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Abstract

Batteries are, and will increasingly be, an essential technology. Society wants to progress
toward an increasingly sustainable future, and this drives the battery market; on the
other hand, it also requires batteries to be more sustainable, safe, and disposed of in an
environmentally friendly manner. Current lithium-ion batteries are struggling to keep
up with these demands. One of the developing fronts is the zinc-ion battery, which
can implement non-organic, and non-flammable aqueous electrolytes that are more easily
managed during disposal. In addition, zinc-ion batteries can also avoid employing cobalt,
which is rare, expensive, and toxic to humans and to the environment, and can directly
rely on Zn metal as the anode. One of the challenges in bringing such batteries to
adequate performance is the cathode design. Common cathode materials are Mn and V
oxides, metal vanadates, and Prussian blue analogues; another possible cathode candidate
is spinel ZnMn2O4 (ZMO). ZMO is composed of common and abundant elements in the
Earth’s crust: zinc and manganese. While the bulk material does not seem to show
sufficient electrochemical performance, if properly prepared (by acting on its composition
and morphology at the nanoscale), ZMO becomes a good cathode candidate for zinc-ion
batteries. Although there are several studies on the material in the literature, its main
electrochemical mechanisms are still not fully understood.

In my work, thin films of ZMO were produced by Pulsed Laser Deposition (PLD). De-
position conditions were optimized in vacuum and oxygen atmospheres at different pres-
sures (1-150 Pa). Samples were characterized after deposition by Scanning Electron Mi-
croscopy (SEM) to evaluate their morphology, and by Energy Dispersive X-Ray Spec-
troscopy (EDXS) for initial stoichiometric analyses. At high oxygen pressures (100 and
150 Pa), low-density porous films formed by forest-like nanostructures were obtained. It
was also determined using Raman spectroscopy that the as-deposited films are amorphous.
To achieve crystallization of the material, annealing was performed on the samples. The
lower temperature limits (500°C) for crystallization of the material in air and vacuum
were identified. Raman spectroscopy was employed to evaluate the crystallization of the
ZMO films to the expected spinel phase by comparing the acquired spectra with those
reported in the literature. I also studied how different annealing temperatures in air af-
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fect the morphology and the Raman spectrum of the sample, concluding that a higher
annealing temperature increases the crystal grain size and improves the crystalline qual-
ity. In my work, I present an extensive discussion about how oxygen deposition pressure
affects the annealed samples. I verified by Raman spectroscopy that crystallized samples
deposited in vacuum or at 1 Pa of oxygen have Raman spectra with distinct differences
from those of films deposited at higher oxygen pressures. The morphology of the films
was analysed and compared before and after annealing, showing how porosity tends to
increase and ZMO nanocrystals form after heat treatment. Samples deposited at high
oxygen pressures (100-150 Pa) maintain the nanostructured crystalline forest, which is a
favorable condition for the electrochemistry of ZMO. Finally, some optical measurements
were conducted on ZMO films deposited at different oxygen pressures on glass substrates.
The last part of the experimentation focused on preliminary electrochemical tests on the
crystallized ZMO films deposited at different oxygen pressures (1 Pa, 50 Pa, and 100 Pa)
on FTO-coated glass substrates. The electrochemical tests have proved promising as not
only did they show the expected electrochemical activity but the films remained intact
during the treatments. Specifically, cyclic voltammetry (CV) was performed on the sam-
ples in the range of -0.75 V to +0.75 V vs. Pt-QRef. in an aqueous electrolyte consisting
of ZnSO44 2 M + MnSO4 0.1 M (ZMS electrolyte). CVs were different for each sam-
ple, thus demonstrating the effect of film morphology and surface area on electrochemical
performances. In order to identify the possible electrochemical mechanisms, some poten-
tiostatic (PS) measurements were performed, in ZMS electrolyte, on the sample deposited
at 100 Pa of oxygen, followed by Raman and SEM investigation. The main result was the
pronounced reduction of the Raman peaks associated with ZMO. I ascribed the reason for
this reduction and reactivation of the ZMO-attributed peaks to three simultaneous mech-
anisms: 1) the intercalation/deintercalation of zinc/protons from ZMO; 2) the dissolution
and electrodeposition of MnO2; 3) the intercalation of zinc in the electrodeposited MnO2.

Concluding, PLD has proven to be a suitable method for the production of ZMO films both
for the characterization of the material itself and for electrochemical developments and
research. Research on these films requires further investigation on both fronts mentioned.
Future developments of this research may focus on the characterization of the material
with complementary techniques (XRD, XPS, XAS) and the production of films using
different deposition parameters, or on the electrochemical side where only preliminary
tests have been completed.

Keywords: ZMO, ZnMn2O4, Zinc-ion batteries, Raman spectroscopy, PLD, Thin-films
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Abstract in lingua italiana

Le batterie sono, e saranno sempre di più, una tecnologia essenziale. La società vuole
avanzare verso un futuro sempre più sostenibile, e ciò da un lato traina il mercato delle
batterie, dall’altro richiede anche a queste ultime una maggiore sostenibilità, sicurezza e
uno smaltimento a basso impianto ambientale. Le attuali batterie agli ioni di litio fat-
icano a tenere il passo con queste richieste. Uno dei fronti in sviluppo sono le batterie
agli ioni di zinco, che possono implementare elettroliti non organici, non infiammabili, più
facilmente gestibili durante lo smaltimento. Inoltre, le batterie allo zinco possono anche
evitare l’impiego di cobalto, che è raro, costoso e tossico per l’uomo e l’ambiente. Una
delle sfide nel portare tali batterie a performance adeguate è la progettazione del catodo.
Uno dei possibili materiali per questa componente delle batterie agli ioni di zinco è lo
ZnMn2]O4 (ZMO). Lo ZMO è composto da elementi comuni e abbondanti nella crosta
terrestre: lo zinco e il manganese. Sebbene il materiale compatto allo stato puro non sem-
bri mostrare prestazioni elettrochimiche sufficienti, se propriamente preparato, andando
ad agire sulla sua composizione e sulla morfologia a livello nanostrutturale, lo ZMO di-
venta un buon candidato come catodo per le batterie agli ioni di zinco. Nonostante siano
presenti in letteratura diversi studi sul materiale, ancora non si sono compresi appieno i
suoi meccanismi elettrochimici principali.

Nel mio lavoro sono stati prodotti film sottili di ZMO tramite l’uso della Pulsed Laser
Deposition (PLD). Sono state ottimizzate le condizioni di deposizione in vuoto e at-
mosfere di ossigeno a diverse pressioni (1-150 Pa). I campioni sono stati caratterizzati
dopo la deposizione mediante lo Scanning Electron Microscope (SEM) per valutarne la
morfologia, e con la Energy Dispersive X-ray Spectroscopy (EDXS) per le prime analisi
stechiometriche. A pressioni di ossigeno elevate (100 e 150 Pa) si ottengono film porosi
con nanostrutture a foresta. Si è determinato inoltre, usando la spettroscopia Raman,
che i film depositati sono amorfi. Per ottenere la cristallizzazione del materiale sono stati
eseguiti trattamenti termici (annealing) sui campioni. Sono stati identificati i limiti infe-
riori di temperatura (500°C) per la cristallizzazione del materiale in aria e in vuoto. La
spettroscopia Raman è stata utilizzata per valutare la cristallizzazione del film di ZMO,
comparando gli spettri acquisiti con quelli riportati in letteratura. Si è inoltre studiato



come diverse temperature di annealing in aria modifichino la morfologia e lo spettro Ra-
man del campione, concludendo che una temperatura di annealing maggiore aumenta le
dimensioni della grana cristallina. Nel mio lavoro presento una trattazione estensiva di
come la pressione di deposizione di ossigeno influenzi i campioni trattati termicamente.
Si è verificato tramite spettroscopia Raman che i campioni, dopo la ricottura, depositati
in vuoto o a 1 Pa di ossigeno hanno degli spettri Raman con differenze marcate rispetto
a quelli dei film depositati a più alte pressioni di ossigeno. La morfologia dei film è stata
analizzata e comparata prima e dopo l’annealing, mostrando come la porosità tenda ad
aumentare e si formino nanocristalli di ZMO dopo il trattamento termico. I campioni de-
positati ad alte pressioni di ossigeno (100-150 Pa) mantengono la nanostruttuta a foresta
cristallina, che è una condizione favorevole per l’elettrochimica dello ZMO. Infine, alcune
misure ottiche sono state effettuate su film cristallizzati di ZMO depositati a diverse pres-
sioni di ossigeno su substrati di vetro. L’ultima parte della sperimentazione sono stati
i primi test elettrochimici sui film cristallizzati depositati a diverse pressioni di ossigeno
(1 Pa, 50 Pa e 100 Pa) su substrato di vetro coperto da FTO. I test elettrochimici si
sono dimostrati promettenti, in quanto, non solo hanno mostrato l’attività elettrochimica
aspettata, ma i film si sono mantenuti intatti durante i trattamenti. In particolare, le
ciclovoltammetrie (CV) sono state eseguite sui campioni con range da -0.75 V a +0.75
V vs. Pt-QRefe e velocità di scansione pari a 20 mV/s per 8 cicli. Le CV sono state
condotte in una cella con elettrolita acquoso con disciolti ZnSO4 2 M + MnSO4 0.1
M (elettrolita ZMS). Le CV sono risultate diverse per ogni campione. Al fine di indi-
viduare i possibili meccanismi elettrochimici dei film, sono state eseguite alcune misure
potenziostatiche (PS), con elettrolita ZMS, sul campione depositato a 100 Pa di ossigeno.
Dopo ogni misura PS ho misurato lo spettro Raman del campione elettrochimicamente
trattato. Il risultato principale è stata la riduzione evidente dei picchi Raman associati
allo ZMO. La ragione di tale riduzione e riattivazione dei picchi attribuiti allo ZMO è
stata associata a tre meccanismi simultanei: 1) la intercalazione/deintercalazione dello
zinco dallo ZMO, 2) la dissoluzione ed elettrodeposizione di MnO2, 3) la intercalazione di
zinco nel MnO2 elettrodeposiato. Concludendo, la PLD si è rivelata un metodo adeguato
alla produzione di film di ZMO sia per la caratterizzazione del materiale in sé, sia ai fini
di sviluppi e ricerca elettrochimica. La ricerca su questi film richiede ulteriori indagini
su entrambi i fronti menzionati. Futuri sviluppi di questa ricerca possono vertere sulla
caratterizzazione del materiale e la produzione di film usando diversi parametri di depo-
sizione, oppure sulla parte elettrochimica dove solo i test preliminari sono stati effettuati.

Parole chiave: ZMO, ZnMn2O4, Batterie agli ioni di zinco, Spettroscopia Raman,
PLD, Film sottili
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1

Introduction

The interest in energy storage systems has been growing. Energy needs to be stored: for
small and portable devices, such as medical or communication ones; for medium-sized
applications, like the transportation sector; and even for large systems, in the energy
storage sector. Batteries are the most widely adopted system for electrical energy storage,
and lithium-ion batteries dominate the market.[1] Managing massive energy production
from renewable sources will require storage systems able to accumulate energy peaks and
fill energy gaps. For this purpose, lithium-ion batteries prove unsuitable. Sustainability is
not the strength of lithium-ion batteries, and the large power stations needed will require
huge amounts of batteries. Small devices and transportation markets will also increasingly
drive the demand for sustainable batteries. This is where the research for new types of
batteries, more sustainable, but with good performance, fits in. One of the technologies
studied today is zinc-ion batteries. This thesis focuses on the material ZnMn2O4 (ZMO)
and its synthesis and characterization for future use as a cathode in zinc-ion batteries.
ZMO, when properly prepared, possesses good electrochemical performance, but its redox
mechanisms are still unclear. It is useful to focus on this material precisely to try to clarify
its mechanisms and potential. In this work, ZMO is produced by pulsed laser deposition
(PLD) in the form of a thin film. The material is studied and characterized by also
varying its morphology and composition. The film is also thermally processed to control
crystallinity and recharacterized. At the end of the work, early electrochemical tests are
performed on the samples, both to verify the electrochemical response of the material and
to assess the experimental setup. Analyses performed on the material are exploratory,
intending to optimize processes, understand the potential of the material, and reveal
possible future study paths that are more focused on individual aspects of the material.
This thesis is organized into six chapters, outlined as follows:

• Chapter 1 describes the operation of batteries in general and their components.
Before discussing zinc-ion batteries, it introduces primary alkaline and lithium-ion
batteries by attempting to show how the two designs are merged in the zinc-ion
battery idea. Then, the issues of lithium batteries and how some of these are over-
come by zinc-ion batteries are presented. Next, it focuses on describing the possible
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materials for the zinc-ion cell cathode. The sequent section analyses the material
chosen for this thesis: ZMO. It describes the material from a crystallographic point
of view, then the properties as a cathode and the critical points for its electrochem-
istry reported in the literature. The last section of Chapter 1 is a brief presentation
of the thesis objectives.

• Chapter 2 describes the experimental techniques used, starting with pulsed laser
deposition (PLD) employed for the material synthesis. Then, the characteriza-
tion techniques are presented: Scanning Electron Microscope, Energy Dispersive
X-ray Spectroscopy, Raman Spectroscopy, and UV/Vis/NIR Spectrophotometry,
employed to study film morphology, stoichiometry, structural/vibrational, and opti-
cal properties, respectively. Finally, the two electrochemical techniques used in the
work are presented: cyclic voltammetry and potentiostatic measurements.

• Chapter 3 describes the synthesis of ZMO films. In particular, the target used in
PLD for sample production is characterized and the PLD parameters employed for
film synthesis are described. Next, the as-deposited films are characterized by eval-
uating the influence of the deposition parameters on the morphology, stoichiometry,
and Raman spectra of the produced samples.

• Chapter 4, on the other hand, analyses samples subjected to annealing. First, the
state of the art of Raman spectra of ZMO material is discussed in this chapter,
and it is pointed out how it is debated and lacks a purely theoretical study for
assignments of active Raman modes. Next, the effects of annealing temperature
and atmosphere on film crystallization is discussed. An analysis is presented by
comparing annealed films deposited at different oxygen pressures, looking at their
stoichiometry, morphology, and Raman spectra. The last section of the chapter
deals instead with optical measurements made on the samples.

• Chapter 5 discusses the first electrochemical tests to which some samples were sub-
jected and describes the experimental setup. It also presents the cyclic voltamme-
tries and the reasoning behind testing a sample with potentiostatic measurements,
in order to compare the Raman spectra after polarization at selected potential val-
ues. It also shows the cyclovoltammetries performed on the bare substrate, following
the logical path pursued during the experimental part. Finally, the results of the
electrochemical measurements and their possible interpretation are discussed.

• Chapter 6 concludes by summarizing the results of the work and proposing future
developments and perspectives.
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material for zinc-ion batteries

Nowadays, electrochemical storage systems are gaining more and more importance. In
everyday life, we rely on devices for every field, just think of smartphones that we always
carry in our pockets, medical devices ... technologies of all kinds that do not require to
be constantly connected to a power outlet. In addition, these technologies require to be
smaller and lighter, while maintaining or exceeding the performance of previous models.
In conjunction with these portable devices, transportation is another fundamental sector
increasingly making its way into the battery industry. In recent years, the market has
grown in the production of all types of hybrid or electric vehicles. From an environmental
point of view, to achieve climate neutrality it is necessary to use non-emitting sources
of greenhouse gases, such as nuclear energy and renewables, and massive electrification
of all services. However, even massive electrification cannot solve the great weakness of
solar and wind sources: they are aleatory, the sun does not shine all the time, and the
wind does not always blow. Therefore, a solution for the energy crisis that does not
emit greenhouse gases will also require electric energy storage systems for a good power
management strategy.[2–5] To summarize, the focus on storage systems for devices, the
transportation sector, and finally the energy management is extremely high.[6] In this
context, the research on new technologies, alternatives to today’s ones, is on its way to
meet the increasing demand.

