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ABSTRACT

Vanadium dioxide is one of the most promising thermochromic solid-state materials. It has potential

application in the field of smart windows and glazings, due to its unique optical properties related to

its inherent and reversible structural transition at a critical temperature of Tc = 68 oC. In this thesis

we present the motivations, challenges and results of our project “Thermochromic Vanadium Diox-

ide for energy saving applications: A study on solution-based synthetic approach”. In our hydrother-

mal synthesis approach, we started with reagents V2O5 as the vanadium source and oxalic acid as its

reducing agent. Then a study of the effects of different parameters on the solution-based synthesis

of VO2 was conducted by focusing on each parameter and characterizing the resulting products. We

preferred to experiment with the chemical parameters of our synthesis, such as reagents concentra-

tion (molar ratio of precursors and V2O5 density in solution), synthesis volume (20 vs 40 mL), syn-

thesis pH (acidic to basic), effect of additives (H2SO4 and thiourea) and effect of dopants (W and

Mg). The as obtained products were characterized by x-ray diffraction (XRD), differential scanning

calorimetry (DSC), field emission scanning electron microscopy (SEM), energy dispersive x-ray

(EDX) and thermogravimetric analysis (TGA). During the hydrothermal reduction, V2O5 was re-

duced into different vanadium oxides and also into different VO2 crystalline polymorphs. Then, in

order to achieve better crystallinity and to fully convert the products to the desired thermochromic

polymorph, our samples were annealed in a furnace under constant nitrogen gas flow, to avoid the

oxidation of our samples. The final products were also characterized by the same techniques and re-

sults were discussed in comparison to the as obtained data and the synthesis parameter changes. We

achieved to produce powders of high crystallinity pure thermochromic VO2 in high yields, and with

good thermochromic properties with Tc ranging from 59 oC to 67 oC depending from the synthesis

parameters configuration used. An optimized hydrothermal route for achieving better crystallinity

products in high yields is proposed, and a possible explanation of the mechanism behind our synthe-

sis is discussed.

Keywords: vanadium dioxide, thermochromic, synthesis, solution-based, hydrothermal, synthesis

optimization, synthesis mechanism, chemical parameters, molar ratio, reagents concentration, pH,

synthesis volume, additives, dopants, structural transition
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ΠΕΡΙΛΗΨΗ
Το  διοξείδιο  του  Βαναδίου  αποτελεί  το  πιο  πολλά  υποσχόμενο  θερμοχρωμικό  υλικό  στερεάς 

κατάστασης.  Οι πιθανές του εφαρμογές βρίσκονται  στον τομέα των “έξυπνων” παραθύρων και 

τζαμιών, λόγω των μοναδικών του οπτικών ιδιοτήτων οι οποίες προέρχονται από την εγγενή και 

αναστρέψιμη δομική μετάβαση του σε μια κρίσιμη θερμοκρασία Tc = 68 oC. Σε αυτή την διατριβή 

παρουσιάζουμε τα κίνητρα, τις προκλήσεις και τα αποτελέσματα του πειραματικού μας σχεδίου με 

τίτλο “Θερμοχρωμικό Διοξείδιο του Βαναδίου για εφαρμογές στην εξοικονόμηση ενέργειας: 

Παραμετροποίηση της μεθοδολογίας σύνθεσης σε διάλυμα”. Για την υδροθερμική σύνθεση του 

υλικού χρησιμοποιήσαμε τα αντιδραστήρια V2O5 ως πηγή βαναδίου και οξαλικό οξύ ως αναγωγικό 

παράγωντα. Στην συνέχεια μελετήθηκε η επίδραση  από διαφορετικές παραμέτρους  στην σύνθεση 

με βάση το διάλυμα του VO2, εστιάζοντας σε κάθε παράμετρο και χαρακτηρίζοντας τα προϊόντα. 

