is formed under the high-pressure conditions of
sea and ocean floors, being thermodynamically unstable with
respect to the o polymorph (goethite) at surface conditions.

* Green rust is a generic name for various green crystalline
chemical compounds containing iron (I1) and iron(lll) cations,
the hydroxide (HO") anion, and another anion such as carbonate
(CO3*"), chloride (CI), or sulfate (S04%), in a layered double
hydroxide structure.

A.1.2. Iron polymorphs in Marine Atmospheres

1.2.1. Green Rust

Green rusts (GR) occur when anions like Cl-, SO4*", etc., replace
OH- ions during the redox processes Fe(l1)- Fe(l11) oxyhydroxide in
barely aerated environments. They are amorphous and unstable
intermediate products, they show a greenish-coloured, for this reason
named Green Rust [7]. GR cans contain primarily monovalent
anions such as OH™ and CI- (GR1), or it cans contain mainly
divalent ions such as COs> and SO4>", called GR2 [8].

Green rusts stoichiometry and composition depends on the particular
environmental conditions; therefore, they are rarely defined. The

formula of GR1 and GR2 was reported by Refait et al.:
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GR1 [3Fe(OH)2-Fe(OH).Cl-nH20], with CI/Fe*" ions ratio equal to

one,
GR2 [2Fe(OH)s-4Fe(OH),-FeSO4-nH;0][9].

The same authors proposed a pyroaurite-similar crystalline structure,
containing a random Fe atoms distribution among the octahedral
positions. Furthermore, the CI" and O (from water) occupy the

interlayers.
GR1 can be prepared in several ways:
- by aerial oxidation of Fe(OH). suspensions with dissolved FeCl..

- by oxidation of an initial Fe(OH). layer or by direct precipitation in

the simultaneous presence of Fe?* and Fe3* dissolved species.

7Fe(OH), + Fe?* + 2CI™ + %0, + (2n + 1)H,0 —
2[3Fe(OH)2-Fe(OH)2Cl-nH20],

- By electrochemical technique, used in this work. [10]

1.1.2. Akaganeite (p-FeOOH)

In the rust Akaganéite, the B phase of the polymorphs of ferric
oxyhydroxides (-FeOOH), plays a key role in the corrosion process.
The crystalline structure is stabilized by the presence of halogens
like CI, which is strictly link to this oxyhydroxide.
FeOo.833(OH)1.167Clo.167 is the chemical formula that was reported by
Stahl et al. for the first time [11]. About the structure Watson et al.
[12] suggested that at the subcrystal level the square prisms
contained a circular central tunnel along all the subcrystals. These
tunnels show a diameter of 0.21-0.24 nm, stabilised by 0.25-0.50
mmol/mol of CI- ions (from 2 to 7 mol %) [13]. The CI" room
temperature leaching by washing not occurs, because of the ClI” ions

are into the crystalline lattice [11, 14].

Akageneite unit cell is monoclinic with eight formula units per unit
cell as tested by XRD[15]. Crystallographic structure is very close to

the hollandite one (BaMngO1¢) because of the tunnels are parallel to
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the lattice C-axis. Characteristic tunnel-structure causes a minor
density compared to the other oxyhydroxides (goethite and
lepidocrocite)[16, 17].

Akaganéite can be synthesized by hydrolysis of acid FeCls solutions
at 25-100 °C.

The akageneite formation mechanism occurs when iron is exposed to
a Cl -rich marine atmosphere: firstly, the accumulation of ClI™ ions in
the aqueous lead to the formation of FeCl;, which gradually

hydrolyses as:
FeCl, + 2H2,0—Fe(OH). + 2HCI, [15] 1)

At interface takes place a very slow process through metastable
precursors. So, the CI™ ions accumulate combined with acidic
conditions (pH range 4-6), cause the formation of ferrous
hydroxychloride (B-Fe2(OH)sCl)[18,19].

The total oxidation process require a long time and conditions

above-mentioned, it can be summarised by the reaction [9, 19, 20]
FeClo—pB-Fe2(OH):Cl—-GR1 (C1")—p-FeOOH, (2)

1.1.3. Magnetite (FesO4)/Maghemite (y-Fe203)

The structure of magnetite has a face-centred cubic unit cell where
each unit cell is made up by eight formula units [13]. In spite of
other oxyhydroxides, Magnetite includes both divalent and trivalent
iron as described by the formula Fe'' [Fe''Fe'"lO4, where the
brackets indicate octahedral sites, even though a mixture of

tetrahedral and octahedral layers interchange [13].