1.1. General principles of batteries

An electric battery is a storage system of electric energy consisting of one or more elec-
trochemical cells with external connections for powering electrical devices. Considering
one electrochemical cell, its main components are three: the anode, the cathode, and
the electrolyte. When a battery is supplying power (discharge phase), its positive termi-
nal/electrode is the cathode and its negative terminal/electrode is the anode. The anode
is the source of electrons that will flow through an external electrical circuit to the cath-



4 1| Zinc manganite as cathode material for zinc-ion batteries

ode. When a battery is in the discharging, redox reactions at the electrode-electrolyte
interface convert high-energy reactants into lower-energy products, the energy difference
is the gained electrical energy. Important practical parameters for an electrode material
and for the batteries are capacity, energy and power density, conversion efficiency, and
calendar lifespan (or calendar aging). The battery capacity is the amount of electrical
charge deliverable under specific discharge conditions, and its unit is Ah.[7] Energy and
power densities are a measure of how much energy the battery contains and how quickly
it can deliver that energy. Battery energy is the product of capacity and average dis-
charge voltage (expressed in Wh), while the power is the product between current and
voltage (expressed in W). Often the specific values of these quantities (specific energy,
in Wh/kg and specific power in W/kg, normalized to the mass of the active material/
battery) are used.[8] Conversion efficiency or energy efficiency (ϵE), instead, measures the
amount of losses between charging and discharging due to chemical reactions, heat release,
current/voltage loss, and self-discharge, as shown in:

ϵE =
EnergyDischarge

EnergyCharge

(1.1)

where Energy discharge and Energy charge are the energies delivered by the battery
during discharge and provided to it during recharge, respectively. In the end, calendar
lifespan is the time for which the battery, in an inactive or minimal use state, can hold
its capacity above 80% of its initial one. These parameters can be related to measurable
electrochemical parameters such as current, voltage, capacity, and testing duration.

The electrode’s intrinsic properties are the voltage and its faradaic capacity.[7] A typical
battery reaction for an electrode material A is:

A+ nM → MnA (1.2)

Where A is the electrode material, M denotes the charge-transport ion, and n is the num-
ber of ions per reaction. Voltage is strictly correlated to the Gibbs free energy change
between reactants and products, as shown in Equation (1.3). Faradic capacity is deter-
mined by the number of transferable charges per unit mass of the active electrode material,
in Equation (1.4).

E = −∆G/nF (1.3)

QF = nF/M (1.4)

Where E is the voltage, ∆G is the Gibbs free energy change of the reaction, QF is the
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faradic capacity, M is the molar weight of the electrode material A, and F is the Faraday’s
constant (96485 C/mol). Another important concept is the energy capacity (EC) of the
electrode, which is defined as the product between the voltage and the faradic capacity.
As neither the voltage nor the faradic capacity is constant over time, the product is
performed under integral as shown in Equation (1.5). [7]

EC = EQF =

∫
EdQF (1.5)

In electrochemical processes, energy and charge are conserved, but side reactions can con-
sume some charges, and energy can dissipate as heat. These losses in charge and energy
are not negligible factors in the overall problem. The Coulombic efficiency (ϵC) of a bat-
tery is the ratio between charge and discharge capacity and determines if the electrode
material is good or not since in a battery charges are limited and cannot go to waste. The
voltage efficiency (ϵV ) is determined by the voltage ratio (i.e., the potential gap) between
the charge and discharge processes.[9] The energy efficiency (ϵE) (even called Round Trip
efficiency) is the product of the Coulombic efficiency and the voltage efficiency, and is
both an economic and a safety issue due to dangerous intense heat generation.
Batteries are divided into two categories: primary systems and secondary systems (recharge-
able). [10] Primary systems are cells that, in general, cannot be recharged. They were
the first type of batteries and, in particular, the first cell of technical importance was the
Leclanché cell. It consists of a zinc anode and a carbon rod or graphite cathode. The
advantages of zinc, as negative electrode, are its high specific capacity (820 Ah/kg), the
possibility to use an aqueous electrolyte, and the low negative potential compared to the
standard hydrogen electrode (-0.76 V vs. SHE).[10] This cell, however, is not rechargeable
due to the dendritic precipitation of zinc on the anode itself. Manganese dioxide was also
commonly used as a cathode for this type of primary system. Dendritic growth can cause
short circuits and subsequent fires, thus making charging impossible.[10]

Secondary systems are rechargeable batteries. The most common and widely used is the
lithium-ion battery. Lithium metal is an ideal anode material: it has a high specific
capacity (3862 Ah/kg), it is a light element, and has an extremely low redox potential
value (-3.05 vs. SHE). It can thus achieve specific energy values over 600 Wh/kg.[10]
However, it cannot be used with aqueous electrolytes, it is extremely unstable in contact
with liquid organic electrolytes, and it must be handled in inert environment. As a result,
other compounds are used as the anode, which can be intercalated and deintercalated,
and the lithium ion itself is the charge carrier in the system. Being a small ion, Li+ ion
can be accommodated easily, thus it is compatible with several intercalation compounds.
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One of the most commonly used compounds for the anode is graphite (LiC6), with specific
capacity of 372 Ah/kg and voltage of -2.9 V vs. SHE.[10] However, since the anode is not
metallic lithium, lithium ions must be already present in the cathode, such as LiCoO2

with 137 Ah/kg and 0.8 V vs. SHE.[10] As with the primary lithium metal system, an
organic electrolyte must be used. Lithium-ion batteries with high energy densities (250
Wh/kg), can sustain several hundreds cycles.[10]

1.2. Lithium-ion batteries and their limitations

The history of lithium-ion batteries started in 1962. The first battery was a primary
system (non-rechargeable). Then in 1985, the first rechargeable battery was developed by
Moli Energy, and Sony introduced it on the market in 1991. The one introduced by Sony
was composed of a carbon anode and a LiCoO2 cathode, which are the active materials
used in most of modern Li-ion batteries. They began to dominate the market, and in
2000, almost all notebooks were equipped with Li-ion batteries.[1] The Li-ion batteries’
advantages are their enormous specific energy, which today exceeds 240 Wh/kg and has
the theoretical potential to reach 500 Wh/kg.[11–13]. Thus, they can be implemented
in small devices (such as smartphones and notebooks) using 3 to 12 cells connected in
series. Their usage in the transport sector is growing more and more as hybrid and
electric vehicles are produced. In stationary applications as storage devices, they can
span between 2 KWh to 40 MWh. [8]

The working principles of Li-ion batteries are presented in Figure 1.1. An ion-conducting
electrolyte is placed in between the positive and negative electrodes. A separator is placed
in the electrolyte to electrically isolate the two electrodes from each other. It is a porous
membrane that allows the passage of single lithium ions. The lithium ions migrate back
and forth during charging and discharging and are intercalated into the active materials.
Between the active material and the external circuit, a current collector is present. The
active materials of the negative electrode (anode) are mainly graphite or amorphous car-
bon compounds. Those of the positive electrodes (cathodes) are mixed oxides with some
lithium percentage. Let’s analyze the main processes during the discharge. Lithium ions
are deintercalated from the negative electrode, and to preserve the charge, electrons flow
in the opposite direction in the external circuit. When lithium moves inside the cell, the
electrons move in the external circuit. The lithium ions migrate in the electrolyte through
the separator and in the positive electrode’s active material, where they are intercalated
and virtually recombine with the electrons. During charging, the process is reversed:
lithium ions exit from the cathode and migrate through the electrolyte and the separator
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Figure 1.1: Set-up of a lithium-ion battery (shown is the discharging process). Taken
from [8]

into the anode, where they are intercalated.[8]

Depending on the application, single cells or cells connected in series as a module, are
implemented. If the total capacity is the factor that one wants to increase, then the cells
are connected in parallel. Nowadays the battery is integrated with a battery management
system for voltage monitor and temperature control.[8]

One of the fundamental criteria for a rechargeable battery is certainly the lifetime, that
is, the performance and longevity of the system. During several cycles, the capacity of
the battery decreases, and the internal resistance increases over time. Several factors
contribute to this performance drop; specifically for lithium batteries (and not only),
three main factors can be identified:[8]

1. A protective layer is placed during production on the active material of the negative
electrode called the “solid electrolyte interphase” (SEI). This layer prevents direct
contact between the electrolyte and the anode’s active material, thus avoiding par-
tial decomposition of the anode. During cycling, though, additional layers form,
trapping lithium ions into inactive compounds. These ions are no longer available
in the electrolyte for charge transport, and thus the battery capacity is reduced. In
addition, the layer that the ions must pass through increases in thickness, which
causes a larger resistance to mass transfer and, consequently, a higher internal re-
sistance.

2. Mechanical loading, due to intercalation and deintercalation, can lead to cracks in
the active material. These cracks may pulverize the active material particles and
electrically insulate them (see Figure 1.2a).
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3. Another aging process is related to the expansion of the active material due to in-
tercalation. As the material particles change in volume, they may become dislodged
from the electrically conductive paths to the current collectors, as shown in Figure
1.2b.

(a)

(b)

Figure 1.2: Aging processes in the active material of the positive electrode during cycling:
Pulverization (a), separation of electrical conduction paths (b). Taken from [14]

Finally, in addition to lifetime, which is common to all batteries, the limitations to lithium-
ion batteries promote alternative solutions. In lithium-ion batteries, typical cathode ma-
terials contain cobalt, which is one of the critical steps in the supply chain. Cobalt
is rare, expensive, and toxic. Waste generated from mining cobalt can pollute water,
air, and soil, leading to decreased crop yields, contaminated food and water, and health
issues.[15, 16] Another major limitation is the organic electrolyte, which is difficult to re-
cycle and flammable.[17] Both limitations can be overcome by secondary zinc-ion systems,
which this thesis focuses on.
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1.3. Zinc-ion batteries

As mentioned above, lithium-ion batteries benefit from high specific energy, long cycle life,
and they are lightweight. This has allowed them to be the most attractive electrical energy
storage (EES) systems in the communication and transportation industries.[11, 18–20]
On the other hand, lithium-ion batteries as large-scale energy storage devices are limited
by high costs, safety and environmental issues. Organic electrolytes are highly toxic
and flammable, in addition, side reactions with electrodes increase the risk.[21] There is
no doubt that lithium-ion technology will improve and such systems will achieve better
performance, however, there is an increased focus on secondary systems of other designs.

Figure 1.3: Ragone plot of several EES systems. Taken from [22].

Zinc-ion batteries (ZIBs) are a promising technology, particularly for stationary storage
applications. Non-toxic and abundant materials are used, and these batteries can pro-
vide more specific power than lithium-ion batteries.[23–25] A comparative Ragone plot is
presented in the Figure 1.3. The key advantages of zinc-ion batteries are:

1. The availability of zinc: it is among the most common elements in the earth’s crust
and it is present on all continents and it is produced worldwide at affordable prices.
In addition, the recycling technology for Zn is well-established;

2. The use of an aqueous electrolyte that is low cost, non-flammable, non-toxic, safe
and versatile for design modifications;
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3. The stability of metallic zinc in the aqueous electrolyte, which allows its use in the
battery without resorting to zinc compounds and thus leading to a higher theoretical
capacity.

Rechargeable ZIBs are the evolution of primary non-rechargeable zinc systems. They use
a metallic zinc anode and the cathode can be manganese oxide. However, the aqueous
electrolyte, in this case, is slightly acidic instead of that of alkaline primary systems.[6] The
development of aqueous ZIBs is nowadays mainly aimed at finding compatible cathodes
and studying the associated electrochemical mechanisms.[22]
The zinc metal anode is versatile, provides high energy, low cost, and large capacity.
In the battery, divalent zinc ions are the charge carriers and must migrate from the zinc
electrode to the cathode through the electrolyte. This is the reason why ZnO or other zinc
precipitates on the anode are undesirable. To avoid precipitates, the electrolyte design,
architecture and surface properties of the anode must be addressed. The reactions and
mechanisms involving the zinc anode in the aqueous electrolyte depend on the pH and
composition of the solution. Traditional (primary) zinc batteries use highly concentrated
alkaline solutions (e.g., KOH), while the electrolyte for secondary systems is a near-neutral
solution (e.g., ZnSO4). The reaction at the anode for acidic and near-neutral solutions
is:

Zn ⇋ Zn2+ + 2e−,−0.762V vsSHE (1.6)

The main challenges faced by the negative electrode are corrosion in acidic electrolyte
and subsequent hydrogen production; surface passivation, especially for near-neutral elec-
trolyte; and shape change and dendritic growth, due to dissolution and re-precipitation
of zinc from solution to the electrode and vice versa.[6] Regarding the aqueous electrolyte
of the ZIB, its high ionic conductivity, low price, non-flammability, and environmental
safety should be highlighted. The kinetics of reactions and the electrochemical stability
of the electrolyte are still under study. The most common salt is ZnSO4 for near-neutral
solutions. For charge transport, it is preferable to have non-complexed zinc, however,
in zinc sulfate-based electrolytes, neutral or negatively charged zinc sulfate or hydroxide
complexes make up most of the electrolyte. This affects charge transport, zinc dendritic
growth, and cathode reaction mechanisms.[26] The last important electrolyte criticality
is that zinc operates outside the theoretical electrochemical stability window of water,
which leads to hydrogen gas evolution for acidic/near-neutral solutions. One proposed
fix is to use super-concentrated solutions of zinc salts and water to widen the stability
window. As can be seen in Figure 1.4a, primary alkaline batteries have two distinct redox
processes, occurring one at the cathode and the other at the anode, causing non-direct
charge transfer. In the Figure 1.4b, instead, we see the shuttle mechanism for a zinc-ion
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(a)

(b)

Figure 1.4: Comparison between battery reaction scheme: Primary alkaline battery (a)
vs. Zinc-ion battery (b). Taken respectively from [27] and [6]
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rechargeable battery, where the charge passage is due to the migration of Zn2+ from the
anode to the cathode. During discharge, when the zinc-ion reaches the cathode, it in-
tercalates, accompanied by the reduction reaction of the host cations. Below, one of the
possible occurring reaction is reported:

Zn2+ + 2MnO2 + 2e− → ZnMn2O4 (1.7)

This work focuses on one candidate cathode material for zinc-ion batteries and a more
detailed description of the cathode active material is presented in the following paragraph.

1.4. Cathode materials for zinc-ion batteries

One of the major challenges of zinc-ion batteries (ZIBs) is finding the best cathode mate-
rial. Assuming zinc metallic as the anode, the open-circuit voltage and the zinc-ion storage
capacity of a ZIB are almost up to those of the cathode. Electronic and ionic transport
properties and reaction kinetics of the cathode affect the specific energy and power of the
ZIB. In the end, cathode stability and integrity over the cycles are major factors in the
cycling stability of the battery itself.[22] Hence, cathode materials with high voltage, fast
kinetics, good specific capacity, and long cycling stability are evaluated. Moreover, the re-
quirements of a ZIB’s good cathode active material are the possibility to reversibly host a
divalent charge carrier, remaining intact during intercalation/deintercalation reactions.[6]
The layered, tunnelled, or spinel structures in metal oxides may comply with these re-
quirements. However, the drawbacks of these materials are: 1) phase transformation that
induces mechanical stress, limits ion diffusion, and alter the electrolyte pH through the
release or insertion of H+; 2) loss of capacity due to dissolution of the host metal cations
in the electrolyte.[6]
For ZIBs, the feasible cathode materials are manganese-based compounds, vanadium-
based materials, Prussian blue-like structures, and some organic redox-active compounds.
A detailed analysis of recent studies on these materials as cathodes is found in Jia et al.
[22], Borchers et al. [6], Song et al. [28], Blanc et al. [29], and Li et al. [30]. In this
text, the main concepts of vanadium oxides and the Prussian blue analogues (PBAs) are
mentioned, and a more detailed discussion is given for manganese oxides.
Vanadium-based materials have a large theoretical capacity, a versatile crystalline struc-
ture, resource abundance, and low cost. Moreover, the multiple oxidation states of vana-
dium allow a variety of vanadium oxides. However, these oxides often suffer from low
operating voltage (∼ 0.75 V), which results in a large volume of the battery.[31] Vana-
dium compounds different from oxides have also been studied, such as metal vanadates
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and vanadium phosphates.
Prussian blue and its analogues (i.e., the mixed-valence hexacyanoferrate family) have
some structural advantages as cathode materials:[31]

1. Their structure has large channels that favor rapid ion migration with less volume
variation.

2. The multitude of transition-metal and alkali-metal ion combinations allows tailoring
the electrochemical properties of the PBAs.

3. The PBAs have two redox-active centers, which means a higher theoretical capacity.

These merits have driven the interest in this family of materials as cathodes for lithium-
and sodium-ion batteries, while further study is needed to implement them in ZIBs.
Moreover, the actual capacity (∼ 70 mAh/g) in ZIBs is still lower than other materials.[22,
31]

Figure 1.5: Representation of different MnO2 polymorphs and their basic unit. Taken
from [22].

Manganese dioxide (MnO2) materials are particularly desirable candidates for large-scale
systems due to their abundance (Mn is the 10th most abundant element in the Earth’s
crust[28]), easy processing, eco-friendly nature, and low cost.[29] The theoretical specific
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capacity for manganese oxide is 308 Ah/kg, with one electron transfer per formula unit.
The basic unit of the various Mn-oxide structures is one Mn4+ ion coordinated with
six hexagonally close-packed O2− ions, as the one in the middle of the Figure 1.5. By
connecting these units in different ways, sharing corners or edges, tunnelled or layered
polymorphs are formed. The Figure 1.5 shows some possible configurations. As cathode
materials for ZIBs, each of the polymorphs has its own merits and issues. For exam-
ple, the α-MnO2 material has large tunnels (4.6 Å) for Zn2+ ions accommodation, thus
high specific capacity with moderate discharge voltage. However, this polymorph suffers
from rapid capacity fading and poor rate performance (it provides a considerable specific
capacity at low current rates, but only for a few dozens of repeated cycles).[24, 32] On
the contrary, considering the δ-MnO2, which possesses a layered-like structure, the ac-
commodation space between two layers of the crystal is even larger (7 Å), yet leading to
rapid capacity fading upon long-term cycling. Moreover, the formation of inactive com-
pounds and the loss of active species (as in Equations (1.8), (1.9)) threaten the cathode
stability.[33]

MnO2(s) +H+ + e− → MnOOH(s)

MnOOH(s) + 3H+ + e− → Mn2+
(aq) + 2H2O

(1.8)

(1.9)

One possible strategy to avoid the Mn dissolution (also adopted in this work) is the addi-
tion of Mn salts into the electrolyte.[33] However, electrolytes containing Mn2+ allow the
electrodeposition of MnO2 onto the electrode surface[34], which may reduce the cathode
quality and/or passivate the electrode-electrolyte interface.[29]
The last structure of interest in this work is the λ-MnO2, which crystallizes in a spinel
structure as shown in Figure 1.6. The structure is composed of octahedral units and tetra-
hedral voids (further details are treated in the section 1.5). The λ-MnO2 is not suited
for the insertion of the Zn2+ ions, since the structure is too compact, however, a similar
spinel structure with mixed Zn2+ and Mn3+ cations is the cathode material studied in
this thesis.

Figure 1.6: λ-MnO2 structure and its basic units. Taken from [28]
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Notably, Mn oxide polymorphs can transform mutually during electrochemical cycling.
These transformations are accompanied by the insertion/extraction of water molecules
and/or cations. Since the mechanism behind the electrochemical processes of these mate-
rials is rather complex and still unclear, considering that these transformations contribute
to the overall process allows a better understanding of the ZIBs’ mechanisms.[28] In gen-
eral, the manganese oxide active materials undergo complex structural transformations
from tunnel-like to spinel-like and layered phases on discharging.[35] These transitions of
structure and phase, along with Mn dissolution, lead to poor cyclability.[36] Indeed, the
energy storage mechanism of the ZIBs, according to the current research, can involve one
or a combination of the following:

1. Zn2+ insertion/extraction[37];

2. H+/Zn2+ co-insertion/extraction[38];

3. H2O and Zn2+ co-insertion/extraction[39];

4. conversion reaction[40];

5. dissolution and deposition reaction[41].

These mechanisms are schematized in Figure 1.7. All the mechanisms listed can con-
tribute, alone or even more than one at a time, to energy storage. However, it is necessary
to understand which is the main one for the material optimization purpose.

Figure 1.7: Scheme of possible ZIBs energy storage mechanisms. Taken from [31]

The open key points of the Mn oxide cathodes are: (i) competition between Mn2+
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dissolution and MnO2 deposition, (ii) appropriate characterization of the cation inser-
tion/deinsertion mechanisms, and (iii) performance optimization of the materials.[29]

1.5. Zinc manganite ZnMn2O4 (ZMO)

It appears that most of MnOx undergo irreversible phase transformation into ZnMn2O4

spinel after multiple charge/discharge cycles.[42] The ZnMn2O4 (ZMO) material has been
recently studied as one of the possible cathodes for ZIBs. By acting on the stoichiometry
and morphology of the material, good electrochemical performances can be obtained.
Research on this material is ongoing and the ZMO production for electrochemical purposes
by Pulsed Laser Deposition (PLD) technique is quite unexplored.

1.5.1. ZMO general material properties

ZnMn2O4 (ZMO), also known as hetaerolite, is a normal spinel structure. ZMO belongs
to the zinc manganites family (ZnxMn3−xO4). Its structure is composed of tetrahedral
and octahedral sites, occupied by divalent cations and trivalent cations, respectively. In
ZMO, Zn2+ ions occupy 1/8 of the tetrahedral sites (ZnO4), while Mn3+ ions reside in
1/2 of the octahedral sites (MnO6).[36] ZMO has a tetragonal distortion of the spinel
lattice due to a strong Jahn-Teller distortion effect on the octahedral coordinated Mn3+.
The high-spin Mn3+ cation in octahedral coordination has an electron configuration that
leads to the distortion, which results in the elongation of one of the Mn-O bonds and,
hence, to a distortion from a cubic spinel to a tetragonal spinel (I41/amd).[43–45]

Figure 1.8: Schematic representation of the ZMO crystal (a) and the occupied tetrahedral
and octahedral sites (b). Taken from [31]

1.5.2. ZMO as cathode material

A similar structure, the LiMn2O4 (LMO), was studied for lithium-ion battery imple-
mentation (for cost, environmental, and energy issues), and it has proved that it can
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intercalate Li+ reversibly. Since the lithium and zinc ionic radii are comparable, indi-
cating that the transport kinetics of the two ions may be similar, ZnMn2O4 became a
candidate active material for the ZIBs.[31, 36] Unfortunately, although ZMO as cathode
material has a theoretical specific capacity of 224 Ah/kg[46], experiments show that pure
ZMO is unfit for Zn2+ insertion due to the high electrostatic repulsion among Zn ions
with the lattice.[31, 36, 47]

Figure 1.9: Schematic representation of the Zn2+ ion diffusion in a pure ZMO structure
(above) and in a ZMO structure with defects (below). Taken from [36].

One of the reasons behind the poor electrochemical performance of the pure ZMO is
schematized in Figure 1.9. The Zn ion, with a high valency state (2+), moves from
a tetrahedral site (4a) to another tetrahedral site. By making this passage, it crosses
an unoccupied octahedral site (8c), but the repulsion from the adjacent octahedral site
occupied by the Mn3+ is very strong and obstacles the ion diffusion. So the Zn ions cannot
diffuse quickly in the spinel, resulting in poor battery performance.[31, 36] Moreover, the
Jahn-Teller effect, due to the Mn3+, induces distortion in the lattice, which shifts from a
cubic spinel (with Mn4+) to a tetragonal spinel. During charging/discharging processes,
Mn3+ undergoes disproportion, leading to the dissolution of Mn2+. Other issues of ZMO
are low electrical conductivity, volumetric expansion, and phase transformation during
cycling, and the electrochemical mechanism is unclear and little studied.
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1.5.3. ZMO critical aspects as cathode material

There are different strategies to enhance the ZMO electrochemical performance:

1. Introduction of vacancies in the structure.
The introduction of vacancies removing some cations (i.e. Mn3+) relaxes the elec-
trostatic condition of the structure. In the presence of a vacancy, the electrostatic
repulsion is reduced and the ions conductivity in the crystal increases. The Zn-
ion during diffusion, as shown in the bottom part of the Figure 1.9, travels from a
tetrahedral site (4a) to another tetrahedral site, and when crosses the unoccupied
octahedral site (8c), it does not feel the electrostatic repulsion because of the Mn3+

absence.[47] To measure the actual presence of vacancies in the ZMO, since the va-
lence number for oxygen and zinc is fixed, it is enough to check the average valence
number of manganese. If this is greater than +3 it means that there are vacancies.

2. Heteroatom doping engineering.
Metal atom doping can change the electronic structure of the material by generating
excessive or insufficient valence electrons. It is proved that the metal ions embedded
in the crystal structure can expand the lattice spacing. At the same time, they
can prevent the crystal structure collapse after repeated Zn2+ insertion/extraction,
improving the cycle stability.[31]

3. ZMO/Carbon compound engineered materials.
Some studies have improved the ZMO performance by combining nanostructured
ZMO sustained by carbon structures, which improved the material durability and
provided a conductive path. This technique was used in the article by Yang et al.
[46].

4. Nanostructured ZMO and morphology modifications.
Changing the morphology allows having more active sites in the material, increasing
the conductivity (due to shorter path) and the diffusion. Moreover, reducing the
crystal size or developing some peculiar morphologies can alleviate the strain on the
structure due to volume change.[31, 36, 42]

A summary of the different strategies adopted in the recent articles is presented in the Ta-
ble 1.1. The ZMO electrochemical mechanism is not yet clear. Some of the mechanisms hy-
pothesized for Mn oxides, reported above in Section 1.4, are found in research articles deal-
ing with ZMO. Although the insertion/extraction of zinc ions is one of the most accred-
ited mechanisms[36, 46], there are also studies reporting on the mechanism of H+/Zn2+

co-insertion/extraction[60], intercalation of H+ only[61], and dissolution/deposition reac-
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Cathode Morphology Average size (nm) Electrolyte Cycling behaviors Potential window Ref.
ZMO submicron spheres ∼500 1 M ZnSO4+ 0.05 M MnSO4 ∼189.5 mAhg−1 at 0.2 Ag−1 (500 cycles) 0.4–1.4 V [48]
ZMO@PCPs Cubic-like ∼500 1 M ZnSO4+ 0.05 M MnSO4 ∼125.6 mAhg−1 at 1 Ag−1 (2000 cycles) 0.8–1.8 V [46]
ZMO NDs/rGO nanodots 5–10 1 M ZnSO4+ 0.1 M MnSO4 ∼207.6 mAhg−1 at 0.2 Ag−1 (100 cycles) 1.0–1.8 V [49]
HP-ZMO microspheres ∼300 1 M ZnSO4+ 0.05 M MnSO4 ∼106.5 mAhg−1 at 0.1 Ag−1 (300 cycles) 0.8–1.9 V [50]
Porous ZMO Rod-like 2000 1 M ZnSO4+ 0.1 M MnSO4 ∼225 mAhg−1 at 0.1 Ag−1 (200 cycles) 0.6–1.9 V [51]
ZMO@Ti3C2Tx 3D layered structure 1 M ZnSO4+ 0.05 M MnSO4 ∼120 mAhg−1 at 1 Ag−1 (5000 cycles) 0.8–1.5 V [52]
ZMO@N-graphene nanoparticles 21 1 M ZnSO4+ 0.05 M MnSO4 ∼74 mAhg−1 1 at 1 Ag−1 (2500 cycles) 0.8–1.8 V [53]
ZMO@C nanoparticles ∼15 3 M Zn(CF3SO3)2 ∼150 mAhg−1 at 0.5 Ag−1 (500 cycles) 0.8–1.9 V [36]
ZMO@C 3D structure 2 M ZnSO4+ 0.1 M MnSO4 ∼481 mAhg−1 at 0.2 Ag−1 (110 cycles) 1.0–1.8 V [54]
OD-ZMO@PEDOT Fiber-like ∼10000 1 M ZnSO4 Capacity retention 93.8% (300 cycles) 0.8–1.9 V [55]
HM-ZMO@rGO Hollow microspheres ∼1000 1 M ZnSO4+ 0.05 M MnSO4 ∼146.9 mAhg−1 at 0.3 Ag−1 (100 cycles) 0.8–1.8 V [56]
MD-ZMO@C nanoparticles 9.55 2 M ZnSO4+ 0.2 M MnSO4 ∼98 mAhg−1 at 3 Ag−1 (2000 cycles) 0.8–1.9 V [57]
ZMO/Mn2O3 microspheres 5000–7000 1 M ZnSO4 ∼111.9 mAhg−1 at 0.5 Ag−1 (300 cycles) 0.8–1.9 V [58]
ZNCMO@N-rGO nanoparticles ∼50 ∼95.4 mAhg−1 at 1 Ag−1 (900 cycles) 0.7–1.7 V [59]

Table 1.1: A summary of recent studies on ZnMn2O4 electrode materials for ZIBs.

tions [42, 51]. Soundharrajan et al. [51] and Wu et al. [42], for example, proposed that
the MnOx electrodeposited from the Mn2+-containing electrolyte on the pristine ZMO
during charge interacts with the ions of the electrolyte (ZnSO4, MnSO4) and undergoes
Zn insertion, transforming itself reversibly in ZMO. In the end, it is worth mentioning
that in the ZnSO4 electrolyte large flakes can be observed on the surface of the electrode
at the discharged state.[42] They correspond to the formation of basic Zn precipitates,
like the zinc hydroxy sulphate hydrate phase ZnSO4[Zn(OH)2]3 • xH2O (ZHS). These
precipitates can reversibly form and dissolve upon electrolyte pH increase, and are ac-
companied by proton insertion/extraction into the cathode.

As seen above, there are several ways to increase the electrochemical performance of
the ZMO material. One of these is to act on the nanostructure and morphology. In
this work, I produced ZMO thin films with different morphologies and stoichiometries
through the PLD. The possibility of using thin films for energy storage and conversion
has several advantages, including high reproducibility, easy control of the growth rate,
and a high film purity with a variety of substrates. Producing a thin film electrode for an
electrochemical cell offers other advantages: first of all, it is self-supported, without the
aid of polymeric binders and carbonaceous additives; secondly, thin films are well suited
for the design of devices (such as microbatteries); and thirdly, decreasing the thickness
and increasing the available surface area leads to increased conductivity of the material
and better electrode-electrolyte charge exchange.[62]

1.6. Thesis objectives

This work fits into the context of zinc-ion batteries and, in particular, focuses on the
ZMO material. The ZMO is produced in the form of a thin film controlling its morphol-
ogy and thickness by pulsed laser deposition (PLD). Although this thesis considers the
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electrochemical application of the material as a long-term objective, the characterizations
carried out concern the material per se in general, beyond the possible future application.
It is true, indeed, that the literature on the material for characterization purposes alone
is scarce and, in some cases, controversial.
This work also serves as exploratory work for future developments of ZMO. Most of the
thesis focused on characterizing the material, which is not only useful in at the research
level, as mentioned above, but it also allows us to optimize processes for a certain appli-
cation.
To summarize, the objectives of this thesis are:

1. The production of ZMO thin films using PLD, the optimization of parameters to
produce films with certain properties (thickness, morphology, porosity, and density)
and stoichiometry, with the aid of different gas atmospheres during deposition.

2. The characterization of the produced materials by Raman spectroscopy, scanning
electron microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDXS), and
UV-VIS optical spectroscopy, and the correlation of the material properties to the
parameters used in the synthesis process.

3. The conducting of some preliminary electrochemical tests aimed at observing the
material response and at characterizing the material changes in the aged samples.
Such tests were also used to assess and optimize a proper cell setup suitable for the
electrochemical characterization of thin films.
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In the previous chapter, we discussed the state of the art in zinc-ion batteries and the pecu-
liarities of the ZMO material. In the following, I present the synthesis and characterization
methods adopted in this work. In the end, a brief presentation on the electrochemical
techniques adopted is offered.

2.1. Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is a thin films deposition technique onto a substrate.
It is a very versatile method and metallic, semiconductor, oxide, ceramic, or polymeric
materials can be deposited. The deposited films can also be nanostructured, the thickness
can be properly controlled, and the stoichiometry of the material can be complex. PLD
belongs to Physical Vapour Deposition (PVD) techniques and it is based on the plasma
produced by the target material ablated by intense laser pulses.[63]
The versatility of PLD is based on the number of parameters that can be set. The plasma
plume originates from the laser impinging on the target and it is influenced by the energy
of the laser itself, the background gas in the chamber (reactive or non-reactive), the
pressure in the chamber, and the materials that make up the target. This whole variety
of parameters allows control over the thickness, density, stoichiometry, and morphology
of the produced sample. Consequently, this wide range of possibilities is well suited for
experimental and research activities: indeed, this flexibility allows tuning the sample
properties, studying the behavior of the deposited material under different conditions,
and optimizing it for the final application.
The PLD apparatus scheme is presented in Figure 2.1 .

Firstly, both the target and the substrate are in a stainless-steel vacuum chamber to
avoid interaction with the ambient atmosphere and to control the deposition pressure.
The chamber’s pressure is controlled by a primary vacuum pump and a turbomolecular
pump connected in series. The latter is used to evacuate the chamber down to the high
vacuum regime (∼10–3 Pa). For depositions in gas atmosphere, a gas pressure system
with an inlet is present. The pulsed laser is focused following an optical path consisting of
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Figure 2.1: Pulsed Laser Deposition schematic apparatus. Taken from [64].

lenses, mirrors, and driven through a final window to the vacuum chamber. The laser hits
the target at a 45° angle with respect to the target surface, thus avoiding irradiating other
components such as the substrate. The substrate is placed in front of the target since the
plasma plume is forward directed. The holders of both the target and the substrate can
be controlled by motors that can set the relative positions and govern translations and
rotations.[63]
The target is thus irradiated by the pulsed laser and, above a certain fluence, which
depends on the target material, it begins to ablate. The vaporized particles (ions) are
ejected from the target, they can have different sizes, and form the plasma plume. This
plume is aimed at the substrate, so when the particles reach the solid substrate they
aggregate and grow as a thin film.
The parameters that can be tuned in this process allow one to control the morphology and
the thickness of the film, the most relevant of these being the background pressure, the
distance between the target and the substrate dts, the laser fluence, and the type of gas
used during deposition (for example, if it is reactive or not). With respect to deposition
and background gases, there are three distinct possible conditions:

• When deposition is in vacuum, the ablated species leave the target and on their way
to the substrate they do not interact with the environment. As a result, deposition
occurs atom by atom without aggregation until they arrive on the substrate. The
ablated species arrive with high kinetic energy and are well directed, forming a
compact film with good adhesion. In this situation, the plasma plume is not visible.

• In the case of inert background gas being present, a compression zone between the
ablated species and the gas is present. The plume is confined by the gas and a shock
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wave originates. The luminescence of the plume is higher and it becomes visible, as
can be seen in Figure 2.2. The ablated species are confined in the plume, thus they
tend to nucleate and to reach the substrate as clusters, especially during depositions
at high gas pressure. The kinetic energy is partially dispersed during the collisions.
Since the plume itself is more confined in the space, it is less long and broader. The
porosity of the film increases with the gas pressure.

• In a reactive gas atmosphere, the mechanism is similar to the one above; further-
more, the clusters stoichiometry can be modified by the presence of the gas according
to its pressure.

Figure 2.2: Picture of the PLD plasma plume during operation in argon (100 Pa).

In this work, the depositions were performed mainly in oxygen atmosphere and vacuum.
Oxygen is a reactive element for ZMO films deposition, so some initial tests for comparison
were performed in argon, that in contrast is inert being a noble gas. The laser fluence
influences the deposition rate above all. Obviously, with higher fluence the deposition rate
increases, but at the same time the deposition rate also depends on the target material
and on the relative positions of target and substrate.
The morphology of the final film depends on all these parameters. One way to take into
account the target-substrate distance and the impact of the gas pressure is the following.
Firstly, it has to be underlined that the background gas molecules or atoms obstacle the
ablated particles travel, thus the length of the visible plasma plume (lp) shortens. The
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higher the mass of the background gas is, the more the scattering will be effective and
will slow down the ablated particles. In addition, scattering will be more likely as the gas
pressure increases. Secondly, making this logical connection between lp and gas pressure,
a dimensionless parameter L can be introduced.[65] For a well-defined shock front of
the plasma plume (P>10Pa), L is defined as the ratio between dts and lp. Using this
parameter, three different deposition regimes can be identified, summarized in Figure 2.3:

• when L<1, the substrate is inside the plume, the particles arrive with high kinetic
energy and the porosity is reduced, so a very compact film is obtained with a smooth
surface;

• for L∼1, the edge of the plume is in contact with the substrate. The ablated
species have less kinetic energy due to interaction with the background gas. When
oxides are involved, vertically structured and porous films are produced, and peculiar
nanostructured tree-like films can be obtained. This kind of "nanoforest" features
a high specific surface and high porosity;

• when L>1, the plume is distant from the substrate. The kinetic energy of the ablated
particles is lost during scattering and collisions and the deposition of clusters on the
substrate is expected. The adhesion is lower and the film is usually nanoporous.

Figure 2.3: Scheme of the three different deposition regimes.[66]

PLD has some drawbacks.[63] All these tuneable parameters allow the production of a
plethora of different films, but at the same time they strongly affect the reproducibility.
Another issue is the difficulty of maintaining thickness uniformity on the sample over a
few cm2 due to the gaussian shape of the ablated species emission. Even deposition on
a not-planar sample is not always possible with PLD as a shadowing effect takes place.
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The uniformity can be extended by misaligning the roto-translation of the substrate with
respect to the target, though limitations on some cm2 thickness uniformity remain. The
quality of the film itself can suffer due to the so-called droplets, which are micro-sized
particles detached from the target that deposit on the substrate and are embedded in
the nanostructured architecture of the film. This is the reason way PLD technique does
not fit well for industrial processes; however, concerning research purposes, PLD finds its
place as a valuable and useful technique thanks to its versatility, simplicity, and feasibility.
Focusing on this work merits, PLD is a successful technique for multicomponent oxide
films, whose growth rate can be easily controlled and which can be deposited on any
substrate, including silicon, FTO-coated glass, and bare glass.
In the end, the PLD’s advantageous aspects for this work are:

1. the possibility of obtaining stoichiometries different from that of the target by de-
positing in oxygen atmosphere at diverse pressures;

2. the possibility of obtaining various morphologies (hence porosity, density, and spe-
cific surface area) acting mainly on gas pressure and fluence;

3. the possibility of decoupling the two by depositing in inert gas or mixture.

Moreover, concerning electrochemical applications, as seen in Chapter 1, there are three
important aspects that our work with PLD can explore[62]:

1. Maximize the surface area of the film to have the best contact between electrode
and electrolyte;

2. Exploring the effect of a nanostructured film to reduce the electron and ions diffusion
path, and consequently, reduce the charge-transfer resistance;

3. Having a self-supported material without the need for conductive additives and
polymeric binders.

The ablation laser used in this project is a solid state Q-switched Nd:YAG laser providing
pulses in the visible (second harmonic, 532 nm wavelength, 10 Hz repetition rate, pulse
duration 5-7 ns). All films were grown at room temperature on Si (100) (Siegert Wafer),
soda-lime glass (Marienfeld), FTO-coated glass (Sigma-Aldrich) by ablating a ZnO :

Mn2O3 (1:1 mol%), hot pressed, 99.99% purity target, supplied by Testbourne B.V. The
target-to-substrate distance was kept constant at dts = 5 cm, while the fluence was varied
between 2.15 and 9 J/cm2. The films were deposited in vacuum and at a background
pressure varied between 1 Pa to 150 Pa in O2, Ar or Ar/O2 atmosphere.
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2.2. SEM and EDXS

2.2.1. Scanning Electron Microscopy

Scanning Electron Microscope (SEM) is a non-destructive investigation tool for sub-
micrometric morphology and structure. An energetic electron beam is focused on the
sample and several signals are emitted, among them secondary electrons. These elec-
trons are collected by a detector, converted into electrical signals, and sent in real-time
to the screen. The result is a grayscale image with high resolution (about of some
nanometers).[63] Therefore, SEM provides information about the sample such as mor-
phology, topography, and orientation of the material.

Figure 2.4: SEM apparatus schematic representation. Taken from [63]

The working principle of SEM follows. A monochromatic electron beam is produced by
thermionic effect or field emission. These electrons are accelerated to a range from 0 to 30
keV, then they are collimated and deflected via electromagnetic fields, and scanned over
a rectangular area of the sample. The collimated beam on the sample origins elastic and
inelastic collisions that emit respectively backscattered and secondary electrons. Finally,
secondary electrons emitted by the sample are collected by a detector. The scheme of
the SEM apparatus is shown in Figure 2.4. The entire procedure requires vacuum (about
10−5 mbar) in order to avoid air interference in the process, thus increasing the electron’s
mean free path and avoiding diffusion phenomena. In conclusion, SEM requires conductive
samples such that they can release the charge due to the electron beam.[67]
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In this work, two types of detectors were used: the first one is the In-lens detector that
is placed in the upper part of the electromagnetic collimator. This detector can achieve
higher resolution images since favors the secondary electrons from the upper range of the
interaction volume (SE1) and contains direct information on the surface of the sample.
On the other hand, the electrons (SE2) collected by the traditional SE detector undergo
a longer path. The image acquired using SE2 has less resolution, but it carries more
information about the three-dimensionality of the surface.[68] A scheme of this principle
is shown in Figure 2.5.

Figure 2.5: Principle of SE signal detection. Taken from [68].

During the process, the impinging beam undergoes many interactions with the material:
besides secondary electrons, other signals are produced, such as backscattered electrons,
X-Rays, Auger electrons, and Bremsstrahlung emission. These signals can be collected
by specific detectors and can be used in different measurement techniques. Collecting the
X-Ray radiation, for instance, is the basis of the Energy Dispersive X-Ray Spectroscopy
(EDXS) presented below.
In this work a Field Emission Zeiss SEM SUPRA 40 based on a GEMINI column was
used to obtain the top surface and cross-section images of the samples. The maximum
resolution of the instrument is in the order of some nanometers.
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2.2.2. Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy exploits the X-Rays emitted by the interaction
between the electron beam and the sample. The X-Rays carry qualitative and quanti-
tative information about the elemental composition of the sample. With EDXS, even a
micrometric resolution image can be obtained.
The SEM needs an appropriate detector that converts X-Rays into voltage signals. When
high-energy electrons collide with an atom, they can tear an inner shell electron from the
atom. This missing electron thus leaves a vacancy, and one of the external shell electrons
can fill the empty orbital releasing a characteristic X-Ray. The difference between the
higher energy level and the initial one is peculiar for each atom, thus it is a footprint for
the element itself.[69] It must be specified that the accuracy of the composition measure-
ments is of some percent (∼ 1%), specifically for the low atomic number (Z<10) atoms.
For the EDXS in this project, an apparatus for EDS elemental microanalysis (Oxford
Instruments) in combination with the AZtec software tool was used.

2.3. Raman Spectroscopy

Raman Spectroscopy is a characterization technique that - using the Raman scattering
- gains information about the chemical structures, phases, crystallinity, and molecular
interactions of samples.[70] Raman Spectroscopy relies on the inelastic scattering between
a monochromatic light beam and the sample. In particular, when a photon interacts with
a sample, it can exchange energy with the sample vibrational phonons, so the initial
energy of the photon will change and this shift is named as the Raman shift. Since this
energy shift originates from the vibrational modes of the sample, it is a unique marker
of the chemical and molecular structure.[71] The monochromatic light source is usually
a laser in the range of visible, near-infrared, or near-UV. Raman spectroscopy is very
versatile and can be used on a variety of samples such as solids, liquids, gases, gels, and
powders.

Figure 2.6: Schematic representation of Stokes (left) and anti-Stokes (right) Raman scat-
tering. Taken from [71]
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The theory of the Raman effect can be simplified as follow. Suppose that the frequency
of the incident light beam is ωL and that of the reference vibrational mode is ωj. When
the monochromatic light interacts with the target, the most probable event is elastic
(Rayleigh) scattering, so most of the photons will maintain constant energy ℏωL. On the
other hand, when inelastic scattering occurs, the photon energy is not constant and, after
the interaction with the sample phonons, its frequency will be ωsc = ωL ± ωj. These
frequency shifts are called the Raman shifts.[71]

A simplified quantum theory follows. The energy of the incident photon is ℏωL, and the
quantum of energy (phonon) of the vibrational mode is ℏωj. When inelastic scattering
occurs, the photon can acquire or lose the vibrational energy ℏωj, so the scattered photon
will have energy:

ℏωsc = ℏωL ± ℏωj (2.1)

A scheme of the process is presented in Figure 2.2. When the energy is lost from the
original photon, a Raman Stokes process occurs; on the contrary, when the energy is
withdrawn from the sample, a Raman anti-Stokes process takes place. Anti-Stokes lines
are always weaker than Stokes ones due to the Bose-Einstein distribution: the vibrational
ground state is always more populated than high-energy vibrational states.[72] The popu-
lation of the energy levels depends on temperature and determines the intensity of Stokes
and Anti-Stokes bands, as it is shown in Equation (2.2):

IStokes
IAnti−Stokes

=
(ωL − ωj)

4

(ωL + ωj)4
exp(

ℏωj

kBT
) (2.2)

Raman spectroscopy yields results even with crystals, as the scattering occurs with some
phonons of the vibrational modes (the optical zone-centered modes) of the crystal itself.
Raman spectra of crystals are usually characterized by narrow peaks, however, when the
crystallinity is reduced or the material is amorphous, the peaks tend to broaden until
they become large bands. This effect is related to the uncertainty of the wave vector of
the phonons in the non-infinite crystal size.[71]
In this work, different Raman spectrometers were used:

1. Renishaw InVia micro-Raman spectrometer, equipped with optical microscope. An
argon ion source emitting green (514 nm) and blue (457 nm) lasers was used as
the excitation source and the laser power at the sample was kept below 2 mW, to
avoid laser-induced modifications. The Raman spectra were collected using the 1800
l/mm and 2400 l/mm gratings, respectively, for the green and blue lasers, and with
the 50x optical objective.
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2. Renishaw InVia micro-Raman spectrometer equipped with a remote Raman probe
and optical microscope (50x objective). Two diode-pumped solid-state lasers were
employed: 532 nm (green) and 660 nm (red), with 1800 l/mm grating.

3. Some Raman measurements were carried out at the Solid-Liquid Interface Nanomi-
croscopy and Spectroscopy Lab (SoLINano-Σ) using Sol Confotec NR 500 spectrom-
eter, equipped with a 532 nm solid-state laser, and grating 1800 l/mm.

2.4. UV/Vis/NIR Spectrophotometry

For the characterization of the optical properties of ZMO films, a spectrophotometer
was used. A spectrophotometer is an instrument able to measure the intensity of light
at different wavelengths. After the light reaches the sample, four components can be
distinguished: the fraction of the electromagnetic wave that is diffused reflected R, the
fraction transmitted beyond the sample itself T, the fraction absorbed A, and the lost
fraction due to scattering phenomena D (diffuse transmittance). These contributions add
together to the total radiation:

R + T + A+D = 1 (2.3)

(a) (b) (c)

Figure 2.7: Total transmittance (a), diffused transmittance (b) and diffuse reflectance (c)
measurements schemes. Taken from [65].

A scheme for this type of measurement can be described as follows. Three different
setups -as schematized in Figure 2.7 - can be used to measure the total and diffused
transmittance and the diffuse reflectance.[65] For all these kinds of measurements, the film
must be deposited on a transparent substrate as glass. For transmittance measurements,
the sample is placed at the entrance of a device known as the integrating sphere with
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the film facing inside. On the opposite side of the sphere, there is another hole that can
be closed by a Spectralon disk (which is a material with about 100% reflection for every
wavelength). If the hole is closed, all the light passing through the sample is collected by
the sphere and the total transmittance is measured, Figure 2.7a. If, on the other hand,
the hole is left open, only the diffused transmittance is measured, since the radiation that
is not diffused goes straight through the hole and is lost, Figure 2.7b. Ttot is not the
transmittance T in Equation (2.3), Ttot is the sum of the direct transmittance and the
diffused transmittance. In conclusion, to measure the diffuse reflectance, the same hole
is closed by the sample with the film facing the sphere and the radiation impinging on
its surface, Figure 2.7c. The effect of the substrate must be taken into account, so the
measurements are normalized to obtain the real film information following the relations
below.[65]

Tfilm =
Ttot

Tglass

,

Rfilm = Rtot − (Rglass ∗ T 2
film).

(2.4)

(2.5)

Most of the transmittance measurements were recorded via a UV-1800 UV-VIS Shimadzu
spectrophotometer within the wavelength range 190-1100 nm and with data scanned ev-
ery 0.2 nm. The absence of the integrating sphere may contribute to an underestimation
of transmittance values, since just light reaching the detector placed behind and perpen-
dicular to the sample surface can be collected and the diffused contribution is lost. For
more accurate optical measurements, the instrument at the Italian Institute of Technology
(CNST-IIT) was used: Lambda 1050 UV/VIS/NIR spectrophotometer with Perkin Elmer
150 mm integrating sphere coated by Spectralon (250-2000 nm range, 2nm interval).

2.5. Electrochemical techniques

In the following sections, electrochemical techniques used in this work will be presented.
The following techniques are adopted for the initial study of the ZMO electrodes pro-
duced during this work, to try to understand the basic operating principles and the redox
mechanism of the material.

2.5.1. Cyclic Voltammetry

The Cyclic Voltammetry technique (CV) records the current response at different applied
voltages. In a typical 3-electrode configuration, an external potentiostat imposes the
voltage with respect to the reference electrode - which remains at constant potential during
measurements - and measures the current circulating between the working electrode (in
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our case, the ZMO film) and the counter electrode. This technique provides information
about the voltage and energy profiles (being the energy the integral product between
current and potential) of the tested material. It has to be noticed that this measure is
performed in a non-equilibrium state.[7]
CV technique is one of the most relevant techniques for electrochemical measurements.
The typical mode used -even in this work- is the linear scan CV, in which the potential goes
from one extreme to the other following an increasing/decreasing linear path, as shown
in Figure 2.8.a. The physical model of the processes involved is quite complicated, varies
from case to case, and falls outside the interests of this thesis. The actual process involves
solid-liquid interface phenomena, ion diffusion in the electrolyte and in the electrode, and
multiple reactions, which are far beyond the analysis of this technique. Practically, it is
important to identify some specific values of relevance in the CV curve.[7]
For the measure, we need to determine the terminal voltages and the scan rate. The
terminal voltages are the extremes of the scan in which the potentiostat spans, and,
as mentioned before, are set with respect to the reference electrode. Same potential
values have different numerical values if related to different reference electrodes, and
if the reference changes all the values have to be recalibrated on the new one. The
scan rate refers to the velocity of the scan, that is how fast the imposed voltage goes
from one extreme to the other. Both the parameters have to be chosen wisely. First,
terminal voltages limit the reactions that can occur in the system. If some reactions are
expected or want to be measured, the voltage range (electrochemical window) must be
properly selected not to exclude them, and to avoid unwanted reactions such as electrolyte
decomposition, gas evolution, and electrode side reactions. Secondly, the scan rate cannot
be too fast, otherwise the reaction will not occur. The scan rate is usually in the order
of 0.1-10 mV/s which is quite slow. However, limited measurement time, equipment
detection limit, and the fact that when the scan rate is too slow the limiting factor is
not the charge carriers diffusion, they normally make very slow scan rates unfeasible.[7]
To verify that the scan rate is appropriate, one method is to measure how close the
experimental integral capacity is to the theoretical one. Once the scan rate and the
voltage extremes are set, the CV measurement is ready to start, and the corresponding
triangle voltage is applied many times as the cycles wanted. See Figure 2.8.a.
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Figure 2.8: a) Voltage profile applied in a CV measurement, b) current response versus
voltage curves and c) voltage versus integral current curves. Taken from [7].

In Figure 2.8.b, the typical CV curve for battery electrodes is shown. As can be seen,
we obtain one gaussian type peak for each reaction, from which current peak and peak
voltage can be identified. The upper part of the CV plot in Figure 2.8.b is called anodic,
where the current is positive, and oxidation occurs. The cathodic zone is the bottom part,
where the current is negative and reduction occurs. The anodic part of the curve is also
associated with charging while the cathodic is associated with discharging, as can be seen
in Figure 2.8.c.

Another way to better understand the main mechanisms undergoing during the CV is
to divide the measured current into two categories: faradaic current - which is generated
from electrochemical reactions - and one associated with the double layer which depends
only on capacity and scan rate. The double-layer phenomenon is not related to chemical
processes, but just to a physical mechanism. Faradaic current implies an exchange of
charges between electrode and electrolyte, while a non-faradaic process is based on the
accumulation of ions in the proximity of the electrode to counterbalance the incoming
charges, as shown in Figure 2.9. Faradaic current can be further divided into surface
and bulk contributions, which have different behaviors. In conclusion, reaction kinetics is
another electrode characteristic to be considered. The scan rate, for instance, has to be
tuned with respect to the reaction kinetics in a way to let the time for the reactions to
occur completely and exchange all the charges. In order to increase the reaction kinetics,
nanomaterials are, more and more, exploited as electrodes. Nanomaterials have a large
surface area that allows rapid diffusion current response. This is one of the main reasons
why this work is focused on morphology analysis and nanostructured thin films as elec-
trodes.
The potentiostat used in the electrochemical measurements in this thesis is the Palm-
Sens4 potentiostat/galvanostat/impedance analyzer, with ±10 V potential range, and a
maximum current of 30 mA.
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Figure 2.9: Schematic solid–liquid electrochemical interface. At a solid–liquid interface,
the double layer is formed when excess electrons on the solid electrode are balanced by
an increased density of solvated positive ions in the electrolyte. ϕ is the electrostatic
potential. Taken from [73]

2.5.2. Potentiostatic techniques

Thanks to CV, one is able to determine in which range of potentials the main reactions
occur and where are the peak voltages. Once the range in which the reaction takes place
has been determined, one might want to trigger the reaction and maintain the condition
until the reaction ends. Potentiostatic (PS) measurements will be used in this work for
this purpose, to promote a reaction and then perform analyses on the sample after the
reaction fades.

As we discussed above in Subsection 2.5.1, if the scan rate is not slow enough, some
reactants may not undergo electrochemistry, leaving the sample half processed and half
pristine. Using PS, we can maintain the voltage until the whole sample is electrochemically
processed, so until the current goes to zero. If the current is zero, one can assume that
the charges are no longer exchanged, and all the reactions have been completed at that
selected potential value.
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3| Synthesis and structural
characterization of as-deposited
ZMO films

This chapter aims to describe the target and the PLD parameters used for the synthe-
sis, then it presents the morphology and stoichiometric properties of the films produced
and their relationship with the synthesis parameters adopted. The Raman analysis will
show that the produced films are amorphous, thus they will require thermal treatment to
crystalize in the ZMO structure discussed in Chapter 1.

3.1. The ZMO target

The material I have used to produce the ZMO films is a ZnO : Mn2O3 (1:1 mol%),
hot-pressed, 99.99% purity, 1” x 6mm cylinder target supplied by Testbourne B.V. Figure
3.1a shows the target before the sessions of deposition. As can be seen, it presents many
orange-like particles in a darker matrix. Figure 3.2a presents a SEM characterization of
the target morphology. The surface is rough, with different textures and depressions.
At higher magnifications, the target assumes a cobbled texture. Figure 3.2b shows the

(a) (b)

Figure 3.1: ZMO target before the deposition sessions (a) and after some depositions (b)
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edge between the matrix and the particle. It can be seen that the surface of the matrix,
on the left, has larger grains compared to the particle, on the right. Relying on EDXS
mapping, it is possible to ascertain that those depression spots are ZnO particles, and
they are also the orange dots visible in Figure 3.1a on the target. As it can be seen in
the map (Figure 3.2d), the depression zones are rich in Zn, while the remaining matrix
is rich in Mn (Figure 3.2e). Oxygen is present all across the target (Figure 3.2f). The
EDXS spectra output the atomic percentage in different points: the elemental results on
the orange particles are 44.56% O, 9.14% Mn, and 46.30% Zn, while on the background
matrix are 42.92% O, 40.69% Mn, and 16.40% Zn. The Raman spectra were taken both
on the matrix and the orange-like particles, using a 514 nm and a 660 nm laser excitation
(0.4 mW), respectively. The last ones present the spectrum shown in Figure 3.2h, which
is assigned to ZnO.[74] On the other hand, the matrix spectrum is characterized by a
band between 500 and 600 cm−1, typical of the amorphous Mn-oxides or MnO (Figure
3.2g).[75]

3.2. PLD parameters

In this section, I analyze the PLD parameters used in the synthesis of the films and I
show qualitatively the dependence of the deposition rate on the deposition pressure and
fluence. First of all, by varying the fluence and oxygen pressure, I proceeded to measure
their influence on the deposition of ZMO, in order to trace the trends to know how to deal
with the subsequent deposition sessions, for example how to obtain a certain morphology
and the deposition time necessary to get a certain thickness. Oxygen pressure values
equal to "vacuum" (∼3-4x10−3Pa ), and 1 Pa, 10 Pa, 50 Pa, and 100 Pa were chosen,
with constant deposition time of 15 minutes, and the fluence values were varied between
a low value (∼2.2 J/cm2), a middle one (∼3.8 J/cm2) and a high one (∼6 J/cm2) by
changing the laser energy at constant laser spot size on the target (∼6 mm2). Table
3.1 shows the trends divided by oxygen pressures. It can be seen how, increasing the
fluence, the deposition rate increases. On the other hand, no clear trend as a function
of pressure is observed. Actually, although PLD-deposited films generally expand (due
to higher porosity) as gas pressure increases (see Section 2.1), the particles ablated by
the target undergo more collisions at higher gas pressure and deviate from the path, thus
spreading over a larger substrate area, so the deposition rate does not necessarily increase.
Subsequent depositions were conducted not only in vacuum (∼3-5x10−3 Pa) and oxygen,
but also in argon and mixture of argon-oxygen, at specific conditions (see Section 3.3),
to evaluate effect of gas type on morphology and stoichiometry. The target-substrate
distance (dts = 5 cm) and the position of the focusing lens of the optical path were kept
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 3.2: ZMO target characterization. (a,b) SEM images; (c,d,e,f) SEM image and
further EDXS map characterizations; (g,h) Raman spectra on the matrix and the particle,
respectively.
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constant for all depositions. An evaluation of how and to what extent the uniformity of the
film could be increased was also performed by misaligning the target and the substrate.
The deposition time was adjusted depending on the deposition rate at any pressure and
fluence to obtain the desired thickness. Finally, it should be emphasized that different
types of substrates were used, in fact, for the optical measurements it was necessary to
deposit the film on glass, while for the electrochemical measurements, as explained in
Chapter 5, it was necessary to deposit on conductive FTO-coated glass. Samples that
were characterized only with SEM, EDXS, and Raman spectroscopy were deposited on
silicon.

O2 Pressure [Pa] Fluence [J/cm2] Deposition rate [nm/min]

Vacuum 2.18 33

3.76 46

5.87 64

1 Pa 2.17 40

3.86 67

6.03 87

10 Pa 2.19 43

3.78 87

6.22 187

50 Pa 2.16 100

3.94 207

6.1 307

100 Pa 2.22 127

3.76 173

Table 3.1: Deposition rates for different oxygen pressures (vacuum, 1 Pa, 10 Pa, 50 Pa,
and 100 Pa) and different fluences.

3.3. Morphology and stoichiometry characterization

In this section, I present detailed analysis about the effects of the oxygen deposition
pressure on film morphology and stoichiometry. Figure 3.3 shows the SEM images of
films’ cross-sections for the various fluences and oxygen pressures used. In general, the
film becomes more compact as the fluence increases. The sample with high fluence and
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pressure of 100 Pa is missing; in fact, such high fluence for high pressures results in
adhesion problems, and crack. This behavior is already noticeable for the sample at 50
Pa and 6 J/cm2, where the lower part of the image shows the detachment of the film from
the silicon substrate and the presence of defects (Figure 3.4). At the end of the analysis
concerning the fluence parameter, the fluence was maintained at 3.8 J/cm2 for the other
films’ deposition.

Figure 3.3: Cross-sectional SEM images of films deposited at different oxygen pressures
and laser fluences.

Looking at the morphologies of the depositions (fluence set at 3.8 J/cm2), it can be
seen that, as the pressure of O2 increases (see Figures 3.5 from b to h), the film loses
its compactness and the nanoporosity increases, acquiring, for the samples from 70 Pa
(Figure 3.5f) onwards, a tendency to develop “tree-like” structures. The higher pressures,
therefore, show an overall structure like a "cypress nano-forest", which is typical of PLD-
grown oxides (Figure 3.6). The sample deposited in vacuum, in terms of morphology, turns
out to be an outlier in the pattern defined above. Interestingly, the sample deposited in
vacuum exhibits a columnar structure different from that of films deposited at 1 and
10 Pa and more similar to the one deposited at 30 Pa. However, the film produced in
vacuum is denser, since its thickness is reduced at constant deposition time. Probably,
this discrepancy is due to a coupling between the effect of the pressure in the chamber and
the reactivity of the background gas, altering the stoichiometry. To try to decouple the
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Figure 3.4: Cross sectional and top view SEM images of deposited films at 50 Pa oxygen
pressures and 6 J/cm2 laser fluence.
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two effects, some tests of deposition in argon and mixtures of argon and oxygen at 10 Pa
and 3.8 J/cm2 fluence have been conducted and are presented below. The stoichiometry
of the samples was measured by EDXS for films deposited at constant fluence of 3.8
J/cm2 in vacuum and various oxygen pressures (1-150 Pa). It should be considered that
the EDX spectra were recorded for each sample over several zones and then averaged
between them to get a statistical indication. For the correct quantification of the Zn
element, it was necessary to use high-energy electrons (15 keV), thus more penetrating
into the sample. In addition, the film thickness is not homogeneous over the whole
sample, so in some spectra, the silicon substrate signal was not negligible. It should be
kept in mind that the automatic renormalization performed by the EDXS software after
the exclusion of an element could lower the accuracy of the measurement, especially for
low-Z elements like oxygen. Figure 3.7 shows the percentage trends of the elemental
compositions of the films. Films deposited in vacuum or at low O2 pressures (<10 Pa)
are poor in oxygen and have a higher content of Zn and Mn. The trend as a function of
the pressure reaches a plateau where the stoichiometry stabilizes and becomes constant
irrespective of oxygen pressures. For comparison, dashed lines indicating the theoretical
stoichiometry of ZnMn2O4 (14.29% Zn, 28.57% Mn, 57.14% O) have been inserted in the
plot. For the films deposited in vacuum and at 1 Pa, the oxygen is sub-stoichiometric,
while the Mn is super-stoichiometric, while at higher pressure the conditions are reversed:
this trend could indicate a change of Mn oxidation state towards a more oxidized form as
the oxygen pressure increases. The Zn content always remains sub-stoichiometric.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.5: ZMO as-deposited films by increasing background oxygen pressure at 3.8
J/cm2 fluence. (a) Vacuum, (b) 1 Pa, (c) 10 Pa, (d) 30 Pa, (e) 50 Pa, (f) 70, (g) 100 Pa,
and (h) 150 Pa.
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(a)

(b)

(c)

(d)

Figure 3.6: SEM higher magnifications of ZMO films deposited at 30, 70, 100, and 150
Pa of oxygen, respectively, at 3.8 J/cm2 laser fluence.
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Figure 3.7: Elemental content in atomic percentage of the films at different oxygen depo-
sition pressures, as obtained by EDXS measurements.

In order to evaluate the effect of the type of gas on film morphology and stoichiometry, I
fixed the deposition pressure and fluence (10 Pa and 3.8 J/cm2 ) and I varied the relative
amount of oxygen and argon: 100% O2, Ar:O2 2:1, Ar:O2 5:1, Ar:O2 9:1, and 100% Ar
(Figure 3.8). In particular, the deposition in pure argon atmosphere, an inert gas, shows
a columnar morphology similar to the one of the film deposited in vacuum (Figure 3.8e).
There can be two explanations:

• It can be assumed that stoichiometry alone influences the morphology, and even
with a small amount of oxygen the columnar aspect of the film is reduced. Even
looking at the films deposited in the Ar−O2 mixture, it can be seen that, as long as
the atmosphere is not totally devoid of oxygen, the morphology is not "columnar-
like" and resembles that of pure oxygen (from 3.8a to 3.8d). Furthermore, the
stoichiometry of the film deposited in pure argon (for 10 Pa: 51.76% O, 33.61%
Mn, and 14.63% Zn) has an oxygen content lower than that at 1 Pa of oxygen and
approaches that of the vacuum deposition.

• The other possibility is that it is not directly, or only, stoichiometry that influences
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the final morphology and that there are other factors. Actually, the stoichiometry
of the sample in Ar has a slightly higher oxygen content compared to the sample
deposited in vacuum (so it has some "exceeding oxygen"), despite the similarity
in morphology. For example, the difference in the collisional cross-section of Ar
and O2 for the ablated particles could be a determining factor in the process. In
addition, the fact that oxygen is reactive and argon is not can change the energy of
the ablated species.

(a) (b)

(c) (d)

(e)

Figure 3.8: Cross-sectional SEM images of ZMO films deposited in 10 Pa of: (a) 100%
O2, (b) Ar:O2 2:1, (c) Ar:O2 5:1, (d) Ar:O2 9:1, and (e) 100% Ar.



46 3| Synthesis and structural characterization of as-deposited ZMO films

3.4. As-deposited ZMO Raman analysis

Raman spectra of as-deposited ZMO films produced at various oxygen pressures and 3.8
J/cm2 fluence are shown in Figure 3.9. The spectra shown correspond to the films de-
posited on silicon and analyzed with a red excitation source laser (660 nm). All the
spectra consist of broad bands centered around 600-650 cm−1, similar to those of amor-
phous manganese oxides. In the case of highly thin films, such as 1 Pa, the characteristic
silicon peak (520.7 cm−1) is visible in the spectrum. It can be seen that the band of the
film deposited in 1 Pa oxygen differs from the others. Indeed, it is red-shifted, less broad,
and the spectra of samples deposited at higher oxygen pressure appear to have a shoulder
around 500 cm−1 that is missing in the spectrum of the sample deposited at 1 Pa. The
vacuum-deposited film’s spectrum is not shown in Figure 3.9 because the silicon signal
dominates it.

Figure 3.9: Raman spectra of films deposited at 1 Pa, 30 Pa, 70 Pa, and 100 Pa of oxygen
on silicon (Laser: wavelength 660 nm, power 0.75 mW).
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3.5. Summary

The morphologies of the films deposited in oxygen vary from the most compact to the most
porous ones. From the electrochemical point of view, it has been described in Section 1.5.3
how a porous structure, with a nanostructured morphology, can help to alleviate the me-
chanical stress effects that the crystal undergoes during the intercalation/deintercalation
of the zinc and how it can increase the interface area with the electrolyte. The proper
balance must be found between a porous and a compact structure; in fact, a structure
that is too porous risks having poor mechanical properties and low adhesion. Moreover,
concerning stoichiometry, it has been shown how a different pressure can vary the elemen-
tal composition of the material; in particular, the manganese in films deposited in oxygen
atmospheres ≥10 Pa remains slightly sub-stoichiometric, which many articles claim to
be a favourable condition [31, 47] (see Section 1.5.3). Finally, the films discussed in this
chapter are amorphous (as the Raman spectra confirm) and do not have the crystalline
structure described in Section 1.5. The analyses in the following chapter, instead, were
performed on samples subjected to heat treatments to promote their crystallization.
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by thermal annealing

This chapter presents the study carried out on annealed samples. As mentioned in the
previous chapter, the pristine films obtained by PLD are amorphous. Raman spectroscopy
was the technique used to check whether the samples, after annealing, crystallized. There-
fore, the first section will present the state of the art of Raman spectroscopy of ZMO. The
second section will expose annealing parameters and focus on the effect that different tem-
peratures induce on Raman spectra, stoichiometry, and morphology. The third section
will again focus on the Raman spectra, stoichiometry, and morphology, but this time will
evaluate these aspects in relation to the deposition oxygen pressure, keeping annealing
conditions constant. Also in the third section, a comparison between as-deposited and
annealed films is presented. Finally, the last section will present optical measurements
made on crystalline ZMO films.

4.1. Raman spectroscopy of ZMO: state of the art

In this section, I want to present the state of the art in the analysis of the Raman
spectroscopy of ZMO. First of all, it should be clarified that attribution of the Raman
peaks is still not unique and conflicting assignations are found in different papers. The
group analysis for a crystal belonging to the I41/amd space group predicts 10 Raman-
active modes as follows:

Γ = 2A1g + 3B1g +B2g + 4Eg (4.1)

Experimentally, 9 modes are visible: 170 cm−1, 300 cm−1, 322 cm−1, 366 cm−1, 377
cm−1, 477 cm−1, 587 cm−1, 630 cm−1 and 678 cm−1.[76] Some of these modes are weak
and difficult to detect or isolate from background noise. These weak modes are: 170 cm−1,
477 cm−1 and 587 cm−1. Moreover, other peaks (300 cm−1, 366 cm−1, and 630 cm−1)
approach a nearest intense peak and become shoulders, not being properly distinguishable
anymore. Therefore, the main peaks used as a reference, also in my work, remain three:
the peak at 322 cm−1, the one at 377 cm−1, and finally the one at 678 cm−1. Figure 4.1a,
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(a)

(b)

Figure 4.1: (a) Raman spectra of ZnxMn3−xO4 for x=0.15–1.29 taken from [76]. (b)
Raman spectra of Mn3O4, ZnMn2O4 and MgMn2O4, taken from [44].
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Figure 4.2: Dependence of the Raman shift of mode at ∼300 cm−1 on the ionic radii (solid
circles) and A–O bond lengths (open circles) for AMn2O4 (A= Mn, Mg and Zn) spinels,
taken from [44].

taken from the article by Nádherný et al. [76], shows the spectra of zinc manganites with
the formula ZnxMn3−xO4 where the x varies from 0.15 to 1.29. The paper by Malavasi
et al. [44], also quoted in this text, follows a different approach by comparing materials
with the formula AMn2O4 with A = Zn, Mn, or Mg (Figure 4.1b). The nine peaks in the
figure are analyzed below and the reasoning followed by Nádherný et al. [76] is reported
for a possible assignment of the peaks. The position of the peak at 322 cm−1 does not
change for each value of x examined. Its relative intensity, on the other hand, decreases
with the decrease of zinc in stoichiometry. For x≤0.75 the most intense peak is the high-
frequency peak at 678 cm−1, while for x between 1 and 1.29 the most intense peak is the
low-frequency peak at 322 cm−1. This may suggest that the intensity ratio between the
two peaks it is related to the substitution of Mn/Zn in the octahedra of the material.
The small peak at 300 cm−1 is almost always visible and distinguishable from the main
peak at 322 cm−1. It is reported by Nádherný et al. [76] that the peak moves slightly at
lower frequencies as the Zn content decreases. According to Malavasi et al. [44], there is
a correlation between the energy of this peak and the length of the A-O bond. These two
theses are not in contrast because by lowering the content of Zn some Mn could enter as
substitution in Zn positions, hence forming Mn-O bonds substituting the previous Zn-O
ones. As reported in Figure 4.2, Mn-O bonds are associated with a longer bond length
and therefore lower frequencies. The peak at about 383 cm−1, lowering the Zn content,
moves towards lower frequencies (377 cm−1) and broadens.[76] As the peak at ∼383 cm−1

expands, the peak at 366 cm−1 is less identifiable and it is finally no more visible for x
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= 0.45. This mode between 377-383 cm−1 seems to be related to the cationic exchange
between Mn/Zn in the octahedra, too.[76] Finally, the third main peak at 678 cm−1 moves
towards lower frequencies as the Zn content decreases. When zinc is not present (x = 0)
and Mn3O4 is obtained (visible in Figure 4.1b), it reaches the minimum frequency of 654
cm−1. This peak at 678 cm−1 is assigned by Nádherný et al. [76] to the motion of the
oxygen atoms in the [ZnO4] tetrahedra and possesses A1g symmetry. In contrast to this
hypothesis, Malavasi et al. [44] assign this peak to the motion of the oxygen atoms in the
[MnO6] octahedra (always with A1g symmetry). The smaller peak at 630 cm−1 is clearly
identifiable for x> 1, and it melts into a shoulder as the zinc concentration subsides.[76]

4.2. Annealing effect on ZMO films

In this section, I discuss how the crystalline structure was obtained and what tests and
verifications were made. The films were annealed mostly at high temperatures in air using
a Lenton muffle furnace. Some annealing tests were also conducted in vacuum using a
home-made high-vacuum furnace.
First of all, it was necessary to understand at which temperature the films started to crys-
tallize and to check the temperature compatibility with the substrates. In particular, for
optical and electrochemical measurements glass and FTO-coated glass slides were used,
and the threshold temperature that these substrates could reach before starting to lose
their mechanical properties was around 550°C. The minimum temperature identified for
crystallization is 500°C for 2 hours in air and 1 hour in vacuum. In air at 400°C the films
remain amorphous and at 450°C crystallize only partially. For some selected samples (de-
posited at 1 Pa and 50 Pa of oxygen on silicon substrate), annealing tests were performed
at 500°C, 600°C, 700°C, 800°C for 2 hours in air, and at 500°C for 1 hour in vacuum. In
this section, we will compare the films subjected to these different annealing condition,
while the comparison between the annealed films and the as-deposited ones refers to the
next section.

After having thermally treated the samples, they were examined with Raman spec-
troscopy (excitation laser λ = 532 nm). The spectra obtained are compatible with those
reported in the literature discussed in the section, thus demonstrating crystallization
(Figure 4.3). Fittings with Lorentzian curves were performed on these spectra to assess
whether there were any recognizable trends as the annealing temperature varied. In this
section, the main peaks at 322 cm−1, 377 cm−1, and 678 cm−1 are referred to as P1, P2,
and P3, respectively. First, the position of the peaks has no significant variations or a
recognizable trend as a function of the annealing temperature. Since peak positions do
not shift significantly as a function of annealing temperature in air, an average of peak
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Figure 4.3: Raman spectrum of ZMO film deposited on FTO-coated glass at 50 Pa of
oxygen and annealed in air at 500°C for 2 hours.

positions on samples deposited at the same pressure but different annealing temperatures
is presented here. The average peak positions for the samples deposited at 1 Pa of oxygen
and annealed in air are P1 at 324 cm−1, P2 at 381 cm−1, and P3 at 674 cm−1. On the
other hand, the vacuum annealed sample deposited at 1 Pa of oxygen has the following
positions: P1 at 323 cm−1, P2 at 379 cm−1, and P3 at 670 cm−1. The samples deposited
at 50 Pa of oxygen have the following average positions for annealing in air: P1 at 325
cm−1, P2 at 383 cm−1, and P3 at 678 cm−1. While the one at 50 Pa of oxygen annealed
in vacuum shows: P1 at 326 cm−1, P2 at 378 cm−1, and P3 at 675 cm−1. As for the
intensity ratios between the main peaks, again (referring to the data presented for sam-
ples deposited at 1 Pa and 50 Pa of oxygen) there seems to be no correlation with the
annealing treatment received. As reference in Figure 4.4 the spectra acquired for the
samples deposited at 1 Pa of oxygen after the diverse air annealings are presented.
On the other hand, the full width at half maximum (FWHM) has a recognizable trend
with respect to the annealing temperature. As can be seen in Figure 4.5, the plot shows a
decreasing trend of the FWHM of the peaks as a function of the annealing temperature.
The FWHMs data for the vacuum-annealed samples are not shown in the plots, but they
are larger than all the annealed samples at a temperature ≥500°C in air. The sole excep-
tion is the P3’s FWHM of the sample deposited in 1 Pa of oxygen and vacuum-annealed
at 500°C, which is lower than the FWHM of the corresponding annealing at 500°C in air.
The explanation for this behavior is that a higher heat treatment temperature leads to
better crystalline quality and to larger crystal grains in the material.
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(a) (b)

Figure 4.4: Raman spectra (laser wavelength 532 nm, power 0.7 mW) of samples deposited
at 1 Pa of oxygen on silicon and annealed at different temperature for 2 h in air. In (a)
P1, P2 are visible; in (b) P3 is presented. All the spectra are normalized after removing
the signal of the silicon substrate.

(a) (b)

Figure 4.5: Peaks’ FWHM vs. annealing temperature in air for 2 h. (a) Sample deposited
in 1 Pa of oxygen. (b) Sample deposited in 50 Pa of oxygen.

The SEM images of the sample top surfaces also clearly show an increase in the grain
size of the material as the annealing temperature increases (Figures 4.6 and 4.7). It is
positive to note that even between the samples annealed equally at 500°C, larger grains
are observed in the ZMO films annealed in air compared to the films annealed in vacuum;
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and as mentioned above, this aspect is also well expressed by the Raman FWHM data.
The last aspect analyzed concerns stoichiometry, and also in this case it seems that the
application of different annealing temperatures in air does not cause a particular variation
in the atomic elemental content. The sample annealed in vacuum, on the other hand,
differs from those annealed in air, since the oxygen content is reduced by a few percentage
points and the zinc content is increased. A more in-depth analysis on the variation of
oxygen content between as-deposited an annealed samples is presented in the next section.

(a) (b)

(c) (d)

(e)

Figure 4.6: Top-view SEM images of samples deposited in 1 Pa of oxygen and annealed
at 500 (a), 600 (b), 700 (c), 800°C (d) in air for 2 h and at 500°C in vacuum for 1 h (e).
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(a) (b)

(c) (d)

(e)

Figure 4.7: Top-view SEM images of samples deposited in 50 Pa of oxygen and annealed
at 500 (a), 600 (b), 700 (c), 800°C (d) in air for 2 h and 500°C in vacuum for 1 h (e).

4.3. Deposition pressure effect on the annealed films

In this section, annealed samples are compared to as-deposited ones in term of morphology
and stoichiometry; in addition, the effect of deposition conditions on the Raman spectra
of crystalline ZMO samples is presented.
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4.3.1. Oxygen content

Figure 4.8 shows the oxygen atomic contents, measured by EDXS, of the samples deposited
at various pressures of oxygen before and after annealing. All the examined samples
underwent annealing in air at 600°C for 3 h, except for the samples denoted as 1v and 50v,
which were deposited at 1 Pa and 50 Pa of oxygen, but annealed in vacuum at 500°C for 1
h. The plot (Figure 4.8) clearly shows that regardless of the oxygen content of the pristine
sample, the oxygen content settles between 51% and 55% after the annealing. These
values are always sub-stoichiometric compared with the oxygen content of stoichiometric
ZnMn2O4 (57.14 %). Also, it is notable that among the films deposited from 10 to 100 Pa
of oxygen, the annealed samples exhibit a decreasing trend in the oxygen content with the
increasing pressure, with the lowest O contentment in the annealed sample deposited at
100 Pa. Therefore, it could be hypothesized that, given the more porous morphology of the
samples produced at higher pressures, they are more likely to lose excess oxygen during
annealing. Finally, it is foreseeable that vacuum annealed samples cannot incorporate
oxygen during annealing. This seems to be confirmed by the different behaviors of the
two samples deposited at 1 Pa. The one annealed in air incorporates oxygen and increases
its oxygen content, while the one annealed in vacuum (1v) loses oxygen compared to its
initial composition.

Figure 4.8: Samples’ oxygen content before and after annealing in air or vacuum. The
green line indicates the oxygen percent in the stoichiometric ZnMn2O4 as a reference.
The error bars are the standard deviations of five measurements taken at different points
for each sample.
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4.3.2. Morphology comparison

The morphology of the films undergoes changes during the annealing process. For com-
parison, the morphologies of all the samples produced before and after the annealing were
analyzed by SEM. Here (Figure 4.9), the cases of two films are presented, one compact
(produced at 1 Pa of oxygen) and one porous (produced at 100 Pa of oxygen); as-deposited
films are shown on the left, while annealed films (600°C in air for 3 hours) are on the right.
The first noticeable point is the formation of crystalline grains in the films, which further
confirms the crystallization of the material. In Figures 4.9b and 4.9d, crystal grains can
be observed in both top-view and cross-sectional SEM images of the film deposited at 1
Pa of oxygen. In the film produced at 100 Pa, the cross-sectional SEM images (Figures
4.9h and 4.10) reveal numerous crystals that give rise to a "knotted mesh", where the
original tree-like structures are replaced by small crystallites (50-70 nm) arranged into
columns. Often, the pre- and post-annealing films varied in thickness as can be seen by
comparing the cross-sections of 1 Pa (Figures 4.9c and 4.9d). In general, the morphology
of annealed films has a higher porosity and more voids, visible from the comparison of
the cross-sectional images. Finally, the film deposited at 100 Pa, which already had an
island-like topography when amorphous (Figure 4.9e), tends to accentuate this feature by
leaving even more space between one island and another. (Figure 4.9f). These considera-
tions, concerning these two examples, are general for all films deposited at various oxygen
pressures and subjected to annealing in air.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.9: Top-view and cross-sectional SEM images of as-deposited (on the left) and
annealed (on the right) ZMO films. (a)-(d) deposited at 1 Pa of oxygen, (e)-(h) deposited
at 100 Pa of oxygen.
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Figure 4.10: SEM cross-sectional image at higher magnification of the film deposited in
100 Pa of oxygen and annealed in air at 600°C for 3 h.

4.3.3. Deposition pressure effect on Raman spectra

A more quantitative analysis of the Raman spectra of annealed samples as a function of
the deposition oxygen pressures is presented in this section. All the films were deposited
with the same laser fluence of 3.8 J/cm2 and annealed in air at 600°C for 3 h. Raman
spectra were analyzed by the multi-peak fitting of the data using Lorentzian curves. The
plots representing the Raman shifts of the peaks, the widths of the peaks, and the relative
intensities (in the form of peak height ratio) are reported in Figures 4.12, 4.13, and 4.14.
The peaks are again indicated with the convention presented above, where P1 is the one
at ∼322 cm−1, P2 at ∼377 cm−1, and P3 at ∼678 cm−1. Analyses were also performed on
the peak at ∼300 cm−1 which was herein referred to as P0 (Figure 4.11). In all the plots,
the trend can be divided into two stages. The first stage concerns the samples deposited
in vacuum and at 1 Pa of oxygen, while the second one concerns all the other samples at
pressures equal to or higher than 10 Pa. The two samples deposited in vacuum and 1 Pa
exhibit measured values far from the others in almost all the plots. The samples deposited
at 10 Pa or higher seem to feature a slightly increasing plateau in the Raman shift (Figure
4.12) and intensity ratio (Figure 4.14) charts, and a decreasing one in the FWHM charts
(Figure 4.13) as the oxygen pressure increases. The first interpretation of these results can
be attributed to the effect of crystallinity. Since different deposition pressure gives rise to
different crystal sizes and orientations after annealing, the corresponding Raman spectra
may reflect this behaviour. However, looking at the obtained trends and comparing them
with Nádherný et al. [76]’s work, some similarities can be seen. Firstly, in [76] the relative
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(a) (b)

Figure 4.11: Raman spectra (laser wavelength 532 nm, power 0.7 mW) of samples de-
posited at different pressures of oxygen on silicon and annealed at 600°C for 3 h in air.
In (a) P0, P1, P2 are visible; in (b) P3 is presented. All the spectra are normalized after
removing the signal of the silicon substrate.

intensity of P1 with respect to P3 increases with Zn content, and the relative intensity
of P1 also increases, non-monotonically, with deposition pressure in my work. Secondly,
P0, P2 and P3 move toward higher frequencies with increasing Zn content according
to Nádherný et al. [76], and they also shift toward higher frequencies with deposition
pressure. Finally, P2 narrows as the Zn percentage increases, and the FWHM of P2
decreases as the pressure increases, so the peak also narrows. These correlations suggest
that the effect on the Raman spectrum of the crystalline material of an increase in oxygen
deposition pressure and an increase in the Zn content is similar. As a result, one may
speculate that, even after annealing in equal conditions, deposition pressure still affects
the sample by acting on the relative Zn/Mn content. To further test this hypothesis, zinc
content was analyzed by EDXS as a function of deposition pressure. Although it should
be stressed that the changes in Zn made by Nádherný et al. [76] are greater than those of
our samples noted with EDXS, the trends seem to match. Of course, further studies with
other characterization techniques such as X-ray photoelectron spectroscopy (XPS), X-Ray
Diffraction (XRD), and X-ray Absorption Spectroscopy (XAS) are needed to validate our
interpretation.
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Figure 4.12: Plot of Raman peak shift vs. deposition pressures.
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Figure 4.13: Plot of peaks’ FWHM vs. deposition pressures.
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Figure 4.14: Plot of height intensity ratio between P1 and P3 vs. deposition pressures.

4.4. Optical measurements

The optical measurements conducted on samples deposited at different oxygen pressures
and over a glass substrate are presented in this section. Deposition time at any oxygen
pressure was set in order to obtain a film thickness of ∼500-550 nm. There is no a
theoretical study about the optical properties of ZMO to refer to, and a few experimental
works exist.[77–79] Usually, ZMO is regarded to as a direct band-gap crystal (∼2.19
eV)[77]. In my work, the transmittance, reflectance, and absorbance curves of crystalline
ZMO samples deposited in vacuum and at 1 Pa, 10 Pa, 50 Pa, and 100 Pa of oxygen
and annealed in air at 500°C for 2h were measured. Crystallization to the expected ZMO
was verified by Raman spectroscopy. Optical curves are presented in Figure 4.15 after
normalization with respect to the glass substrate and to instrumental corrections.
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(a)

(b)

(c)

Figure 4.15: Transmittance (a), reflectance (b), and absorbance (c) curves of the crys-
talline ZMO films deposited at different oxygen pressures.



66 4| Crystallization of ZMO films by thermal annealing

The arrow in Figures 4.15a and 4.15c highlights the increasing deposition pressure. Look-
ing at Figure 4.15a and fixing a wavelength, such as 400 nm, transmittance increases
with increasing deposition oxygen pressure. On the other hand, in Figure 4.15c, fixing
the wavelength at 400 nm, the absorbance decreases with increasing deposition oxygen
pressure, as expected. Moving to the left on the wavelength axis (Figure 4.15c) the film
begins to significantly absorb around the low wavelengths at 700-800 nm. The reflectance
(Figure 4.15b) does not have a definite trend, however, always remains below 25 percent.
It is important to point out that the curves reported for the vacuum-deposited sample
should be taken with caution, as the Raman analysis of vacuum-deposited air-annealed
samples on glass reveals a spectrum that differs from that of ZMO (this behaviour does
not occur on silicon substrate for vacuum deposition or in any other film deposited on
glass).
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This chapter presents the preliminary electrochemical measurements and post-electrochemistry
Raman analysis performed on the samples.

5.1. Electrochemistry setup

The first issue to be addressed was the optimization of the setup. The intention was to
obtain an experimental setup that would allow electrochemical measurements simultane-
ously with in-situ Raman spectroscopy. Measurements, in this thesis, were made quasi-in
situ by acquiring the Raman spectra of the sample immediately after electrochemistry;
however, for future work, the setup has been refined and in-situ measurements will be
possible. The Teflon cell (Figure 5.1), made available by SoLINano-Σ and used in the
measurements, allows the working electrode (the ZMO film) to be inserted at the base. An
O-ring is inserted on top of the film, covered, and pressed by the cell. Inside the central
well, the liquid electrolyte can be inserted (∼1 mL). The cell is equipped with channels,
which were used to insert the two platinum wires acting as the counter electrode and the
quasi-reference electrode. The electrolytes adopted for the measurements are composed
of deionized water with zinc sulfate and/or manganese sulfate dissolved. The chemical
products employed for the electrolytes were: Zinc sulphate heptahydrate (Sigma Aldrich,
99.0%) and Manganese(II) sulphate monohydrate (Sigma Aldrich, 98%). The three elec-
trolytes used were: ZnSO4 2 M (ZS electrolyte), MnSO4 0.1 M (MS electrolyte) and
ZnSO4 2 M + MnSO4 0.1 M (ZMS electrolyte). The ZMS electrolyte was used in almost
all measurements, where, in addition to the Zn2+ ion being present for intercalation,
Mn2+ ions are also present to alleviate the dissolution problems mentioned in Section 1.4.
It was verified that in the potential ranges (listed below for CVs) and in the electrolytes
used for the measurements, the platinum quasi-reference remains at nearly constant po-
tential. Specifically, its potential value was measured in a two-electrode configuration to
be + 445 mV relative to the Ag/AgCl reference electrode, with a stability within a few
mV. Finally, the films used for the electrochemical measurements were all produced by
PLD at different oxygen pressures on FTO-coated glass substrates and then subjected to
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Figure 5.1: Teflon cell used in this work for electrochemical measurements.

Figure 5.2: ZMO deposited in 50 Pa of oxygen and annealed at 500°C for 2 h on FTO-
coated glass.

annealing in air at 500°C for 2 h. Deposition time at any oxygen pressure was set in order
to obtain a film thickness of ∼500-600 nm. The films exhibit poor electronic conductiv-
ity and require a conductive substrate to be used in electrochemical measurements. The
ZMO films were deposited on pre-defined regions of the substrate, by properly masking
it during the deposition, so one extremity of the conductive sample could be connected
away from the electrolyte via copper tape and copper wire to the potentiostat (Figure 5.2).
Commonly used metals, such as copper, are not stable in the potential ranges selected
and used in my measurements. On the other hand, conductive carbon substrates, like
glassy carbon, are prone to oxidation during the air annealing of the films. Therefore, the
choice fell on fluorine-doped tin oxide (FTO) coated on soda-lime glass slides [produced by
Sigma-Aldrich, total thickness (2.2 mm), FTO thickness (550 nm), sheet resistance (∼7
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Ω/sq), composition (SnO2 : F ∼1.85)]. Noble metals, such as gold or platinum, were also
good candidates. Initial evaporation tests of gold on silicon substrates were performed,
however, the gold-silicon adhesion was not sufficient to sustain the ZMO PLD deposition.
Instead, a platinum film was deposited on silicon by PLD. This route proved to be more
promising by withstanding annealing tests and succeeding in obtaining ZMO on top of
such substrates. Electrochemical tests on samples deposited on platinum, however, have
yet to be carried out. In addition, platinum is expensive and the preparation of samples
requires a two-step PLD route.

5.2. Cyclic voltammetry

Cyclic voltammetry (CVs) were performed on selected samples with the potential scan-
ning in a range of -0.75 V to +0.75 V vs. Pt-QRef., starting at 0 V, proceeding in
cathodic direction, and adopting a scan rate of 25 mV/s for eight cycles. These values
were chosen based on previous tests and agreed with Professor B. Bozzini (Battery Mate-
rials Engineering Laboratory (BMEL), Energy Department, Politecnico di Milano), who
led the work about the electrochemistry part. The electrolyte used for the CVs presented
here is ZMS. The CVs were performed on the samples deposited at 1 Pa, 50 Pa, and
100 Pa oxygen and annealed in air at 500°C for 2 h, in order to test the electrochemical
response of films with different porosity. The plot of the sample deposited at 1 Pa of
oxygen (Figure 5.3) shows a broad peak in the anodic region (oxidation, upper part of
the graph) at potential values that shift as cycles progress to more positive potentials,
moving from +0.2 to +0.6 V. In addition, a shoulder to the main oxidation peak (between
0 and +0.2 V) gradually rises during cycles. In cathodic region (reduction, lower part of
the plot), there are two peaks: one approximately stable around +0.25 V, and the other
moving to more negative potentials between -0.2 and -0.4 V as cycles progress. Both
the main anodic and cathodic peaks, in addition to moving towards larger potentials (in
absolute values), increase in current intensity exchanged during cycling. This behaviour,
which is observed in all the samples but is more relevant for the film deposited at 1 Pa,
is related to an increase in the electrode polarization during cycling at high scan rate,
which may be due to the formation of insulating/passivating phases at the interface. The
CVs of the sample deposited at 50 Pa of oxygen (Figure 5.4) show two close peaks in
the anodic region, between +0.3 and +0.6 V, which become more defined and shift as
the cycles continue. A shoulder similar to that observed in the CVs for the 1 Pa sam-
ple is observed around +0.2 V. In the cathodic region, on the other hand, the reduction
peaks are one between +0.4-+0.5 V and the other around 0 V. Finally, the CVs of the
sample deposited at 100 Pa of oxygen (Figure 5.5) show two close peaks in the anodic
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Figure 5.3: CVs performed in ZMS electrolyte on ZMO film deposited in 1 Pa of oxygen
and annealed in air at 500°C for 2 h.

Figure 5.4: CVs performed in ZMS electrolyte on ZMO film deposited in 50 Pa of oxygen
and annealed in air at 500°C for 2 h.
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Figure 5.5: CVs performed in ZMS electrolyte on ZMO film deposited in 100 Pa of oxygen
and annealed in air at 500°C for 2 h.

region between +0.3 and +0.6 V. The two peaks in the cathodic region are at +0.5 V
and between 0 and +0.1 V. After the initial cycles, this cyclovoltammetry appears to be
more stable than the previous ones, with the peaks shifting slightly. A comparison of the
last cycle for each sample is presented in Figure 5.6. The progression between the three
curves is observable with the film deposited at 1 Pa with only one peak in the anodic
region, which rises and begins to split at 50 Pa, and, finally, becomes narrower and with
two close peaks at 100 Pa. The increase of current before the anodic peak(s) is more
gradual for the samples deposited at 1 and 50 Pa of oxygen because of the presence of a
shoulder that rises during cycling; instead, a steeper increase is observed for the sample
deposited at 100 Pa. Similarly, the cathodic peaks move toward more positive potentials
gradually from 1 to 50 to 100 Pa. Morphology (due to different deposition pressures) thus
affects charge exchange during electrochemistry, directly influencing the area enclosed in
CV curves, peaks height (i.e., current), and reaction kinetics (consequently peaks shape).
In conclusion, the CVs obtained from my experiments are consistent with those reported
in the literature for ZMO samples[46, 51] (Figure 5.7), especially for the more porous
sample deposited at 100 Pa. They thus demonstrate, despite the study being at an early
stage, the compatibility of our films, deposited by PLD, with the electrochemical data
reported in literature for other ZMO nanostructures. Raman spectra of the samples were
acquired with the SoLINano-Σ’s Raman spectrometer (excitation laser = 532 nm) before
undergoing electrochemical measurements and after CVs (Figure 5.8). The frequencies
of the peak centers do not vary significantly, while for all the three samples a new band
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Figure 5.6: Comparison of the eighth CV cycle performed in ZMS electrolyte on ZMO
films deposited in 1 Pa, 50 Pa and 100 Pa of oxygen and annealed in air at 500°C for 2 h.

Figure 5.7: CVs curve at a scan rate of 0.1 mV/s of ZMO@PCPs as cathode in aqueous
ZIBs in mixed aqueous solution consisting of 1.0 M ZnSO4 and 0.05 M MnSO4 as elec-
trolyte. Taken from [46].
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is obtained around 480-500 cm−1 and the shoulder of peak P3 (∼ 676 cm−1) increases.
Finally, the height intensity ratio between P1 and P3 varies as P3 increases after CVs for
samples deposited at 1 Pa and 50 Pa of oxygen.
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(a)

(b)

(c)

Figure 5.8: Raman spectra acquired before (black) and after (red) CV (in ZMS) of the
samples deposited at 1 Pa, 50 Pa, and 100 Pa of oxygen and annealed in air at 500°C for
2 h, respectively. Excitation laser wavelength: 532 nm.
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5.3. Potentiostatic measurements

In order to study the evolution of the Raman spectra of the sample deposited at 100 Pa
oxygen during electrochemistry, a constant potential was applied to the film, trying to
force one reaction of those hypothesized in Section 1.5.3, such as intercalation and de-
intercalation of zinc. The values of the applied potentials were selected according to the
CV shown above: +0.6 V was applied to keep the film into the anodic region (oxidation),
while a potential of 0 V was applied for the cathodic region (reduction). The time of the
potentiostatic (PS) measurement was adjusted such that the measured current reached a
zero value, i.e., at the end of the reaction, or until a stable condition was reached.

Figure 5.9: Raman spectra of ZMO film deposited in 100 Pa of oxygen and annealed in
air at 500°C for 2 h. Spectra were acquired for pristine ZMO, after the CVs, and after
four PS tests (a-c in ZMS electrolyte, while d in ZS electrolyte, as indicated by *), applied
subsequently on the same sample. Excitation Laser: 532 nm.

Figure 5.9 shows the Raman spectra of the ZMO sample in different potential conditions.
The sample after the first PS (in ZMS electrolyte) at 0 V (cathodic polarization) seems
to be more similar to the pristine one, as the P3 peak shoulder lowers (in Figure 5.9 the
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spectrum a). The curve representing the current over time shows a negative current tend-
ing to 0, confirming that the film is in the cathodic region. After the anodic polarization
(+0.6 V, spectrum b in the Figure 5.9), on the other hand, the two low-frequency peaks
P1 and P2 seem to almost disappear, and peak P3 is incorporated into the shoulder, which
becomes a large band around 600 cm−1. Referring to the article by Yang et al. [46] (which
attributes peaks P1 and P2 to Zn-O vibrations), this behavior could be attributed to the
egress of zinc from the material, which results in the fading of the modes associated with
it and in the formation of amorphous manganese dioxide. In fact, in the anodic region
the reaction would be:

ZnMn2O4 → Zn2+ + 2MnO2 + 2e− (5.1)

with the oxidation state of manganese changing from Mn3+ to Mn4+. However, as dis-
cussed in the Section 1.5.3, the mechanisms that may occur during the electrochemistry
of ZMO are multiple. The article by Soundharrajan et al. [51] suggests that electrodeposi-
tion of manganese dioxide is an important process for electrochemistry in ZMS electrolyte.
Actually, the weakening of the zinc-associated modes (P1 and P2) of the material could
also be attributed to a covering of the film by electro-deposited manganese dioxide and
not to the egress of zinc from the ZMO. Another possibility is that the two mechanisms
may occur simultaneously. It should be remembered that the possible manganese diox-
ide electrodeposition reaction, which always occurs in the anodic region (oxidation), thus
simultaneously with the zinc deintercalation, is:

Mn2+
(aq) + 2H2O → MnOOH(s) + 3H+ + e−

MnOOH(s) → MnO2(s) +H+ + e−

(5.2)

(5.3)

with the manganese oxidizing from Mn2+ to Mn4+.[33] The fact that manganese dioxide
electrodeposition is involved is suggested by two experimental data: firstly, the PS curve
current vs. time at +0.6 V in ZMS shows a current that does not go to zero, but settles to
a positive value and remains constant, showing that a reaction is still going on; secondly,
a CV on bare FTO in ZMS electrolyte results in electrodeposition (see the Section 5.4).
To continue to test the material, check the reversibility of the electrochemical process, and
try to figure out what the main mechanism was, two more PS tests were performed. The
first (in Figure 5.9 spectrum c), again in ZMS electrolyte, was performed at 0 V to promote
the reduction reaction (make the zinc re-intercalate and/or dissolve the electrodeposited
MnO2). As it can be seen from the Raman spectrum, the ZMO peaks reappear, although
the shoulder associated with P3 still remains significantly more pronounced than that
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Figure 5.10: Raman spectra of electrodeposited MnOx on bare FTO after CV in ZMS
electrolyte. Excitation Laser: 532 nm.

of the pristine material. This latter effect may be due to either amorphization of the
material or persistence of MnO2 irreversibly deposited on the film.
Finally, the film was subjected to another oxidation step (+0.6 V, spectrum d in the
Figure 5.9), but this time in ZS electrolyte, thus eliminating the possibility of manganese
dioxide electrodeposition. In this case, the peaks associated with ZMO do not disappear,
while the current rapidly drops to zero. The P3 shoulder increases slightly from the
previous spectrum, still suggesting a modification of the material.

5.4. CV on bare substrate

Some electrochemical tests were performed on bare FTO-coated glass samples to evaluate
the stability of the substrate and the electrodeposition effects of the electrolytes, so as
to compare them with the CVs collected on ZMO films. The CVs conducted in different
electrolytes (MS, ZMS, and ZS) are presented in Figure 5.11. The CV parameters are
the same as those used for the ZMO films seen in Section 5.2. It can be seen in Figure
5.11a that the cycles in the MS electrolyte give rise to electrochemical activity showing
one peak in the anodic region and two peaks in the cathodic zone. The electrodeposition
of some form of MnOx can also be seen by naked eye as the formation of an amber-
colored film that reversibly, during cycling, deposits and dissolves. CVs using the ZMS
electrolyte (Figure 5.11b) also exhibit one peak with a shoulder in the anodic region and
two peaks in the cathodic zone, with electrodeposition and dissolution. Even in this case
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electrodeposition can be seen by naked eye and is confirmed by Raman spectroscopy,
Figure 5.10. However, the peaks are centered at more positive potentials, have a different
shape, and the currents involved are higher compared to the MS case. Finally, as expected,
the sample that is cycled in ZS (Figure 5.11c) shows no electrochemical activity as there
is no electrodeposition (no Mn2+).

5.5. Data tentative interpretation

As we have seen, electrodeposition certainly plays a role in the electrochemistry of ZMO
in ZMS electrolyte. For this reason, the absence of peaks in the Raman spectrum of
ZMO in the film held at +0.6 V potential (see spectrum b in Figure 5.9) may be due
only or partly to signal coverage by the electrodeposited manganese dioxide. At the same
time, considering the CV due to electrodeposition alone on bare FTO in MS electrolyte
(Figure 5.11a), it shows differences from both the CV on FTO in ZMS electrolyte (Figure
5.11b) and the CVs on ZMO deposited at various pressures (Figures 5.3, 5.4, and 5.5).
This suggests that the electrochemistry of the material is not due to electrodeposition
and dissolution of manganese dioxide alone, otherwise the CVs would all be much more
similar. For this reason, I agree with the hypothesis put forward by Soundharrajan et al.
[51] who argues, as schematized in the right part of Figure 5.12, that there are three active
processes in ZMS electrolyte:

1. Insertion and extraction of Zn2+ in the ZMO film;

2. Electrodeposition and dissolution of MnO2 from Mn2+ in the electrolyte;

3. Insertion of zinc into electrodeposited MnO2.

This explains how CVs in ZMS differ from bare FTO and ZMO films, the latter being re-
active beyond electrodeposition. It also explains the difference between CVs on bare FTO
performed in ZMS and MS electrolytes, as the third mentioned mechanism can only occur
in ZMS. Of course, further tests will be needed to verify that the hypothesis is correct
and to understand which mechanism provides the largest contribution in the ZMO films
produced by PLD. For example, techniques such as X-ray photoelectron spectroscopy
(XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), and Ion beam
analysis (IBA) can reveal more information.
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(a)

(b)

(c)

Figure 5.11: CVs on bare FTO-coated glass performed in different electrolytes: MS, ZMS,
and ZS, respectively.
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Figure 5.12: Electrochemical reactions inside ZnMn2O4/Zn cell in ZMS electrolyte.
Taken from [51].

Finally, it should be noted that in the last two spectra taken on the sample deposited at
100 Pa after the PS measurements, there is a peak at about 950 cm−1 and one immediately
above 1000 cm−1 (too small to be visible in Figure 5.9). These peaks are characteristic
of ZHS phase[80] (see Section 1.5.3)), a basic zinc sulphate that forms during discharge
because of proton insertion in the material and consequent pH increase in the electrolyte.
Indeed, SEM images of the sample deposited at 100 Pa after electrochemical tests (Figure
5.13) show scales similar to those presented in the article by Wu et al. [42] due to ZHS
deposition. This suggests that the latter process, accompanied by proton insertion, also
took place during the electrochemistry of my sample.
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Figure 5.13: SEM image of the sample deposited at 100 Pa of oxygen and annealed at
500°C for 2 h after all the electrochemical tests. The ZHS flakes are visible.
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developments

This thesis has focused on the synthesis and characterization of ZMO thin films. This
chapter highlights several achieved objectives and presents future developments and per-
spectives.

Firstly, the target used for PLD was analysed to understand its composition. ZMO thin
films with thicknesses ranging from 250 nm to 3 µm were achieved by changing the depo-
sition conditions and duration. It was shown how the fluence of the laser in PLD affects
the deposition rate. Through PLD and the use of different gases, different pressures of
the same gas, or vacuum deposition, it was shown how different morphologies and nano-
porosities can be obtained, focusing particularly on films deposited in oxygen. I described
how different oxygen pressures lead to different stoichiometries of the as-deposited films.
In addition, through the use of Raman spectroscopy, it was shown that the deposited
ZMO films are amorphous. The goal of this first part of the study was the optimization
of PLD parameters to obtain a film with targeted characteristics.

The next step was to heat treat the films. Several tests were performed to optimize anneal-
ing conditions in order to crystallize the films and evaluate thermal compatibility with
different substrates. It should be emphasized that I succeeded in obtaining crystalline
ZMO films by annealing, both in air and in vacuum, and crystallization to the expected
spinel phase was confirmed by Raman spectroscopy comparing to the literature’s ZMO
spectra.
A study of how different annealing temperatures affected the ZMO films was conducted,
focusing particularly on annealing in air, confirming that higher annealing temperatures
increase the crystalline grain size and improve the crystalline quality of the film.
I next studied how deposition in different oxygen pressures affected the crystallized sam-
ples (annealed under the same conditions) by evaluating their stoichiometry, morphology,
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and Raman spectra. The analysed samples were deposited in vacuum and at different
oxygen pressures (1 Pa, 10 Pa, 30 Pa, 50 Pa, 70 Pa, 100 Pa, and 150 Pa), finding marked
differences between the behaviours of films deposited in vacuum and at 1 Pa compared
to films deposited at higher oxygen pressures. The morphologies of the films deposited at
low pressure tend, even after annealing, to be more compact, while the films deposited at
high oxygen pressures (100, 150 Pa) show a crystalline nano-forest morphology. In partic-
ular, the latter morphology could be a favorable condition for the ZMO electrochemistry,
owing to the large surface area available for electrode-electrolyte interaction and to the
space suitable for accommodation of volume changes. By comparing the Raman spectra
of samples deposited at different oxygen pressures, a hypothesis was advanced that the
deposition pressure has a similar influence as the variation of the zinc content in the nom-
inal manganite formula. Finally, the optical transmittance, absorbance, and reflectance
of the samples were measured, and a basic optical characterization was carried out.

Electrochemical tests were initially successful, proving the effectiveness of the experimen-
tal setup and showing that the samples were electrochemically active in the expected
potential ranges and remained mechanically intact and adhered to the substrate. CVs
were acquired for samples deposited at different oxygen pressures and annealed in air
at 500°C, showing different electrochemical behaviour from each other, thus confirming
the influence of film morphology on performances. Potentiostatic tests were performed
on the sample deposited at 100 Pa of oxygen, along with quasi-in-situ Raman measure-
ments. The first information on the possible intercalation and deintercalation of zinc
from the ZMO film emerged from Raman spectroscopy performed after each PS mea-
surement. In addition, by running CVs over bare FTO-coated glass, it was verified that
using the ZMS electrolyte (containing both Zn and Mn(II) sulphate), electrodeposition of
manganese dioxide occurs. My hypothesis is that at least three mechanisms may occur si-
multaneously during electrochemical cycling on ZMO films: intercalation/deintercalation
of Zn2+ in the ZMO films, electrodeposition of MnO2, and insertion of Zn2+ into the
electrodeposited MnO2.

The future developments of this work may follow two main paths: 1) the further charac-
terization and production of ZMO films with optimized morphology and composition, and
2) the comprehension of the electrochemical behaviour of the material through extensive
electrochemical measurements. Additional perspectives for ZMO films are here listed.
As for short-term developments:

• films can be synthesized using different deposition gases and different gas mixtures,
extending the work that was done in this thesis with some deposition tests in argon
and argon-oxygen mixtures;
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• the effects of vacuum deposition and vacuum annealing can be studied extensively.
One can complete the series of vacuum annealing measurements by applying different
vacuum annealing temperatures to the deposited samples at all the oxygen pressures
discussed in this work;

• the stoichiometric composition of the film can be modified by adding zinc (so modi-
fying the subscript x in the manganite formula ZnxMn3−xO4) and trying to evaluate
the effects of its direct variation on the Raman spectra like the study of Nádherný
et al. [76]. Early trials in this field were carried out by adding some pieces of metallic
zinc onto the target to increase its content in the film during co-deposition; however,
the results were considered too immature to be included in this work;

• ZMO films for electrochemical purposes can be produced on platinum substrate de-
posited on silicon by PLD, further pursuing the work I have already started, and also,
experimentally confirming its compatibility with electrochemical measurements;

• electrochemical measurements can certainly be expanded by testing CVs also on
samples deposited at different oxygen pressures with respect to those seen in this
work;

• the scan rate used for the CVs presented in this thesis was quite high since they
were the very first tests, however, as mentioned in Section 2.5.1, lower scan rates
certainly can improve the results. Thus, acquiring CVs with lower scan rates (1-
10 mV/s) is certainly an interesting line of work, as well as the extensive test in
different electrolytes;

• in-situ measurements could be performed by combining Raman spectroscopy with
CV or PS measurements, thus monitoring in real time the material evolution during
electrochemical polarization;

• complementary techniques, such as X-Ray Diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and Fourier-transform infrared spectroscopy (FTIR), can be
employed before and after electrochemical measurements;

• finally, analyses using other characterization techniques, such as extended X-ray
absorption fine structure spectroscopy (EXAFS) and Ion beam analysis (IBA), can
help to clarify the redox mechanisms in the samples.

Regarding long-term development, one of the final accomplishments of the study could be
the realization of a complete zinc-ion cell (micro-battery) with a ZMO film as the cathode,
a Zn metal anode, and an aqueous electrolyte. Eventually, this cell can be used to measure
the fundamental battery parameters mentioned in Section 1.1, such as capacity, energy
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and power density, conversion efficiency, and calendar lifespan.

Concluding, even if a complete understanding of the subject has not been achieved, some
critical results have been accomplished and this work can be considered as a starting
point for both the further synthesis and characterization of the ZMO films by PLD and
the ZMO films electrochemistry research.
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