Προτιμήσαμε να εξετάσουμε τις χημικές παραμέτρους της σύνθεσης μας, όπως για παράδειγμα οι 

συγκετρώσεις των αντιδρώντων (μοριακή αναλογία των πρόδρομων ενώσεων και πυνκότητα του 

V2O5 στο διάλυμα), ο όγκος της σύνθεσης (20 vs 40 mL), το pH της σύνθεσης (από όξινο εώς 

βασικό), η επίδραση πρόσθετων αντιδραστηρίων (H2SO4 και θειουρία) και η επίδραση των 

προσμείξεων (W και Mg). Τα “ως ληφθέντα” προϊόντα χαρακτηρίστικαν από τις τεχνικές: x-ray 

diffraction (XRD), differential scanning calorimetry (DSC), field emission scanning electron 

microscopy (SEM), energy dispersive x-ray (EDX) and thermogravimetric analysis (TGA). Κατά 

την διάρκεια της υδροθερμικής αναγωγής του to V2O5 μετατράπηκε σε διαφορετικά οξείδια του 

βαναδίου καθώς και σε διαφορετικά κρυσταλικά πολύμορφα του VO2. Έπειτα, προκειμένου να 

πετύχουμε καλύτερη κρυσταλλικότητα στα υλικά και να μετατρέψουμε τα προϊόντα μας πλήρως 

στο επιθυμητό θερμοχρωμικό πολύμορφο, τα υλικά μας εκτέθηκαν σε υψηλές θερμοχρασίες σε ένα 

κατάληλο φουρνο υπό ροή σταθερού αέριου αζώτου, ώστε να αποφύγουμετην οξείδωσή τους. Τα 

“τελικά” προϊόντα χαρακτηρίστηκαν επίσης με τις ίδιες τεχνικές και τα αποτελέσματα συζητήθηκαν 

συγκριτικά με τα δεδομένα από τα “ως ληφθέντα” και ως προς τις διαφορετικέ συνθετικές 

παραμέτρους. Καταφέραμε να συνθέσουμε σε υψηλές αποδόσεις σκόνες υψηλής κρυσταλλικότητας 

καθαρού VO2, και με καλές θερμοχρωμικές ιδιότητες, Tc από 59 oC έως 67 oC αναλόγως την 

πειραματική πορεία διαφορετικών παραμέτρων. Στην εργασία αυτή, προτείνουμε μια 

βελτιστοποιημένη υδροθερμική πορεία για την σύνθεση προϊοντος καλής κρυσταλλικότητας σε 

καλές αποδόσεις και επιδιώκουμε να εξηγήσουμε τον μηχανισμό πίσω από τις χημικές διεργασίες.

Λέξεις  κλειδιά: διοξείδιο  του  βαναδίου,  θερμοχρωμισμός,  σύνθεση,  με  βάση  το  διάλυμα,

υδροθερμική  μέθοδος,  βελτιστοποίηση  σύνθεσης,  μηχανισμός  σύνθεσης,  χημικές  παράμετροι,

μοριακή  αναλογία,  συγκέτρωση  αντιδραστηρίων,  pH,  όγκος  σύνθεσης,  πρόσθετα,  προσμείξεις,

δομική μετάβαση
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CHAPTER 1. Introduction - Literature Review

1.1 Motivation

The building sector contributes up to 30% of global annual green house gas emissions and con-

sumes up to 40% of all energy.[1.1.1] Some of that energy and emissions are to be attributed to inade-

quate heat insulation of the building. With windows capable of regulating solar/heat transmission

for energy efficiency and comfort, also called smart windows, there is the potential to moderate the

energy consumption of buildings.

1.1.1. Thermochromic Materials

“Chromeogenic” materials are those that exhibit changes in their optical properties due to some ex-

ternal stimulus. The most common of these are photochromic, thermochromic and electrochromic

materials, where the stimuli are irradiation by light (photons), change in temperature, and an applied

electric field, respectively. Thus, a thermochromic material changes colour upon reaching a charac-

teristic ‘transition temperature’. In short, therochromism is the temperature-dependent changes in

the optical properties of a material. It involves a structural phase change at the transition tempera-

ture, which [phase change] can be first- or second-order in nature, and may be reversible or irre-

versible, as governed by the thermodynamics of the system. Thermochromism offers potential for

technological applications, for example, in thermometers (fever indicators, gadgets, design applica-

tions, etc), temperature sensors for safety, in laser marking, imaging, warning signals, memory de-

vices, surface coating and even smart windows.[1.1.2]

The most widely studied thermochromic material for applications to smart windows is VO2 with the

monoclinic (M) phase (shown as VO2(M)), which is able to execute a reversible phase transition at

a critical temperature (Tc = 68oC): below Tc the material is monoclinic, insulating and quite infrared

transparent (VO2(M)), and above Tc it is tetragonal, metallic and infrared reflecting (VO2(R)). More

on the properties of vanadium oxides are noted at the section 1.2.
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1.1.3. Research Challenge

Vanadium Dioxide is been studied for its thermochromic phase transition since 1959 when F. J.

