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"Someone is sitting in the shade today because someone
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Abstract

Vanadium oxides (VOx) have been extensively investigated due to their many phases
and range of properties, such as eletrochromic, thermochromic and electrochemical. There-
fore, this promising materials may be implemented as energy efficiency materials in many
sectors like military, industrial, domestic and transport.

In the present dissertation VOx phases and nanostructures have been synthesized
by hydrothermal synthesis using microwave irradiation as heating source. The synthesis
parameters, such as reducing agent, dissolution method and the hydrothermal parameters
temperature, reducing agent concentration and ratios were vary and studied to observe
their impact in morpholy and the resultant VOx phase.

Several pure and combination of VOx phases were achieved, such as VO2 (B), V6O13,
V3O7, VO2 (M2) and V2O5. The structural composition and morphology of the as-obtained
powders were characterized by X-ray diffraction (XRD) and scanning electron microscopy
(SEM), respectively. Additionally, to observe a possible transition temperature of the
samples a thermogravimetry and differential scanning calorimetry (TG-DSC) analysis
were performed.

Furthermore, nanosheets were layered in fluorine doped tin oxide (FTO) and Indium
tin oxide (ITO) and applied as cathode, with a maximum current of 1.75 mA for ITO and
1.46 mA for FTO.

Keywords: Vanadium oxides, hydrothermal synthesis, microwave irradiation, nanosheets,
phase transitions.
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Resumo

Os óxidos de vanádio têm sido extensivamente investigados devido à sua diversidade
de fases e variedade de propriedades, tais como eletrocrómicas, termocrómicas e eletroquí-
micas. Por isso, estes materiais promissores podem ser implementados como materiais
energeticamente eficientes em vários setores, nomeadamente, militar, indústria, doméstico
e transportes.

Na presente dissertação as fases e estruturas de VOx foram sintetizadas por método
hidrotermal usando como fonte de aquecimento a radição por microondas. Os parâmetros
de síntese, tais como agente de redução, método de dissolução e os parâmetros hidrotermais,
temperatura, concentração do agente de redução e rácios foram variados e estudados de
forma a observar o seu impacto na estrutura morfológica e na fase de VOx resultante.

Várias combinações de fases VOx foram alcançadas, nomeadamente VO2 (B), V6O13,
V3O7, VO2 (M2) e V2O5. A composição estrutal e morfológica dos pós obtidos, foram
caracterizados por difração de raios-X (DRX) e microscopia eletrónica de varrimento
(SEM), respetivamente. Adicionalmente, para observar uma possível transição de fase por
aumento de temperatura das amostras, foram realizadas análises de termo-gravimetria e
de calorimetria diferencial de varrimento (TG-DSC).

Ademais, nanosheets foram depositadas em fluorine tin oxide (FTO) e indium tin oxide
(ITO) e aplicadas como cátodo com uma corrente máxima de 1.75 mA para o ITO e 1.46
mA para o FTO.

Palavras-chave: Óxidos de vanádio, síntese hidrotermal, radiação por microondas, nanoshe-
ets, transições de fase.
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Motivation and objectives

With the fast evolution of technology it is important to explore and optimize strategies
to reduce the energy on demand and store it. Industrial, transportation and domestic are
worldwide sectors which consume finite primary resources, such as, petroleum, coal and
natural gas.

Although there was a rapid response, by using renewable resources, due to the inherent
environmental problems associated with fossil fuels, like global warming and climate change,
it is vital to reduce energy usage and heat loss in buildings by enhance the energy efficiency
of the structures.

Vanadium oxides have been extensively investigated due to their large variety of ox-
idation states and wide range of promising potential applications in a variety of sectors,
since they are still a source of innovative developments.

The aim of this work is to study the influence of several parameters, such as molar ratio,
temperature, reducing agent concentrations, dissolution method and reducing agents in the
hydrothermal synthesis of vanadium oxide nanoparticles phases and morphologies using
hydrothermal synthesis assisted by microwave irradiation and their possible application.

V6O13, V3O7, V2O5 and VO2 (B) nanoparticles were obtained by microwave irradiation
in laboratory, analysed and characterized in CENIMAT.

xxiii
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Introduction

Nowadays with the increase use of energy due to climate change impact it is imperative to
reduce the loss of energy used in buildings and transportation. The need for renewable and
intelligent energy control was the start for the research for new materials, their evolution
and optimization [1]. In this regard, functional materials and energy efficiency devices,
like thermochromic, electrochemical and electrochromic materials have become a subject
of research [2].

Vanadium oxides have been widely studied due to their peculiar chemical, physical and
electrical properties and promising potential applications such as cathode in lithium-ion
batteries [5], infrared sensors [5], thermochromic windows [6], optical devices and adaptive
infrared camouflage technology [7]. Vanadium generally presents synthesis difficulties due
to its existence in several oxidation states [8].

Figure 1.1: Phase diagram of vanadium oxides, where the Magnéli series is highlighted in blue and
the Wadsley series is highlighted in green [9].

Their oxidation states (2+ to 5+), correspond to a diversity of oxides, including single
valence oxides (e.g. VO2 and V2O5) and mixed valence oxides (e.g. V4O6 and V6O13) as
shown in table 1.1 [10, 11].

Table 1.1 show different vanadium oxide phases and their correspondent transition
temperature, crystalline structure, and space group.

Vanadium oxide phases and corresponding crystalline structure, such as VO2 (A)
tetragonal, VO2 (M) monoclinic-rutile and VO2 (R) tetragonal-rutile have thermochromic
features and optical switching properties [12], while VO2 (B) monoclinic, V6O13 monoclinic
and V2O5 orthorhombic present high electrochemical capacity [16–18].

With their unique colour change, electrochromic materials have a reversible change in
their optical characteristics due to external applied voltages allowing industrial applications,
in particular smart windows, optical shutters in airplanes sunglasses and reflective displays
[3].
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1. INTRODUCTION

Table 1.1: Vanadium oxide compounds and VO2 polymorphs.

Phase Tc [°C] Crystalline structure (CS) Space group (SG) Ref.
VO2 (A) 162 Tetragonal P42/ncm [12]

VO2 (B) - Monoclinic C2/m [12]

VO2 (M) 68 Monoclinic-Rutile P21/c [13]

VO2 (R) 68 Tetragonal-Rutile P42/mnm [12, 13]

V6O13 -123, -218 Monoclinic C2/m [14]

V2O5 257 Orthorhombic Pmmn [14, 15]

Electrochromic materials are distinguished by properties that are reversible, through
the application of electrical current or voltage [19]. This field is quickly expanding in
regard to implement windows and glass facades for energy-efficient buildings, since energy
efficiency in the buildings has often been forgotten as an opportunity for CO2 reduction
[19].

Electrochromic window devices are capable to control the solar radiation passage by
applying a small voltage, their colour and optical properties changes allowing an effective
way to regulate the solar transmittance [2, 19, 20]. As a result a change occurs in trans-
mittance of the visible and near infrared spectra depending on the presence and absence
of external voltage on the electrochromic layer [2].