About the stoichiometry, magnetite shows Fe':Fe'"" ratio of 0.5, and
Fe:O ratio of which varies from 0.750 to 0.744 [21]. Furthermore, in
order to preserve the electroneutrality, the accommodation of H2O or
OH™ into magnetite vacancies (octahedral sites are favourite), is

balanced by the ferrous and ferric ions valence electrons.
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On the other hand, maghemite presents Fe the trivalent state mainly,
if compared to magnetite. But they show the same cubic unit cell and
the vacancies are limited to the octahedral sites [13]. Maghemite
defects with the Fe:O ratio, which is in the range of 0.67-0.72 [21].

The similarity of maghemite with the magnetite phase and other
phases prevent a differentiation during the corrosion process by
XRD as well.

However, both of them can originate from the Fe(OH)2 or green rust
oxidation, alternatively from the lepidocrocite reduction in limited-
oxygen environment according to[22] :

2y-FeOOH + Fe?*—Fe304 + 2H' (3)

Schematically, magnetite particles are obtained by the reaction of ion
Fe?*aq With ferric oxyhydroxide species (Eq. (18)) following a precise
order: akaganéite > lepidocrocite >> goethite [23, 24]. The

formation of magnetite can be represented as the following reaction:
Fe?* + 8FeOOH + 2e —3Fe304 + 4H,0  (4)

Several studies report that the spinel phase is related to the
electrochemical reduction [20, 25]. Several techniques allow to
characterize the phases of oxyhydroxides, i.e. X-ray spectroscopy
(XPS) or TEM can check the magnetite amount [25]. Furthermore,
FTIR is a reasonably diagnostic technique to discriminate the same

oxidation state-phases (maghemite or magnetite) [26].

A. 1.3 Mechanism of rust formation and akageneite role

Several studies were carried out in order to check the salinity role
during the corrosion process. Especially, Stratmann focused on the
atmospheric rusting cycle mechanism [27], studying the phase
transition rust layer electrochemically. In a few words, when the
iron sample was wetted, the iron dissolution was balanced by the

pre-existing rust layer reduction (lepidocrocite), rather than by a
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reaction with oxygen. Hence, three-step mechanism was proposed

for the wet/dry transition showed in Figure A.2.
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Figure A.45 Schematic representation of iron consumption/ time in wet/dry transition. [27].

Other tests clarified that corrosion acceleration was caused by the CI

ions, particularly from 10 to 100 mg Cl-/m?d.
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Figure A.46 Variation in the corrosion rate of mild steel with salinity over a broad spectrum
of atmospheric salinities. The graph shows a trend. [28]

Nishimura et al. [25, 29] studied the correlation between the

corrosion rate and the NaCl concentration during wet/dry conditions.

The results suggest a linearity of the NaCl concentration and
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akaganéite/lepidocrocite weight ratio, from a NaCl concentration

above 0.05 wt % exclusively.

During the wet and dry phases akaganéite was reduced to an
amorphous oxide and re-oxidized respectively (Fig.A3).

Dry oxidation

wet NaCl dry \L ’
Fe — Fe?— FeCl'—> B-FeOOH — Amorphous 0><ide~> FeaOs
Wet

reduction

L> FeOH' > y-FeOOH
dry

Wet reduction

Figure A3. Rusting model of iron in wet and dry corrosion condition containing NaCl [29].

Later, Nishimura et al. observed the formation of akaganéite from
GR1 during the drying and it was related to the CI™ ion concentration
[25]. Furthermore, only lepidocrocite formation from Fe(OH). was
observed at low CI- concentration, associated to a low corrosion rate.
While, the akageneite formation was associated to a high corrosion
rate, caused by a high Cl- concentration. From in-situ XRD analysis
is possible well-understand the process involved: at low CI-
concentration, GR1 wasn’t evaluated, and it increased in 180 min.

After 12 h, GR1 was transformed completely in akageneite.
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Figure A4. In-situ X-ray diffraction (XRD) results in wet and dry corrosion test using (a)
3% CI~and (b) 0.03% CI solution[25].

In conclusion, in a Cl -rich environment akageneite production is

prevalent over the lepidocrocite and magnetite.