Morin reported the temperature dependent metal-insulator transition occurring in the material.[1.1.3]

Since then a lot of progress have been made on understanding the properties of this material, and

how to synthesize it. Still some challenges remain. First of all, the ability of vanadium atoms to pos-

sess multiple stable oxidation states results in the easy conversion between oxides of different stoi-

chiometry by oxidation or reduction, thus making their study more complicated with all various ox-

ides along with the many crystal phases of each one playing a role on the chemistry and synthesis of

our material.

Moreover, VO2-based films with high thermochromic quality can be deposited by various mostly

physical deposition methods in laboratory. Some of these include pulsed laser deposition (PLD)
[1.1.31], reactive sputtering in oxygen environment from a V target[1.1.32], reactive evaporation[1.1.33], sol–

gel method[1.1.34], chemical vapor deposition (CVD)[1.1.35], and various post-deposition annealing tech-

niques where either over-oxidized phases such as V2O5 are reduced to VO2 by annealing[1.1.36] or

pure V films are annealed in oxygen to achieve the VO2 stoichiometry[1.1.37].

However, there are some barriers for these techniques which restrict the production of these films in

low-cost and large- scale. To solve the problem, the route for the synthesis of VO2/polymer compos-

ite films has been proposed, by dispersing solid vanadium dioxide in a liquid polymer and then so-

lidified as an active film.  Nowadays,  polymer science has been greatly  developed.  Up to now,

highly transparent and durable films are commercially available and a variety of functional fillers

have been widely used. While the VO2 powder is considered as a kind of filler, it can be asserted

that all  other technical problems have been solved except the availability of high quality filler.

Therefore, the fabrication of low-cost and large-scale VO2(M) powders is crucial for materials sci-

entists.[1.1.4]

So far, various technologies have been developed for producing VO2(M) powders. These methods

generally  can  be  cataloged  to  reduction  of  high-valance  vanadium oxides[1.1.5],[1.1.6],  pyrolysis  of

vanadium containing  precursor[1.1.7],[1.1.8],  soft-chemical  route[1.1.9],[1.1.10],  transforming  from VO2(B)
[1.1.11],[1.1.12] or  VO2(A)[1.1.13] to  VO2(M)  at  elevated  temperatures,  direct  confined-space  combus-

tion[1.1.14], sol–gel synthesis[1.1.15] and hydrothermal synthesis[1.1.16-1.1.23]. However, most of them are

much complex, low efficiency and high cost. Besides, their experimental conditions are very harsh

and energy-consuming. Thus, they are not suitable for coating the surface of substrates with a large
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surface area and industrial applications. On the contrary, in recent years, the hydrothermal synthesis

has been paid increasing attention owing to its simple route, low cost, large-scale and mass produc-

tion.

Various  publications  has  reported  success  in  synthesizing,  isolating  and  characterizing  ther-

mochromic vanadium dioxide particles by a hydrothermal synthetic route. Still, in order to acquire

the right VO2 crystal phase in a one-step hydrothermal procedure, most either use highly-toxic and

not easy-to-handle chemical reagents, like hydrazine, or high temperatures during the hydrothermal

step and prolonged reaction times.[1.1.18],[1.1.24],[1.1.25],[1.1.26] Most of the published work requires more

than one step for the successful synthesis of thermochromic VO2, and the majority of the experi-

mentation has focused on the physical parameters of the procedure (duration and temperature of hy-

drothermal step and/or of further steps needed).[1.1.27],[1.1.28],[1.1.29]

In the authors’ best knowledge, very few works have been published experimenting with the chemi-

cal parameters of the hydrothermal synthesis.[1.1.4],[1.1.23],[1.1.28],[1.1.30] Therefore, with this project our aim

was to further experiment with the chemical parameters of the synthetic procedure, in particular the

hydrothermal step, in order to optimize the synthetic route to achieve better yields of a good quality

thermochromic vanadium dioxide.
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1.2 Properties of Vanadium and its Oxides

Vanadium is a transition metal with an atomic number 23 and atomic mass of 50.9415 g.mol-1. The

melting point of vanadium is 1910 oC and its boiling point is 3407 oC. There are five isotopes of

vanadium. