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1. Introduction
The interest in energy storage systems has been
growing. 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 strug-
gling to keep up with these demands. An electric
battery is a system for the storage of electric
energy consisting of one or more electrochemi-
cal cells with external connections for powering
electrical devices. Considering one electrochem-
ical cell, its main components are three: the
anode (negative electrode), the cathode (posi-
tive electrode), and the electrolyte. The most
common and widely used rechargeable battery
is the lithium-ion battery (LIB). Traditionally,
LIBs consist of a graphite anode (LiC6), a lithi-
ated metal oxide as the cathode (like LiCoO2),
and, finally, an organic liquid as the electrolyte.
The lithium ions migrate back and forth dur-
ing charging and discharging and are interca-
lated into the active materials of electrodes. In
LIBs, typical cathode materials contain cobalt,
which is one of the critical steps in the supply
chain. Cobalt is rare, expensive, and toxic. An-

other major limitation is the organic electrolyte,
which is difficult to recycle and poses safety con-
cerns due to flammability. In addition, lithium
metal is the ideal anode material, but it is highly
unstable. These limitations can be overcome by
zinc-ion batteries.

2. Zinc-ion batteries and ZMO
cathode

Zinc-ion batteries (ZIBs) are a promising stor-
age technology, particularly for stationary stor-
age applications. Non-toxic and abundant ma-
terials are used, and these batteries can provide
more specific power than LIBs. The key advan-
tages of ZIBs are:

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

2. The use of an aqueous electrolyte that is
low cost, non-flammable, non-toxic, safe,
highly-conductive, and versatile for design
modifications;

3. The stability of metallic zinc in the aqueous
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Figure 1: Zinc-ion battery scheme taken from
[1].

electrolyte, which allows its use in the bat-
tery without resorting to zinc compounds
and thus leading to a higher theoretical ca-
pacity.

In Figure 1, the scheme of the ZIB is presented.
The anode is composed of metallic zinc, and
the most common salt used for aqueous near-
neutral electrolyte is ZnSO4. The working prin-
ciple is the shuttle mechanism, where the charge
transfer 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 reac-
tion of the host cations. The development of
aqueous ZIBs is nowadays mainly aimed at find-
ing compatible cathodes and studying the asso-
ciated electrochemical mechanisms. Electronic
and ionic transport properties and reaction ki-
netics of the cathode affect the specific energy
and power of the ZIB. In the end, cathode
stability and integrity over the cycles are ma-
jor factors in the cycling stability of the bat-
tery itself. Manganese dioxide (MnO2) ma-
terials are particularly desirable candidates for
large-scale systems due to their abundance, easy
processing, ecofriendly nature, multiple oxida-
tion states of Mn, and low cost. The theoreti-
cal specific capacity for manganese oxide is 308
Ah/kg, with one electron transfer per formula
unit. In general, the manganese oxide active
materials undergo complex structural transfor-
mations from tunnel-like to spinel-like and lay-
ered phases on discharging. These transitions
of structure and phase, along with Mn2+ dis-
solution, lead to poor cyclability. It appears
that most of MnOx undergo irreversible phase

transformation into spinel ZnMn2O4 after mul-
tiple charge/discharge cycles. The zinc mangan-
ite ZnMn2O4 (ZMO) material is recently stud-
ied as one of the possible cathodes for ZIBs. Its
structure is composed of tetrahedral and octahe-
dral sites, partially occupied by divalent cations
and trivalent cations, respectively. Unfortu-
nately, although ZMO as cathode material has a
theoretical specific capacity of 224 Ah/kg[2], ex-
periments show that stoichiometric bulk ZMO is
unfit for Zn2+ insertion due to the high electro-
static repulsion among Zn ions with the lattice
cations.[3] By acting on the stoichiometry and
morphology of the material, good electrochem-
ical performances can be obtained. There are
different strategies to enhance the ZMO electro-
chemical performance, among them:

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, reduc-
ing the repulsion and improving the transfer
kinetics.

2. Nanostructured ZMO and morphology
modifications.
Changing the morphology allows having
more active sites in the material, increas-
ing the conductivity (due to the shorter
path) and the diffusion. Moreover, reduc-
ing the crystal size or developing some pe-
culiar morphologies can alleviate the strain
on the structure due to volume changes dur-
ing electrochemical cycles.[3]

The ZMO electrochemical mechanism is not
yet clear. Although the insertion/extraction
of zinc ions is one of the most accred-
ited mechanisms[2], there are also studies re-
porting on the mechanism of H+/Zn2+ co-
insertion/extraction, intercalation of H+ only,
and dissolution/deposition reactions [4]. The
objectives of this thesis are:

1. The production of nanostructured ZMO
thin films using Pulsed Laser Deposition
with the aid of different gas atmospheres
during deposition.

2. The characterization of the produced mate-
rials by different techniques and the corre-
lation of the material properties to the pa-
rameters used in the synthesis process.

3. The conducting of some preliminary elec-
trochemical tests aimed at observing the
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material response and at characterizing the
material changes in the aged samples.

3. Synthesis and structural
characterization of as-
deposited ZMO films

In this thesis, I chose to produce ZMO thin films
using the Pulsed Laser Deposition (PLD) tech-
nique. These films were then characterized via
Scanning Electron Microscopy (SEM), Energy
Dispersive X-ray Spectroscopy (EDXS), and Ra-
man spectroscopy. Most of the samples were
deposited using PLD in vacuum or oxygen at-
mosphere using a laser fluence of ∼3.8 J/cm2 on
silicon substrates. Other deposition parameters
were used for some specific tests. For example,
I deposited films with different laser fluences to
relate this parameter to the deposition rate and
to the films’ morphology, showing that, as the
fluence increases, the film morphology becomes
more and more compact. For the next analysis,
the fluence was maintained constant and only
the oxygen deposition pressure was varied (from
vacuum to 150 Pa). SEM images acquired show
a more compact morphology for depositions in
vacuum and at oxygen pressures up to 70 Pa,
while at higher deposition pressures (100 Pa and
150 Pa) the film appears to be formed by forest-
like nanostructures with extensive nano-porosity
(Figure 2). The increase of film porosity from
vacuum to 150 Pa of oxygen is accompanied by
a decrease of density and increase of surface area.
Characterization of samples deposited in vac-
uum and at various oxygen pressures continues
with stoichiometry analysis measured by EDXS.
Figure 3 shows the percentage trends of the el-
emental compositions of the films. Films de-
posited 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 exhibits a plateau where the stoichiom-
etry stabilizes and becomes almost constant ir-
respective of oxygen deposition pressures. Fi-
nally, the Raman spectra of as-deposited ZMO
films produced at various oxygen pressures and
3.8 J/cm2 fluence are shown in Figure 4. All the
spectra consist of broad bands centered around
600-650 cm−1, indicating an amorphous nature
of the film. It can be seen that the band of the
film deposited in 1 Pa oxygen differs from the

(a)

(b)

Figure 2: SEM images of as-deposited ZMO
films produced at 30 and 150 Pa of oxygen, re-
spectively, and with 3.8 J/cm2 laser fluence.

Figure 3: O, Mn, and Zn atomic content in as-
deposited ZMO films at different oxygen depo-
sition pressures, as obtained by EDXS measure-
ments. For comparison, dashed lines indicating
the theoretical stoichiometry of ZnMn2O4 are
reported.
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Figure 4: Raman spectra of ZMO films de-
posited at 1 Pa, 30 Pa, 70 Pa, and 100 Pa of
oxygen on silicon substrate (laser wavelength =
660 nm, power = 0.75 mW).

others. Indeed, it is red-shifted, less broad, and
does not present a shoulder around 500 cm−1

that is present in the other spectra.

4. Crystallization of ZMO films
by thermal annealing

As mentioned above, pristine films obtained by
PLD are amorphous. Raman spectroscopy was
used to check whether the samples, after anneal-
ing, are crystalline. In agreement with literature
data about Raman spectra of spinel oxides[5],
the spectra of annealed ZMO films present four
main peaks identified in this work as P0, P1,
P2, and P3 (Figure 5). These peaks are al-
ways present in my crystallized samples (except
for P0 which is sometimes not distinguishable),
however, the positions of the peaks, their width,
and the intensity ratio between P1 and P3 may
vary. I have verified that the minimum anneal-
ing temperature for good film crystallization is
500°C, both in air and in vacuum. Selected sam-
ples (deposited at 1 Pa and 50 Pa of oxygen
on a silicon substrate) were annealed at 500°C,
600°C, 700°C, and 800°C for 2 hours in air and at
500°C for 1 hour in vacuum to investigate the ef-
fect of different annealing conditions on the film
crystallization. The effect on the film was an
increase in crystalline grain size as a function
of annealing temperature (with smaller crystals
for vacuum annealing at 500°C), visible both in
SEM images and in the FWHM reduction of Ra-
man peaks.

Figure 5: Raman spectrum of ZMO film de-
posited on FTO-coated glass at 50 Pa of oxygen
and annealed in air at 500°C for 2 hours. Exci-
tation laser: λ = 532 nm, 0.7 mW.

Figure 6: Samples’ oxygen content before and
after annealing in air or vacuum. The green line
indicates the oxygen percent in the stoichiomet-
ric ZnMn2O4 as a reference. 1v and 50v indi-
cate films annealed in vacuum. The error bars
are the standard deviations of five measurements
taken at different points for each sample.

A study on the effect of deposition oxygen pres-
sure on films subjected to the same heat treat-
ment follows. Moreover, I present a comparison
of films deposited under the same conditions be-
fore and after annealing. The oxygen content
(measured by EDXS) after annealing performed
in air at 600°C for 3 h or under vacuum at 500°C
for 1 h settles between 51% and 55% regardless
the oxygen content in as-deposited films (Figure
6). The morphology of the films changes during
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Figure 7: SEM cross-sectional image of the film
deposited in 100 Pa of oxygen and annealed in
air at 600°C for 3 h.

the annealing process. The first noticeable point
is the formation of crystalline grains in the films,
which further confirms the crystallization of the
material. In the film produced at high pres-
sure of oxygen (e.g., 100 Pa), the cross-sectional
SEM images reveal numerous crystals that give
rise to a "knotted mesh", where the original
tree-like structures are replaced by small crys-
tallites (50-70 nm) arranged into columns (Fig-
ure 7). In general, the morphology of annealed
films exhibits greater porosity and more voids
compared to as-deposited films. The last part
of this analysis concerns the influence of differ-
ent oxygen deposition pressures on the Raman
spectra of the annealed films (Figure 8). For
the peaks P0, P1, P2, P3, I evaluated the peak
positions, FWHMs, and height intensity ratios
by fitting the spectra with Lorentzian functions.
The result is that films deposited in vacuum or 1
Pa have, in the spectra, different characteristics
compared to films deposited at higher oxygen
pressure. Moreover, in general, there are differ-
ences in the Raman spectra as a function of the
oxygen deposition pressure, with an observable
shift in peak position and a reverse of the P1/P3
intensity ratio. The first interpretation of these
results can be attributed to the effect of crys-
tal size: since different deposition pressures give
rise to different crystal sizes and orientations af-
ter annealing, the corresponding Raman spec-
tra may reflect this behaviour. However, look-
ing at the obtained trends and comparing them
with Nádherný et al. [5]’s work (which analyses
the Raman spectra of ZnxMn3−xO4 samples in
which the relative content of Zn and Mn is var-
ied), some similarities can be seen. One may
speculate that, the actual Zn/Mn content in the

(a) (b)

Figure 8: Raman spectra (laser wavelength =
532 nm, power = 0.7 mW) of samples deposited
at different oxygen pressures on silicon and an-
nealed at 600°C for 3 h in air. In (a) P0, P1, P2
are visible; in (b) P3 is presented. All the spec-
tra are normalized after removing the signal of
the silicon substrate.

crystalline spinel phase is affected by the depo-
sition conditions.

5. Early electrochemical tests
on ZMO films

This section presents the preliminary
electrochemical measurements and post-
electrochemistry Raman analysis performed on
selected ZMO samples. The experimental setup
employed consisted of a Teflon cell, the ZMO
film as the working electrode, one platinum
wire as the counter electrode, and one platinum
wire as the quasi-reference electrode. The elec-
trolytes adopted for the measurements (∼1 mL)
consisted of deionized water with zinc sulfate
(2M) and manganese sulfate (0.1M) dissolved
(ZMS electrolyte), where MnSO4 additive
alleviate the Mn2+ dissolution from ZMO film.
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 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.
Cyclic voltammetries (CVs) were performed on
selected samples with the potential scanning in
a range of -0.75 V to +0.75 V vs. Pt-QRef.,
starting at 0 V, proceeding in cathodic direc-
tion, and adopting a scan rate of 25 mV/s
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Figure 9: Comparison of the eighth CV cycle
performed in ZMS electrolyte on ZMO films de-
posited on FTO-coated glass at 1 Pa, 50 Pa, and
100 Pa of oxygen and annealed in air at 500°C
for 2 h.

for eight cycles. The CVs were performed on
samples deposited at 1 Pa, 50 Pa, and 100 Pa
of oxygen to test the electrochemical response
of films with different porosity. A comparison
of the last cycle for each sample is presented in
Figure 9. The progression between the three
curves is observable, with the film deposited at
1 Pa with only one broad 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[2, 4],
especially for the more porous one (100 Pa).
They thus demonstrate, despite the study being
at an early stage, the compatibility of my films,
deposited by PLD, with the electrochemical
data reported in the literature for other ZMO
nanostructures.
In order to study the evolution of the material
during electrochemical polarization, subsequent

Figure 10: Raman spectra of ZMO film de-
posited at 100 Pa of oxygen and annealed in air
at 500°C for 2 h. Spectra were acquired for pris-
tine ZMO, after the CV, 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.

constant potentials were applied to the film
deposited at 100 Pa and the corresponding
Raman spectra were acquired at the end of
the potentiostatic (PS) test. 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 the sample was kept at 0 V to promote the
reduction. The sample after the first PS at 0 V
(cathodic polarization) seems to be more similar
to the pristine one, as the P3 peak shoulder
lowers (in Figure 10 the spectrum a). The
curve representing the current over time shows
a negative current tending to 0, confirming
that the film is in the cathodic region. After
the anodic polarization (+0.6 V, spectrum b
in the Figure 10), on the other hand, the two
low-frequency peaks P1 and P2 seem to almost
disappear, and peak P3 is incorporated in a
large band around 600 cm−1. Referring to the
article by Yang et al. [2] (which attributes peaks
P1 and P2 to Zn-O vibrations), this behaviour
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
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of amorphous manganese dioxide. In fact, in
the anodic region the reaction would be:

ZnMn2O4 → Zn2+ + 2MnO2 + 2e− (1)

with the oxidation state of manganese changing
from Mn3+ to Mn4+. The article by Soundhar-
rajan et al. [4] suggests that electrodeposition 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 from the Mn2+ in the elec-
trolyte and not to the egress of zinc from the
ZMO. The third PS (in Figure 10 spectrum c),
again in ZMS electrolyte, was performed at 0
V to promote the reduction reaction (to induce
the zinc re-intercalate and/or dissolve the elec-
trodeposited MnO2). As can be seen from the
Raman spectrum, the ZMO peaks reappear, al-
though the shoulder associated with P3 still re-
mains significantly more pronounced than that
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
Figure 10), but this time in an electrolyte con-
taining ZnSO4 2M only (ZS electrolyte), thus
eliminating the possibility of manganese dioxide
electrodeposition. In this case, the peaks associ-
ated with ZMO do not disappear, while the cur-
rent rapidly drops to zero. The shoulder before
P3 increases slightly compared to the previous
spectrum, still suggesting a modification of the
material.
Some electrochemical tests were performed also
on bare FTO-coated glass substrates to evalu-
ate the stability of the substrate itself and the
electrodeposition effects of the electrolytes, so
as to compare them with the CVs collected on
ZMO films. The CVs conducted in different elec-
trolytes are different from each other. CVs in
ZS show no electrochemical activity as there is
nothing to electrodeposit. Considering the CV
due to electrodeposition alone on bare FTO in
MnSO4 0.1M (MS electrolyte), it shows differ-
ences from both the CV on FTO in ZMS elec-
trolyte and the CVs on ZMO deposited at var-
ious pressures. This suggests that the electro-
chemistry of the material is not due to electrode-

position and dissolution of manganese dioxide
alone, otherwise the CVs would all be much more
similar. For this reason, I agree with the hypoth-
esis put forward by Soundharrajan et al. [4], who
argues that there are three active processes in-
volving ZMO in ZMS electrolyte:

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

2. Electrodeposition and dissolution of MnOx

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 reac-
tive beyond electrodeposition. It also explains
the difference between CVs on bare FTO per-
formed in ZMS and MS electrolytes, as the third
mentioned mechanism can only occur in ZMS.
In addition, as pointed out by SEM images
and Raman/EDXS analyses on the aged sample,
zinc hydroxy sulphate hydrate (ZHS) phase was
probably formed on the film surface, suggesting
the participation of protons in the electrochem-
ical mechanism.

6. Conclusions
In conclusion, the main objectives have been
achieved. I was able to produce via PLD thin
films of ZMO by varying the morphology and
stoichiometry of the material by depositing them
at different oxygen pressures (and in vacuum).
It should be stressed that the modification of the
morphology and the variation of the stoichiome-
try of ZMO are two of the possible strategies to
increase its electrochemical performances. The
characterization of ZMO films produced in an
oxygen atmosphere is extensive and covers dif-
ferent experimental conditions for both pristine
and annealed films. Finally, the first electro-
chemical tests, although they need to be ex-
tended, have already given useful insights into
the mechanisms occurring in the ZMO samples.
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