This windows are constituted by a substrate, TCO, working electrode (cathode, counter
electrode (anode) and an electrolyte as exemplified in figure 1.2.

Figure 1.2: Schematic illustration of a generic electrochromic (EC) device design. The arrows
illustrate the transport of positive ions in an electrical field [19].

Thermochromic materials, can vary their properties with the variation of temperature
in a certain range. This effect can be described as the material ability to modify its
reflection properties, in a certain region of the electro-magnetic spectrum, because of
temperature variations [4].

Nevertheless, thermochromic vanadium oxides has some performance limitations namely,
a temperature transition (TC) at 68 °C, which is a high value for daily applications, an
inadequate modulation of solar energy (∆Tsol) and poor luminous transmittance (Tlum).
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1.1. VANADIUM DIOXIDE (VO2)

1.1 Vanadium dioxide (VO2)

VO2 is a particularly fascinating system for investigators due to his herculean structural
diversity [21]. During the past few years, VO2 (B) has increased the interest of researchers
in the field of energy technologies, because of its layered structure and moderate work
potential connected to a high energy capacity [22]. In addition, this polymorph can be
transformed into VO2 (A), (R) and (M) [12, 21, 22].

For the reason explained above, the majority of the studies efforts have been dedi-
cated to the improvement and elaboration of 1D nanostructured VO2 (B) materials (e.g.,
nanorods, nanowires, nanoribbons, nanospheres and nanobelts) and their electrochemical
performances [22].

Among the numerous crystalline VO2 phases reported (e.g. VO2(A), VO2(B), VO2(C),
VO2(M), VO2(R)) [12, 4, 23–25] the monoclinic phase, VO2 (M), presents a metal-to-
insulator (MIT) phase where a reversible structural change occurs from infrared-transparent
semiconducting phase (VO2 (M)), to an infrared-translucent metallic phase (VO2 (R)),
exhibiting a high IR reflectance. In other words, VO2 (M) is transparent to infrared radi-
ation, below transition temperature (TC), and reflects part of the near infrared radiation
(NIR) above TC [4, 26, 27]. Only VO2 (M) has a fully reversible MIT when heated above
its TC [13].

Figure 1.3: Crystalline structures of monoclinic VO2 (M) (a) and rutile type VO2 (R) (b). The
gray and red balls denote V and O atmos in the cells,respectively. The titled zig-zag like V atmos
(marked with V1–V–V2 in(a)) become equidistant (V atoms marked with V1–V–V1 in(b)) after
the metal-insulator phase transition [26].

The change in the optical properties makes VO2 (M) a potential candidate for applica-
tions in buildings materials, since it presents an automatic response to an environmental
temperature change without the use of a switching device [4, 27, 28].

Smart windows, Fig. 1.4, for example are an excellent application of this polymorph
for daily use. Despite that, TC must be lowered near to room temperature (25-30ºC), in
order to decrease the energy usage [29]. In this regard by doping VO2 (M) TC can be
minimized with high valence cations, such as Nb5+, Mo6+, Ta5+ and W6+ and adjust the
solar modulation and transmittance [29, 30]. To increase TC low valence cations, like Ti2+

and Ga3+, are used. [29].
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1. INTRODUCTION

Figure 1.4: Example of a thermochromic window with vanadium dioxide [2].

Also, the modulation of solar energy ∆Tsol (integral transmittance between 240 nm and
2600 nm) is insufficient and luminous transmittance Tlum (integral transmittance between
380 nm and 780 nm) is low [29, 31]. To increase these values to the desirable Tlum>40%
and ∆Tsol>10%,there are many approaches including the addition of an anti-reflection
coatings and doping [32, 33].

Many methods were reported in literature to produce VO2 (M), such as gas-based
deposition like physical vapour deposition (PVD) [34], atmosphere pressure chemical vapour
deposition (APCVD) [34], aerosol assisted chemical vapour deposition (AACVD)[14, 29]
among others, however, these techniques imply high costs, complex equipment and require
vacuum or reduced pressure conditions [14].

Solution based synthesis, such as hydrothermal or solvothermal method and sol-gel
synthesis [35, 36], are a large scale and low cost way of production, uses low temperature
and allows to adjust the parameters during the reaction [16, 4, 37].

1.2 Hexavanadium tridecaoxide (V6O13)

Currently, with the increase of portable electronic consumer devices, electric vehicles, and
large-scale electricity storage in smart or intelligent grids, the search for rechargeable
batteries that can repeatedly generate clean electricity from stored materials and convert
reversely electric energy into chemical energy with efficient electrochemical reliable energy
storage and conversion has increased [38, 39]. In addition, adopting ways to minimise
energy utilization and energy conservation is an important demand to decrease the amount
of CO2 originated from energy production [19].

V6O13 is a mixed-valence compound belonging to the Magnéli phase (VnO2n−1) as an
intermediate between VO2 (V4+) and V2O5 (V5+) [16, 40, 41]. At high temperatures has a
paramagnetic metallic behaviour, while at low temperatures has a semiconductor-to-metal
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1.2. HEXAVANADIUM TRIDECAOXIDE (V6O13)

transition TC at -123ºC and an antiferromagnetic transition at -218ºC [40, 41].
Among the vanadium oxides, V6O13 is a potential candidate as a battery cathode

material for Li-ion batteries (LIB) and as a supercapacitor due to its electrochemical
properties [16, 42] and fully reversible insertion/discharge (lithiation) process. V6O13

passes through a succession of phase transitions, and hosts as many as six Li atoms per
V6O13 unit [14], as shown in figure 1.5.

Figure 1.5: Schematic illustration of the movement of lithium in LixV6O13 [10].

The operating properties of a battery depend not only on the structure, but also on the
morphology of the electrode components [22, 42]. Many morphologies have been reported
such as, nanosheets [5, 10], belt-like particles [43], micro-flowers [38], nano-architectures
[16], hollow-flowers [42] among others.

Although there are no conclusions in which morphology is better, nanosheets offer
a good electrolyte ion storage spaces and faster transport path for electrolyte ions and
electrons, guiding the improvement of electrochemical behaviours [44].This structure turns
possible the contact between the cathode material and electrolyte, inducing a more active
absorption and abruption of Li ions in the cathode material [10].

The synthesis of stoichiometric V6O13 is difficult because of the possible lattice defect
in the metastable V6O13, which might involve a stacking disorder during the oxidation/re-
duction [10]. Several methods to synthesise V6O13 have been reported either physical or
chemical.

By physical deposition there are CVD [45] and PLD [46], between others, however,
physical methods are expensive and their experimental conditions are energy consuming
[43]. Nonetheless, the most used are hydrothermal and solvothermal routes [16, 43] since
it is more advantageous due to low cost manufacturing and ultra-low power consumption.

Many hydrothermal synthesis have been reported by S. Xu [5], Y. Zang [43], H. Fei
[38], G. Mutta [16], Z. Huang [42], N. Peys [11], Z. Zou [10], among others.

In this work microwave irradiation is prefered as heat source over conventional oven due
to its many advantages, such as a faster reaction in reduced time because of the internal
heating on the vessel is developed by the friction and collision between molecules, control
of certain parameters which in conventional heating is not possible and energy saving [4,
47].
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Materials and methods

2.1 Materials

Vanadium pentoxide (V2O5, from Sigma-Aldrich, assay > 98 %), oxalic acid dihydrate
(C2H2O4.2H2O, from Merck, assay > 99.5%), citric acid (C6H8O7, from Sigma-Aldrich,
assay > 99.5 %), Tungsten trioxide (WO3, from Sigma-Aldrich, assay > 99.9 % ), deionized
water (H2O), ethanol (C2H6O) and isopropyl alcohol (C3H8O).

2.2 Hydrothermal synthesis of VOx

Two procedures were performed, the first with oxalic acid and the second with citric acid
[48] as reducing agents. Vanadium pentoxide was fixed at 0.5 g, 25 g/L of vanadium
pentoxide concentration, and all powders were used without further purification.

Vanadium pentoxide and oxalic acid dihydrate, 1:(1-4) (V2O5:oxalic acid) molar ratio
respectively, were dissolved in 20 mL of deionized water by sonication or magnetic stirring
from 30 minutes to 2 hours. At this stage the solution, initially yellow, turns to green
indicating that V5+ was not completely reduced to V4+.

Hydrothermal synthesis was carried out by microwave irradiation where the parameters
temperature and pressure were kept in the range of [140, 180] (°C) and [150, 250] (Psi),
respectively and time was held constant at 20 minutes. After cooling, in the microwave, the
resultant black powder was filtered from the supernatant blue solution and centrifugated
with deionized water, ethanol or isopropyl alcohol for several times. Finally, the as-prepared
powder was dried by a vacuum process at 65 °C for 12 hours.

The prepared samples were then annealed in a furnace in high purity nitrogen atmo-
sphere, to prevent oxidation, and cooled down until room temperature. The chemical
reaction of vanadium oxide formation from vanadium pentoxide can be represented by
equation 2.1.

V2O5 +C2H2O4 ·2H2O 2VO2 + 2CO2 + 3H2O (2.1)

The second procedure was conducted with citric acid (Sigma-Aldrich, 99,5%) and vana-
dium pentoxide (Sigma-Aldrich 98%), 1:(1-3) (V2O5:citric acid) molar ratio respectively.
The powders were dissolved in 20 mL of deionized water by stirring for 1h and 30 min-
utes. As written above, the yellow solution turns into green implicating that V5+ was not
completely reduced to V4+.

The hydrothermal synthesis was lead and the product also cooled in the microwave,
as represented by the chemical equation 2.2. The deposited powder was filtered from the
supernatant blue solution and centrifugated with isopropyl alcohol for a few minutes, a
number of times. At last, the prepared powders were dried by a vacuum process at 65 °C
for 12 hours.
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2. MATERIALS AND METHODS

The resultant powder was then annealed in a furnace in high purity nitrogen, as well,
to prevent oxidation.

V2O5 +C6H2O4 + 3O2 2VO2 + 6CO2 +H2O (2.2)

Also, in order to dope the resultant powders a small amount of tungsten trioxide was
added to the solutions prepared using 26 and 50 g/L of citric acid and to the 50 and 67
g/L of oxalic acid before the dissolution occurred. The following steps remained the same
as written above.

2.3 Characterization Methods

Morphological characterization of the synthesized powders was performed by scanning elec-
tron microscopy (SEM-FIB Carl Zeiss AURIGA CrossBeam) with an Oxford X-ray energy
dispersive spectroscopy (EDS) which allows detection of chemical elemental composition
of the sample.

To analyse the phase of the VOx samples X-Ray diffraction (XRD) was performed using
a PANalytical X’Pert PRO MPD X-ray diffractometer, equipped with an X’Celerator 1D
detector and using CuKα radiation. The XRD data were acquired in the Bragg-Brentano
configuration and the samples were scanned from 10° to 90° 2θ with a step size of 0.033° 2θ
and accumulating a time of 33 s per 2θ position.For phase identification the XRD patterns
of the samples were compared to standard patterns from the Inorganic Crystal Structure
Database (ICSD).

In order to observe the transition temperatures thermal analysis was conducted by
thermogravimetry and differential scanning calorimetry (Simultaneous Thermal Analyser
(TGA-DSC–STA 449 F3 Jupiter)), where 25 mg of as-prepared powders were loaded into
an open Pt/Rh crucible.

Two analysis were performed, the first under inert atmosphere starting at room tem-
perature for annealing and the second under a oxidizing atmosphere with a heating rate
of 10 K/min from room temperature until 260 °C to observe a possible phase transition
temperature.

A UV-vis-NIR Spectroscopy PerkinELmer Lambda 950 analysis with temperature was
performed with a Harrick’s Praying Mantis reflection accessory equipped with a reaction
chamber from 250 nm to 2500 nm, which permits to observe the optical reflectance be-
haviour of the sample. The temperature of the powders was controlled using Harrick’s
automatic temperature controller. IR emission measurements of the powedrs were comple-
mented by using an IR camera (DIAS infrared system – PYROVIEW 380L / 50Hz / 30°
x 23° compact). Due to a lamp change at 800 nm noise is observed in the graphics.
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Results and discussion

3.1 VOx synthesis using citric acid as reducing agent

3.1.1 Influence of process parameters on VOx morphology

In this section the procedure of the synthesis was kept constant, namely stirring for ninety
minutes, temperature at 180 °C, pressure at 250 Psi, power at 250 W, while stirring; citric
acid concentration; 26 g/L and 50 g/L concentrations and washing process were varied to
assess if these parameters would influence VOx morphology. The following SEM images
show the powders washed with isopropyl alcohol.

SEM images (Fig. 3.1), reveal that the stirring method has an important role in mor-
phology. First, it is important to note that the prevailing structure in VO2 nanoparticles
is nanoplatelets regardless of the concentration used (26 g/L or 50 g/L citric acid).

Althought the samples with concentration of 26 g/L, 1:1 (V2O5:citric acid) molar ratio,
show a homogeneous structure in each phase, magnetic stirring originates rounded ag-
glomerates, while with sonication there is aggregation of nanoplatelets. The nanoplatelets
structure is originated by the liquid-exfoliation derived from the sonication, as reported
in literature [49].

In contrast, each sample with 50 g/L of citric acid concentration 1:2 (V2O5:citric acid)
molar ratio, appears with two phases, loose nanoplatelets and rounded agglomerates as it
is possible to observe in Fig. 3.1 b.

Figure 3.1: Morphology difference between a) and b) magnetic stirring and c) and d) sonication.
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3. RESULTS AND DISCUSSION

The resultant powders prepared using 50 g/L of citric acid as reducing agent, with 1:2
(V2O5:citric acid) molar ratio, magnetic stirring for one hour and thirty minutes at 180
°C were then washed with either deionized water (Fig. 3.2 a)) or ethanol (Fig. 3.2 b)).

From the direct analysis of the SEM images (Fig. 3.2), since they present an aggregated
spherical shape in both SEM images the cleanse of the resultant powders with deionized
water or ethanol has no impact in the nanostructures.

However, by comparing with the sample of 50 g/L concentration, 1:2 (V2O5:citric acid)
molar ratio, washed with isopropyl alcohol, Fig. 3.1 b), the nanostructures are completely
different, except for the aggregation of the particles present in the three samples.

Figure 3.2: Washing the resultant powders with a) deionized water and b) ethanol.

3.1.2 Influence of the synthesis parameters

3.1.2.1 Reagent concentration and ratios

Concentrations and reagent ratios play an important role in the achievement of VOx phases,
since to the synthesis process initiate V(5+) must be reduced to V(4+).

The experimental molar ratio ranged from 1:(1-4)(V2O5:citric acid), however, only
1:(1-2) molar ratio, corresponding to 26 g/L and 50 g/L of citric acid concentrations,
had a resulting black powder in a blue solution, while ratios from 1:(3-4) had just a
supernatant blue solution and no VOx powders were obtained, as stated in Table 3.1.
Further experiments were carried out, namely the annealing of the powders, in an inert
atmosphere, to see if a phase change occurred, the results can be observed in Table 3.2.

XRD analysis of the annealed samples were carried out to determine the VOx phases
for each annealing temperature. The results of the XRD diffractograms are represented in
Fig. 3.3.

10



3.1. VOx SYNTHESIS USING CITRIC ACID AS REDUCING AGENT

Table 3.1: Summary of molar ratios, citric acid concentrations and resultant powders.

(V2O5:citric acid) molar ratio Citric acid concentration (g/L) Resultant powders

1:1 26 VO2 (B)

1:2 50 VO2 (B)

1:3 79 -

1:4 105 -

Table 3.2: Results of the as-prepared powders at different annealing temperatures.

Temperature (°C)

Citric acid concentration (g/L) 300 350 400 450

26 VO2 (B) VO2 (B) V2O5 + V3O7 +
V6O13 V6O13 + V2O5

50 VO2 (B) V3O7
VO2 (B) +
VO2 (M2)

Fig. 3.3 a), shows the diffraction patterns of the 26 g/L sample. The main peaks
may be indexed to VO2 (B) (ICSD #01-081-2392), space group C2/m, lattice parameters
a=12.0930 Å, b=3.7021 Å and c=6.4330 Å, with the main planes (110), (001) and (002).
With the temperature increasing until 350 °C the peaks remained mostly unchanged,
leading one to believe that there is no structural change in the sample.

Starting at 400 °C a possible combination of phases is observed, between mono-
clinic V6O13 (ICSD #01-075-1140), space group C2/m, lattice parameters a=11.9220 Å,
b=3.6800 Å and c=10.1380 Å, with the main peaks (110), (003) and (200) and orthorhom-
bic V2O5 (ICSD #98-002-2114 ), space group P m m n, lattice parameters a=3.5640 Å,
b=11.5120 Å, c=4.3680 Å, with the main orientation planes (001), (110) and (040).

At 450 °C new peaks appear and a new combination of phases is seen. The peaks
(-111), (600) and (204) may appear from a monoclinic V3O7 phase (ICSD #01-071-0454),
space group C2/c, lattice parameters a=21.9210Å, b=3.6790Å and c=18.3410Å.

For the samples with 50 g/L, Fig. 3.3 b), each temperature reveals a different phase.
At the temperature of 300 °C the main indexed peaks are presumed to VO2 (B) (ICSD
#01-081-2392), with the same peaks described before. While at the 350 °C a monoclinic
V3O7 phase (ICSD #01-071-0454) may be the pure phase represented, since the indexed
peaks in the diffraction samples correspond to the relative intensity of the pattern.

Also, a possible presence at 450 °C of monoclinic VO2 (M2) (ICSD #98-005-6236),
space group C2/m, lattice parameters a=9.0830 Å, b=5.7630 Å and c=4.5320Å, (201),
with 2θ values of 36.9° correlated with (220) and (20-1) planes, 27.7° with (20-1) and (201)
planes, and 55.3° with (421) orientation plane, respectively. A plane overlaid of the first
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3. RESULTS AND DISCUSSION

two 2θ values is likely, since the peaks are broad. In addition, monoclinic VO2 (B) (ICSD
#01-081-2392) may be indexed to several peaks of the same diffraction pattern.

Firstly, based in the investigated results, it is possible to conclude that different con-
centrations lead to different phases, since a thermochromic phase is observed at 50 g/L of
citric acid concentration, whereas V2O5 orthorhombic phase appears at 26 g/L of citric
acid concentration, leading to the belief that concentration is a critical factor in the VOx

synthesis.

However, as the XRD diffractograms show, increasing temperature boosts the prob-
ability of a phase combinations occurring, because in both concentrations at 450 °C a
combination of two or more phases is achieved. This may happen because during the an-
nealing time, the pressure of nitrogen may not have been enough to have a fully converted
phase. Lattice parameters were taken from the correspondent diffraction pattern.

Figure 3.3: XRD diffractograms of samples with a) 26 g/L and b) 50 g/L citric acid concentrations
at different annealing temperatures.

After the XRD analysis a DSC thermogram of the 50 g/L annealed at 450 °C was
conducted to investigate if a possible phase transition was present. The VOx powder
obtained with 50 g/L of citric acid concentration and annealed at 450 °C were analysed
under an oxygen atmosphere from room temperature to 260 °C.

In Fig. 3.4 the DSC thermogram shows a small broad endothermic peak at 81 °C and
at 155 °C for the 50 g/L of citric acid concentration sample. To confirm the results the
analysis was runned twice and the outcome remained similar.

Usually, the monoclinic thermochromic phase of VO2 appears with a transition tem-
perature of 68 °C for the transition metal-insulator (MIT) [13, 4], however the current
results do not fit in the thermochromic behaviour.
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3.1. VOx SYNTHESIS USING CITRIC ACID AS REDUCING AGENT

Figure 3.4: DSC thermogram, in air, of the 50 g/L of citric acid concentration annealed powder at
450 °C.

3.1.2.2 Synthesis temperature

The study of hydrothermal synthesis temperature impact was carried out by varying the
temperature from 140 °C to 190 °C and by keeping the remaining parameters constant,
namely 50 g/L of citric acid concentration, 1:2 (V2O5:citric acid) molar ratio, magnetic
stirring for ninety minutes, pressure at 250 Psi, 250 W of power and the resultant powders
washed with isopropyl alcohol. Fig. 3.5 reveals how the crystalline structure is influenced
by synthesis temperature. A likely pure phase of VO2 (B) (ICSD #01-081-2392) was
obtained at 160 °C, 170 °C and 180 °C , since the main peaks (110), (001) and (002) were
indexed.

Figure 3.5: XRD diffraction patterns of the resultant powders of 50 g/L of citric acid concentration
samples synthesized at different temperatures.

As can be seen in Fig. 3.5, at 140 °C, 150 °C and 190 °C the samples did not show a
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good crystalline structure to index peaks to a specific phase with confidence.
According to literature the formation of VO2 (B) by hydrothermal synthesis assisted

by microwave irradiation starts at 160 °C [4]. The results in Fig. 3.5 are consistent with
literature, since temperatures below 160 °C and above 190 °C do not lead to a good
crystalline structure.

Taking everything into consideration, due to a combination of high temperatures (160,
170 and 180 °C) and pressure (250 Psi) from the hydrothermal synthesis assisted by
microwave irradiation a good crystalline structure of a VO2 (B) phase is reached.

3.1.3 Influence of doping with WO3 on VOx properties

Doping with different oxides can be used to change the properties of VOx, in specific its
transition temperature. WO3 is the most common dopant used in VO2 due to its high
valence cations which replace vanadium atoms in its crystal structure [4].

The procedure of the doped powders start with the dissolution of citric acid, concentra-
tion of 26 g/L, 1:1(V2O5:citric acid) molar ratio and 50 g/L, 1:2(V2O5:citric acid) molar
ratio, vanadium pentoxide and 0.0310 g (3 wt% and 2 wt% of WO3, respectively) of WO3

in deionized water under magnetic stirring for ninety minutes. Then, a hydrothermal
treatment, at 180 °C, was carried out. After the cooling, the as-prepared powders were
washed three or more times with isopropyl alcohol.

XRD analyses were carried out as shown in Fig.3.6 to confirm the presence of WO3

and VOx, respectively. The diffractograms note (002), (020), (200) and (202) main peaks
corresponding to monoclinic tungsten oxide, space group P21/n (ICSD #00-043-1035), for
both concentrations and orthorhombic V2O5 (ICSD #98-002-2114 ), space group P m m
n, with the main peaks (001), (110) and (040) for 26 g/L. For the 50 g/l concentration no
VOx phase was possible to index.

Figure 3.6: XRD diffractograms of as-prepared doped VOx powders with the diffraction patterns
corresponding to V2O5 and WO3.

14



3.2. VOx SYNTHESIS USING OXALIC ACID AS REDUCING AGENT

It is interesting to note that 26 g/L of citric acid sample have intense VOx peaks, while
in 50 g/L of citric acid sample, WO3 peaks are more intense. In addition, after annealed
the doped powders crystalline structure remained unaltered.

These results lead to the conclusion that a combination of VOx and WO3 phases was
achieved since it is possible to identify the separated phases, not knowing if the W atoms
are diffused in the crystalline structure of VOx.

SEM images were taken before and after annealing, Fig. 3.7, to observe if doping
would have an impact in the morphological structure of the samples. As first impression a
morphological difference is perceived, since at the sample prepared using 26 g/L of citric
acid only loose and agglomerate nanoplatelets are observed, while at 50 g/L of citric acid
concentration rounded spherical shape structures are surrounding the nanoplatelets, as
shown in Fig. 3.7 b) and d), respectively.

Also, the spherical shape structures do not appear in the 26 g/L sample, which can be
attributed to the beginning of WO3 diffusion in the crystalline structure of VOx. Since
the concentration of WO3 used was the same in both concentrations (26 g/L and 50 g/L
of citric acid) the structural difference may be due to the reaction kinetics, leading to the
belief that a lower concentration of reducing agent benefit the diffusion of W atoms into
the crystalline structure of VOx.

Figure 3.7: SEM images of the doped powders a) and b) before and c) and d) after annealing.
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3.2 VOx synthesis using oxalic acid as reducing agent

3.2.1 Influence of process parameters on VOx morphology

Similarly to what was performed when using citric acid as reducing agent, SEM images
were taken to perceive if the different oxalic acid concentrations (67, 50, 35, 25 and 18
g/L), washing and dissolution method impact morphology.

The 50 g/L of oxalic acid concentration, 1:3 (V2O5:oxalic acid) molar ratio, and 35 g/L
of oxalic acid concentration, 1:2 (V2O5:oxalic acid) molar ratio, samples were synthesized
under the same hydrothermal parameters, temperature at 180 °C, a dissolution of two
hours and washed with deionized water.

The effect of stirring on morphology of the resultant material is clearly evident when us-
ing 50 g/L oxalic acid concentration (Fig. 3.8) since the sonicated powders have nanosheets
and the magnetic stirred powders nanoplatelets, while, the not stirred sample does not
present a specific morphology. The presence of nanosheets in Fig. 3.8 a) can be explained
due to the liquid-exfoliation lead by sonication, as reported in literature [49].

For the resultant powders of 35 g/L oxalic acid concentration, Fig. 3.9, similar morpholo-
gies are shown. Nanoplatelets are in both concentrations, nevertheless, in the magnetic
stirred samples the particles are thinner than the sonicated samples, leading to believe
that sonication and magnetic stirring did not significantly influenced the morphology, in
this specific concentration.

Figure 3.8: SEM images of the as-prepared powders prepared with oxalic acid concentration of 50
g/L, using a) sonication, b) magnetic stirring and c) non-stirred.

By comparing the nanoplatelets structure, the 35 g/L oxalic acid concentration appears
with a square shape, whereas the 50 g/L oxalic acid concentration has a rectangular shape,
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leading to the conclusion that concentration influence the morphology and the dissolution
method at higher concentrations.

Figure 3.9: Direct comparison of dissolution methods, a) magnetic stirring and b) sonication, of
35 g/L oxalic acid concentration.

For the observation of the oxalic acid concentration influence, the resultant powders of
samples prepared with 18, 25, 35, 50 and 67 g/L oxalic acid concentration were dissolved
under magnetic stirring for one hour and thirty minutes, synthesized under the same
hydrothermal parameters, temperature at 180 °C, and washed with isopropyl alcohol.

In Fig. 3.10 it is possible to observe that by increasing the concentration the morphol-
ogy evolves from a non specific structure, to aggregated nanoplatelets to well structured
nanosheets.

Figure 3.10: SEM images of a) 18 g/L, b) 25 g/L, c) 35 g/L, d) 50 g/L and e) 67 g/L oxalic acid
concentrations.
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The direct analysis of the SEM images allows the deduction that oxalic acid con-
centration has an important role in morphology of the resultant powders. Also, low
concentrations of oxalic acid, namely 25 and 35 g/L, induces nanoplatelets agglomeration,
whereas high concentrations, namely 50 and 67 g/L of oxalic acid, creates nanosheets, as
already observed previously.

The influence of the washing step was determined for the resultant product of 25 g/L
oxalic acid concentration. A molar ratio of 1:1.44 was dissolved with magnetic stirring for
ninety minutes, a 160 °C temperature for hydrothermal synthesis and washed with ethanol,
Fig. 3.11 a) and with ispropyl alcohol Fig. 3.11 b).

The SEM images below reveal the same morphological structure, nanoplatelets, how-
ever with different shapes for each powder. The one washed with ethanol shows a loose
square shape nanoplatelet, while with isopropyl alcohol an aggregated rectangular shape
nanoplatelet is observed. Being nanoplatelets the basic structure, it is possible to infer
that washing only influences the structures shape.

Figure 3.11: SEM images of the as-prepared powders washed with a) ethanol and b) isopropyl
alcohol.

3.2.2 Influence of the synthesis parameters

3.2.2.1 Reagents concentration and ratio

As reported in literature [13, 50] reagents ratios and concentration have an important role
in order to fully reduce vanadium (5+) to (4+) and obtain VO2. Molar ratio ranged from
1:(1-4) (V2O5:oxalic acid), however, samples synthesized with molar ratios higher than 1:3
did not achieved a resultant powder, as Table 3.3 shows.

All samples were synthesized under the same hydrothermal parameters, temperature
at 180 °C, dissolved under sonication for two hours and washed with deionized water.
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Table 3.3: Oxalic acid concentrations and molar ratios.

Molar ratio Concentration (g/L) Resultant powder
1:1 18 V2O5

1:1.44 25 VO2 (B)

1:2 35 VO2 (B)

1:2.08 38 -

1:1.51 44 -

1:3 50 VO2 (B)

1:3 67 VO2 (B)

1:1.51 75 -

1:2.78 100 -

From Table 3.3, samples with 35 and 50 g/L, 1:2 and 1:3 (V2O5:oxalic acid) molar ratios
respectively, were chosen to be annealed at different temperatures under inert atmosphere.
In Table 3.4 XRD results of the annealed powder are summarised. In Fig. 3.12 the XRD
diffraction patterns can be seen.

The diffractograms of the samples prepared with oxalic acid concentration of 35 g/L
before annealing shows, VO2 (B) monoclinic space group C2/m (ICSD #01-081-2392),
lattice parameters a=12.0930 Å, b=3.7021 Å and c=6.4330 Å, with the main directions
(001), (110) and (002). While at 350 °C and 550 °C the present phase is V2O5 orthorhombic,
space group P m m n (ICSD #98-002-2114), lattice parameters a=3.5640 Å, b=11.5120
Å and c=4.3680 Å, where the (001), (110) and (040) main directions are present.

The XRD diffractograms corresponding to the sample prepared with 50 g/L of oxalic
acid concentration suggests the phase VO2 (B) monoclinic (ICSD #01-081-2392) before
annealing and at 350 °C, with the main planes (001), (110) and (002) and V6O13 phase
(ICSD #01-075-1140) emerge at 300 °C with the main peaks (110), (003) and (-401).

It has been reported in literature that the following phases can be originated in the
order VO2 → V6O13 → V2O5 [8] and V6O13 → VO2 → V2O5 [16], because V6O13 is an
oxidation state between V(5+) and V(4+), while in VO2 (B) only V(4+) is present.

From this direct analysis it is possible to conclude that the concentration of the reducing
agent, in this case oxalic acid, has indeed an influence in the production of a certain VOx

phase, after annealing. Samples with lower concentration resulted in VO2 (B) and V2O5,
which also appear in the lower concentration (26 g/L of citric acid) of Fig. 3.3 a), while
with the higher concentration of oxalic acid the thermochromic phase was not observed.
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Figure 3.12: XRD diffractograms patterns of the annealed as-prepared VO2 (B) powders with a)
35 g/L and b) 50 g/L of oxalic acid concentrations.

Table 3.4: Annealing temperature results of the samples prepared using 35 g/L and 50 g/L of
oxalic acid concentration.

Temperature (°C)

Oxalic acid concentration (g/L) Before annealing 300 350 550

35 VO2 (B) V2O5 V2O5

50 VO2 (B) V6O13 VO2 (B)

For the sample prepared using 50 g/L of oxalic acid concentration, 1:3 (V2O5:oxalic
acid) molar ratio, a DSC thermogram analysis and a UV-vis-NIR reflectance spectroscopy
test of the annealed powder at 550 °C were performed. The DSC thermogram was carried
out from room temperature to 200 °C under oxidizing atmosphere, and shows a very broad
peak at 119.5 °C, Fig.3.13 b). So, further DSC analysis under the same conditions were
carried out to see if the very broad peak was maintained, and the new results continue
with the same value. Also, all powders prepared with 35 g/L, 67 g/L and 25 g/L of oxalic
acid show a value in a range between 114 °C to 119 °C in their DSC thermogram.

After the DSC thermogram, to observe if the as-prepared powder had an optical change,
a UV-vis-NIR reflectance spectroscopy analysis was performed to the same annealed powder.
The sample was first analysed at room temperature and then in a 20 °C interval. In Fig.
3.13 a), an overall 2% difference in reflectance was obtained between 25 °C and 180 °C,
besides, this value is sufficient to conclude that the annealed powder does not show a
thermochromic behaviour.

With further interpretation of all results, the powders corresponding to the VO2 (B)
and V6O13, do not present a thermochromic behaviour.
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Figure 3.13: Analysis of a) reflectance pattern of the annealed as-prepared sample prepared using
50 g/L of oxalic acid concentration powders and b) DSC thermogram.

3.2.2.2 Synthesis temperature

The analysis of the temperature influence during the hydrothermal synthesis was carried out
by varying the temperatures from 140 °C to 200 °C while keeping constant the remaining
variables, namely a sample prepared with 50 g/L 1:3 (V2O5:oxalic acid) concentration, two
hours of sonication, pressure at 250 Psi, power at 250 W, twenty minutes of hydrothermal
synthesis and washing with deionized water.

XRD diffraction patterns represented in Fig. 3.14 demonstrate samples prepared using
50 g/L of oxalic acid concentration on a range of temperatures from 140 °C to 180 °C.
At 190 °C the result was a supernatant blue solution and the temperature of 200 °C was
never reached during the hydrothermal synthesis due to the limitation of the equipment.

With the temperature increase, the crystallinity of the samples increases and different
VOx phases appear. At 140 °C the current phase peaks may be attributed to V2O5

orthorombic (ICSD #98-002-2114), while at 150 °C no diffraction peaks could be properly
identified.

From 160 °C a probable pure monoclinic phase of V6O13 (ICSD #01-075-1140), with
the main planes (110), (003) and (220) is observed, while at 170 °C and 180 °C the
orientation main planes (110), (001) and (002) may be attributed to the monoclinic VO2

(B) phase (ICSD #01-081-2392).

High temperatures are beneficial for the formation of higher degree crystallization of
VO2 (B) at 180 °C, however, temperatures over 190 °C inhibits the synthesis of powder.
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Figure 3.14: XRD diffraction patterns of samples prepared using 50 g/L of oxalic acid concentration
at different synthesis temperatures.

3.2.3 Influence of doping with WO3 on VOx properties

WO3 was also used as dopant for the oxalic acid, as explained for the synthesis using citric
acid as reducing agent.

The prepared samples had a 50 g/L and 67 g/L of oxalic acid concentration as reducing
agent. In order to have the maximum of dissolution of the dopant, 0.015 g (1 wt% of
WO3)of WO3 was added to the solutions and magnetic stirred for sixty minutes and
sonicated for thirty minutes. Afterwards, the solutions were synthesized at 180 °C by
microwave irradiation and washed several times with deionized water and ethanol.