The authors carried out XPS and TEM observations on those
portions of iron rust that could not be detected by XRD. It was
determined that they contained large amounts of spinel oxide
(magnetite structure) with bivalent/trivalent iron. This spinel oxide
may have been formed by reduction of akaganéite during the wet
process of the cycle. The growth of corrosion layer is due to the
stabilization of the compounds thorough processes such as
hydrolysis, crystallisation, nucleation, etc., controlled by three
factors: temperature, time, and pH. Indeed, the rusting process
involves by autocatalysis, where the oxidized iron (Fe?*) is balanced
by the reduction of magnetite (wet stages), which is re-oxidized
thanks to the oxygen perfusion and H.O-free access[30]. This

process happens cyclically, promoting the autocatalytic layer growth.
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Misawa describes the following mechanism for rust formation
(Fig.A5)[31]:

oxidation and
dissolution hydrolysis precipitation

Fe > Fe2 > FeOH' s y-FeOOH

(lepidocrocite)

dissolution and

precipitation

Solid-state
3 transformation
OO, s FEOM O
(goethite)

(amorphous ferric oxyhydroxide)

Figure A5. Mechanism for the rusting process according to Misawa [31].

The acidic dissolution of iron lead to the lepidocrocite formation
through the hydrolysis of Fe?*. Dissolution and precipitation of
lepidocrocite can occur with the weather changing. Drying process
simplify the lepidocrocite crystallization. Then, it is transformed in

amorphous ferric oxyhydroxides, which turn into goethite by water

supply.

Hence, unstable oxyhydroxides are the first compounds that formed
in contact with the iron surface. These compounds transform into
lepidocrocite because of the oxygen-free-access on the surface.
Then, Fe(OH)2 containing CI- complex turns into akaganéite and
magnetite in the middle layer, between oxyhydroxides and

lepidocrocite.

Al.4. Iron corrosion and cultural heritage

The same iron corrosion problems described above, are observed in
ferrous archaeological artefacts, which conservation results hard
because of the presence of chlorinated phases. Indeed, the “habitat”
of the artefacts changes after the excavation, whereas the upset
equilibrium is supplied by oxygen, accelerating the corrosion
process[32, 33].
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Artefacts irreversible degradation occurs with cracking or swelling
of the rust layer, which causes the rapid deterioration of the core.
Surely, this process involves both in marine atmosphere and in soil.

Akageneite is the corrosion product which catalysed the rust
formation in presence of CI". Several studies report the importance of
the desalinization [34]. But it is necessary to know the mechanisms
in which CI" ions are involved. As a matter of fact, Refait and al.[9,
19] report the linking between the corrosion evolution and the pH,
O2 and CI" ion concentration. They studied how the [CI'}/[OH] ratio

influences the formation of specific products:

If [CI')/[OH]>1, the product will be Fe2(OH)sCl

If [CI']/[OH]<1, the product will be Fe(OH)2

In both cases they will form intermediate products Fe'' and Fe'"' such
as GR1.

If 4<[CI')/[OH]<8, the final oxidation products will be a-FeOOH
and B-FeOOH

If [CI'}/[OH"] >4 only B-FeOOH will form.

Finally, the hydroxychloride crystallise in a hexagonal-
rhombohedral structure, similar to paratacamite (Cuz2(OH)sCI)[35].

Although some studies report the presence of the oxyhydroxide
akageneite p-FeOOH [36, 37], identifying the ferrous
hydroxychloride B-Fe2(OH)sCl (as precursor of akageneite) results

hard in the iron archaeological artefacts.

A.2 Experimental

Materials

Chemicals were reagent grade from Sigma-Aldrich ((NH4)2SOs,
(NH4)2Fe(S04)2,NH4CI, FeCl;, NaOH, KCI, KNOs3) and used
without any further purification. All experiments have been
performed in air, at room temperature and with Millipore Milli-Q

nanopure water with a resistivity of = 17MQcm.
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Apparatus
Electrochemical measurements were performed with a Model 730e
and 660c (CH Instruments) electrochemical workstation using a
standard three-electrode electrochemical glass cell (10 ml). The
substrate of the working electrode was glassy carbon, GC (diameter
»0.7 mm) or graphite foil, GF (0.10 mm thick, 99.9%, Goodfellow)
or paraffin-impregnated graphite rods (PIGEs) used for VMP
experiments; and a Pt counter electrode was used. All potentials

were reported vs Ag/AgCI reference electrode in saturated KCI.

Preparation of modified electrode
GR thin films were deposited on GCE on a solution of 0.2M
(NH4)2S04, 0.02M (NHa)2Fe(S04)2,0.4 M NH4CI, 0.02M FeCl,. The
solution pH was set at 8.1 with 1M NaOH. [10] The electrodes were
immediately rinsed with water and characterized in a deaerated KCI

or KNOs solution.

Paraffin-impregnated graphite rods (PIGEs), used for VMP
experiments, were prepared as reported [38-40]. For our aim PIGEs,
have a diameter of 1 cm. The sample was collected by a gentle
circular rubbing of the graphite “pencil” on the surface. Voltametric
characterization was carried out using microsamples of the corrosion

layer.

A.3 Results

Electrochemical characterization
Green rust thin film was obtained on GCE through the procedure

detailed in experimental section, where these reaction takes place:
Fe—>Fe?" + 2¢ (5)
Fe?" + 8 FeOOH + 2e = 3 Fe3O4 + 4H20 (6)

It is worth noting that the thin film electrodeposition occurs when the
solution is freshly prepared exclusively, maybe because of the acid
regeneration cycle, which was reported by Askey et al. [41]:
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2Fe(s) + 4HCl(aq) + 0,(g) 5 2FeCl,(aq) + 2H,0

1
2FeCl,(aq) + 3H,0 + EOZ(Q)SZFeOOH(s) + 4HCI (aq)

The perfusion of oxygen moves the balance vs the iron formation,
hence the loss of Fe?* (agq) amount leads to the formation of
oxyhydroxides in solution that does not allow the deposition.

GR-GC modified electrode electrochemical behaviour was explored

in potentiodynamic conditions.

CV scans were carried out in a 0.1M KCI solution at 0.1Vs™.
Voltammogram shows (Fig.A6) three redox peaks related to three
redox species. They are involved in cross reactions during the redox
process, in fact when the current of A and B species decreases, the
current of C’ increase. It is worth noting that the redox couple A/A’
decrease quickly and an isopoint is present at about -0.4V. this
behaviour underlines the coexistence of different compounds which

change with potential variation.

0.0002

0.0001 A

i1A

0.0000 A

-0.0001 +

0.0 0.1 0.2 0.3 -0.4 -0.5 -0.6 0.7 0.8
Potential /V

Figure A6. CV of GR film on GCE in 0.1M KCl at 0.1 V/sec. OCP: -0.3 V

In particular, to understand GR film kinetic, it was studied by CV at
several scan rates. As shown in the log(v)-log(ip) plot (Fig.A7), the
slope value is about 1, that suggests a surface-controlled process for
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the insertion/deinsertion of CI” ions inside the structure. In this case,

cathodic current has been reported.

21y =0.9842 + 0,5049 .
244  Re=0,9927
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Figure A7 Log(v) vs log(ip) plot of GR film in KCI 0.1M.

Furthermore, GR-CV behaviour was studied in several concentration
of KClI in order to highlight the contribution of CI- ion. On one hand,
CI ion concentration influences the peak position, on the other hand
it is related to the specific specie.
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Figure A8. Ep vs log [CI] GR at 0.1 V/sec vs Ag/AgCl.
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In the figure A8 has been well-showed the potential variation of each
specie in different support electrolyte concentrations: KCI 0.01M,
0.1M and 1M.

The reactions involved are described by Eq. 5 and 6. The system

appears more complicated as attest the slope value of 120 mV.

Current/ A

——GRinKCI0.01 M

T T T T T T T
0.0 -0.2 -0.4 -0.6 -0.8 -1.0

Potential / V

Figure A9. CV of GR film in KCI 0.01M

Particularly this behaviour could be influenced by the presence of
chloride ions not only in the support electrolytes but into the
structure as well. Indeed, CV of GR KCI 0.01M show a particular
behaviour: two clear redox couple peaks are shown between -0.9/-
0.6 V and -0.4/-0.3 V. In detail, two isopoints indicate the formation
of the species during the redox process. An estimation of the cross

reactions involved can be:

B+C S Z+A (7)
A+e—>B (8)
Cre>2Z (9)

Where A/B and C/Z are two redox couple of iron oxyhydroxides.

Hence, to explore the role of CI in the corrosion process, GR film

was investigated also in electrolyte that are not involved in the redox
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reactions, like KNOzs. In fact, plot in Fig.A10highlights the several
species behaviour in different concentration of KNOz (full-black
spot) and KCI (empty-red spot) solutions. It is worth noting that
potential is related to the changing of CI" concentration, while for
KNO:s the potential endures about constant both for each specie and

in different KNO3 concentrations.

Species A, B and C are linearly influenced by the concentration of
Cl, while species B and C are poorly influenced by KNO3
concentration, except for specie A: potential shift of specie A is not
linear with the concentration of KNO3z, showing a similar potential

value in KCI.
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KNO3 A
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KCI B
KCIA
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Figure A10. Potential vs log [K*]. GR in KNOs (full-black spot) and in KCI (empty-red
spot) at 0.1V/s vs Ag/AgCl.

As reported [42] akageneite is able to insert into its structure halogen
as an ionic sieve, therefore GR film was studied in different
electrolytes, such as KBr and KI, in order to obtain a CV in which

akageneite could be distinguished.
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As a matter of fact, CV of Green rust film in KBr 0.1M (Fig. All)
shows only one redox couple at Epc=-0.3 V, Epa=-0.6 V.
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Figure Al1. CV of GR film on GCE in 0.1M KBr at 0.1Vs?
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Figure A12. Ep vs log [Br] GR at 0.1V/sec vs Ag/AgCI.

Also in this case, the nerstian behaviour was followed (Fig. Al12)
with a slope of about 120mV, which indicates a two-electrons

transfer reaction.

The same experiments were carried out in KI 0.1M (fig. A13, Al4).
GR film show only one redox couple as well, with a potential shifted
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at higher potential (Epc= -0.1 and Epa= -0.3 V) than in KBr
recorded.
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Figure A13. CV of GR film on GCE in 0.1M Kl at 0.1Vs!
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Figure A14. Ep vs log [I] GR at 0.1 V/sec vs Ag/AgCI.

Besides, a perfect linearity of potential vs log[l'] was showed, with a
slope value which suggest that this compound follows the Nerst

equation.
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Briefly, changing the anions of the support electrolyte occurs a
considerable variation in CV morphology: the three peak
voltammogram recorded in KCI changes in a single-peak
voltammograms in KBr or Kl 0.1M. This behaviour cans highlight
firstly, the influence of chloride ions in the growth and evolution of
green rust; secondly, it can be helpful for the identification of the

species involved.

Finally, in figure A15 is showed the comparison between a real
sample of rust, obtained though VMP technique, and the Green rust
electrodeposited on GCE. The analysis was carried out by SWV at
0.1V/s from -1V to 1V and a three peaks voltammogram was
obtained. The GR-GCE scan points out a peak at -0.55V, at 0.1V and
at -0.75 V, all of them match with VMP Rust sample ones,
confirming the GR deposited is rust. To facilitate the comparison the

current of GR-GCE was normalized on VIMP Rust sample one.
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Figure A15. SWV of Rust-VIMP and GR-GC modified electrode in KCI 0.1M.

VMP technique allows to obtain data from real samples. In cultural
heritages diagnosis, it results useful because it is a non-destructive
Testing. In particular, this technique allows to obtain data from
metallic material samples. In fact, metals usually show redox
proprieties, which are easily tested electrochemically. Therefore,
metal artefacts fit with VMP. Domenech et al. were the first at
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testing this technique for copper artefacts dating [43]. In figure A16

a SWV of an old Eurocent and a new one, using VMP technique.
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Figure A16. SWV of Eurocents in Acetate Buffer.

Also for ferric artefacts, VMP is a versatile test to obtain information
about the aging or the components of the materials, such as the
amount ratio of different copper hydroxides, as reported by
Domenech et al. [44].

Thus, dating the artefacts is a simple procedure: the ratio of the two
peaks II/1 (figure 16) is an age marker. Surely, two main problems
can be encountered: firstly, the results obtained depend on the area in
which the sample is collected, the whole artefact is not considered;
secondly, the ratio of the two copper hydroxides is related to the

metal composition and structure of the artefact.

A calibration curve with standards, which are artefacts/sample dating
known, and data normalization as a function of depth can obviate to

the problems described above.
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