The as-obtained doped powders where first studied by XRD analysis, and results are
presented in Fig. 3.15. The detected peaks can be assigned to the monoclinic phase VO2

(B) (ICSD # 01-081-2392), main peaks at (110), (111) and (002). In addition, the presence
of WO3 (ICSD #00-043-1035) is possible to confirm by the main peaks (002), (020) and
(200). Considering both phases were present in the XRD analysis, it can be inferred that
a combination of phases, instead of doping, was achieved, since WO3 did not diffused in
the crystalline structure of VO2 (B).
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Figure 3.15: XRD diffractograms of as-prepared 50 g/L and 67 g/L of oxalic acid concentration
doped with WO3 and the VO2 (B) and WO3 diffraction patterns.

To observe the behaviour of the as-prepared phase combination, a DSC thermogram
was executed on the annealed powder at 550 °C for the sample prepared using 50 g/L of
oxalic acid concentration. Fig. 3.16 shows a very broad endothermic peak at 121.2 °C and
to confirm if the value remained the same, further DSC analyses were performed, under
the same circumstances, and the value continued to be 121 °C.

The sample was analysed at room temperature and measured in 20 °C intervals. The
results from UV-vis-NIR reflectance spectroscopy analysis does not show any change in
reflectance, confirming the sample does not have a thermochromic behaviour.

Figure 3.16: Analysis of a) a UV-vis-NIR reflectance spectroscopy and b) a DSC thermogram of
as-prepared doped powder prepared using a concentration of 67 g/L oxalic acid.

Fig. 3.17 shows SEM images of the samples prepared using 50 g/L and 67 g/L of
oxalic acid concentration. From this images, the basic structure are rectangular shape
nanoplatelets covered with nanospheres. By comparing the present SEM images with
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Fig. 3.7 b), the morphological structures nanoplatelets likely belong to VO2 (B), while
nanospheres to WO3.

This images reveal that the combination of WO3 and VO2 (B) phases has impact
on the nanostructure morphology, although the 67 g/L sample appear to have thinner
nanoplatelets than the 50 g/L, the main structure continues to be nanoplatelets, now sur-
rounded by nanospheres. The main differences may be due to the oxalic acid concentration
influence on the synthesis of WO3.

Figure 3.17: SEM images of the as-prepared combination of phases prepared using a) 50 g/L and
b) 67 g/L of oxalic acid concentration samples.

3.3 Application of VOx nanosheets as cathode

Two-dimensional nanostructured materials have been established to be potential electrodes
for energy storage thanks to their enhanced electrochemical performance.

As reported in literature [10, 17] V6O13 and VO2 (B) nanosheets make an excellent
candidate for cathode material in Li-ion batteries and this section describes the growth
and layering nanosheets on FTO and ITO.

With a fixed molar ratio at 1:3 (V2O5:oxalic acid), 0.5 g of vanadium pentoxide (V)
and 1 g of oxalic acid were dissolved in 20 mL and 15 mL of deionized water, respectively.
Then, after thirty minutes of sonication at room temperature, VOx was synthesized by
hydrothermal synthesis assisted by microwave irradiation for twenty minutes with a tem-
perature of 180 °C. Afterwards, the resultant black powder was washed by centrifugation
with deionized water and ethanol for several times and dried by a vacuum process at
65 °C over night. The as-prepared powders were then annealed at 260 °C in a nitrogen
atmosphere at 10 K/min.

The following SEM images (Fig.3.18) of the nanosheets revealed that the different
concentrations impacts morphology, since the 50 g/L of oxalic acid concentration sample
only presents nanosheets, while at 67 g/L of oxalic acid concentrations two structural
morphologys appear, nanosheets and nanowires.
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3.3. APPLICATION OF VOx NANOSHEETS AS CATHODE

Figure 3.18: SEM images of the as-prepared VOx nanosheets a) and c) before annealing, and b)
and d) after annealing at 260 °C, with the inset of the annealed powders.

The as-prepared powders were then studied by XRD analysis, a summary of the phases
is shown in Table 3.5. First, due to the XRD patterns similarities the observed peaks can
infer that the different powders have the same phase.

Table 3.5: Phases and annealing temperatures of the as-pepared powders, respectively.

Temperature (°C)

Oxalic acid concentration (g/L) Before annealing After annealing (260)

50 VO2 (B) or V6O13 VO2 (B) or V6O13

67 VO2 (B) or V6O13 VO2 (B) or V6O13

The as-prepared powders (50 g/L and 67 g/L of oxalic acid concentration), shows peaks
that may be correlated to VO2 (B) (ICSD #01-081-2392), with the main indexed peaks
(200), (110) and (-401) or to monoclinic V6O13 (ICSD #01-075-1140) with the planes
(110), (200) and (-401). To note that peaks correlated with (00l) planes are not observed
in the diffractions patterns, which may be related with the nanosheets morphology (two
dimensional) that leads to a planar growth (h00, 0k0) and not a columnar (00l). Since the
observed orientation planes are the same for all samples it is not possible to attribute a
specific VOx phase with certainty.

For the annealed powders, the 50 g/L concentration has the same similarities as the
before annealed powders, the relative intensity of the peaks varies to a lower intensity.
Whereas for the annealed 67 g/L concentration the same lower intensity is observed,
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together with a new peak at 23.1° and the extinction of the 15.8° peak. However, the
difficulty remains and a VOx phase was not correlated, the new peak was not indexed too.

Figure 3.19: XRD diffractograms of the resultant powders prepared using 50 and 67 g/L of oxalic
acid concentration before and after annealing.

A DSC thermogram of the annealed as-prepared powders was carried out. By observing
Fig. 3.20 a very broad endothermic peak at 118.9 °C and 119 °C, corresponding to the 67
g/L and 50 g/L of oxalic acid concentration respectively, is perceived.

Since the very broad peaks are similar and in the same range as the already observed
peaks in the remaining DSC thermogram regarding oxalic acid (Fig. 3.13 b) these very
broad peak may be correlated to an electrochemical behaviour associated with VO2 (B)
and V6O13.

Figure 3.20: DSC thermogram of the as-prepared annealed powders of the samples prepared using
50 g/L and 67 g/L of oxalic acid concentrations.
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3.3.1 VOx nanosheets growth on ITO and FTO

During the hydrothermal synthesis of vanadium oxides phases, nanosheets with excellent
electrochemical properties were achieved.

Using identical conditions as the above mentioned procedure several samples were
prepared. First, ITO and FTO coated glass were cut in squares of 2x2 cm, washed with
isopropyl alcohol in ultrasounds for ten minutes and then exposed to the UV light for
fifteen minutes.

As growth mechanism several seed layers were coated by spin coating or PVD, where
two groups were formed. The first group was coated with three layers of the prepared
solution by spin coating (3000 rpm, 35 s) where each layer was annealed for four minutes
on a hot plate at 100 °C.

The second group had a predeposition of amorphous VO2 by e-beam assisted thermal
evaporation, with a pressure deposition between 4 µPa and 5 1muPa, the melting pot had
a current between 15 and 25 mA and a deposition rate of 0.5 and 3 Å/s. The thickness was
controlled by a piezoelectric crystal combined with a thickness measurer. A third group
was created where the samples were on the same conditions as described, but without seed
layers (Fig. 3.21).

Figure 3.21: SEM images of a) FTO coated glass with nanosheets , b) as-prepared nanosheets
prepared using 67 g/L of oxalic acid concentration and c) a photo of the FTO (2x2 cm) after the
hydrothermal synthesis.

All groups, after deposition, were placed under microwave irradiation. However, after
this process, no samples showed the coated seed layers or adhesion of nanoparticles. After
changing the hydrothermal synthesis parameters, namely temperature, pressure and time
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several times, it was concluded that the temperature, prior at 180 °C, was too high, prevent-
ing an adhesion of the nanoparticles. During the experiments, an adequate temperature
of 160 °C was reached with the nanosheets remaining with good morphological structure.

At this temperature the only sample presenting a few nanosheets was the FTO coated
glass with 67 g/L of oxalic acid concentration, as shown in Fig 3.21.

3.3.2 VOx nanosheets deposition on ITO and FTO

In this section, as-prepared powders were layered in order to create a homogeneous film
of nanosheets.

Two different deposition techniques types were evaluated, the first was deposition by
spin coating of the as-prepared nanosheets powder dispersed in ethanol (3000 rpm, 20
s) followed by an annealing for each layer at 100 º°, however, this deposition was not
successful, the film was not homogeneous and the particles tended to aggregate.

Secondly, a deposition by airbrush pen system, where the as-prepared powders, Fig.
3.22 a), were dispersed in a solution of ethanol, with a concentration of 4.5 g/L, and
sonicated for forty five minutes. Also, ITO and FTO coated glass were cleaned and UV
exposed as explained in section 3.3.1.

ITO and FTO coated glasses were placed on a hot plate at 120 °C and left for three
minutes. Then the prepared suspension was sequentially sprayed onto the substrates,
allowing to the ethanol evaporate between sprays. After the ITO and FTO samples are
completely and uniformly covered with the nanosheets, they were left to cool at room
temperature. The nanosheets coverage was uniform and as Fig. 3.22 b) shows.

In order to observe if the prepared sample could be applied as cathode, it was tested
in an electrochemical cell in a beaker with 30 mL of electrolyte LiClO4. Here a metal wire
which acts as the counter electrode and the sample, which is the working electrode, were
connected to a voltage source and submerged in the electrolyte as shown in Fig. 3.22 c).

A 3 V potential between the working electrode and the counter electrode was applied
resulting in a maximum current of 1.46 mA and 1.75 mA in FTO and ITO, respectively.
During the experiment the current decreased in both samples due to the degradation of
the layered nanosheets. The same test was performed with ITO and FTO without VOx

nanosheets and the maximum current was 0.13 mA for FTO and 0.11 mA for ITO.

The color of the powder remained the same, except for a light discoloration from the
degradation, proving that the as-prepared powders do not have an eletrochromic behaviour,
but a good electrochemical performance.
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Figure 3.22: a) SEM image of the as-prepared powder, b) ITO and FTO samples with the deposited
as-prepared VOx nanosheets powder, c) the experiment with the electrolyte and ITO + nanosheets
and d) FTO with a pre-deposition of amorphous VO2.
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Conclusion and future perspectives

In this work, the synthesis of vanadium oxides through microwave irradiation were investi-
gated and achieved. The influence of synthesis parameters were studied and several phases
were accomplish. The study was sustained by morphological and crystalline structure
analysis by SEM, TG-DSC, UV-vis-NIR reflectance spectroscopy and X-Ray Diffraction,
respectively.

The results of the precursor influence showed that VO2 (B), V3O7, V6O13 and V2O5

phases can be obtained, as single phase or phase combination, with both reducing agents
(citric acid and oxalic acid), however, the thermochromic phase vanadium dioxide (VO2

(M2) was only achieved with the reducing agent citric acid, meaning that the phase
transformation is indeed influenced by the reducing agent.

Furthermore, the morphology is also influenced by which reducing agent is used, since
oxalic acid allows the basic structures nanosheets, nanowires and nanoplatelets, while citric
acid only permit nanoplatelets and spherical shape nanostructures. Also, depending on
the concentration the dissolution method may, or may not have an influence as observed
with the precursor oxalic acid. In addition, the same can be concluded for the washing
process for both reducing agents.

Different concentrations of reducing agent have indeed implications in morphology, since
at higher concentrations (57 and 67 g/L) the predominant nanostructure are nanosheets,
whereas, at lower concentrations (18, 35 and 35 g/L) the dominant structure are nanoplatelets.

The analysis about concentration and ratios are extremely important, since the reduc-
tion only succeeds in a small range of concentration values such as 18, 25, 35, 50 and 67
g/L for oxalic acid, while for citric acid is 26 and 50 g/L.

At different annealing temperatures, the lower concentrations may lead to VO2 (B)
and V2O5 for both reducing agents and for higher concentrations may lead to V6O13

and V3O7 phases, implicating that different concentrations originates different structural
arrangements. Nevertheless, a combination of VOx phase was accomplished leading to
believe that a higher nitrogen pressure is needed.

An interesting point to emphasize is that the orientation planes (00l) were not observed
in the VOx nanosheets diffraction patterns, this might happen due to the morphology
which is mainly a two dimensional structure, meaning that the growth is only planar and
not columnar.

In addition, several DSC thermogram were carried out and in all analysis very broad
peaks. These values are not reported in literature and are present in all samples, leading
to the belief that is an intrinsic property of the as-prepared VOx phases powders.

Hydrothermal synthesis temperature was also considered a critical factor in both re-
ducing agents, which is determining to obtained a resultant powder, in a range of 160 °C
to 180 °C pure phases were formed. A temperature of 180 °C lead to the best crystalline
structure among the samples.
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During the experiments a VOx nanosheets structure was reached with the following syn-
thesis parameters, 50 g/L and 67 g/L of oxalic acid concentration, with a 1:3 (V2O5:oxalic
acid) molar ratio, sonication for thirty minutes, a synthesis temperature of 180 °C for
twenty minutes, pressure of 250 Psi, a power of 250 W and a washing process with ethanol
and deionized water. Due to the good morphological structure of the samples it was success-
fully applied as cathode in an electrochemical cell. The current obtained when using VOx

covered ITO and FTO was 10 times higher than for the pristine ITO and FTO. In order
to further evaluate the electrochemical performance of the nanosheets cyclic voltammetry
should be performed.

In spite of these achievements, further studies are required. The investigation of other
parameters, such as pH, vanadium oxide concentration, a different reducing agent and
their impact in the morphological structure, while other parameters are kept constant and
an attempt to reach a pure VOx phase by hydrothermal synthesis assisted by microwave
irradiation.

Also, an attempt to optimize nanosheets as application as cathode and try different
deposition processes in the same substrates, should also be a future study.
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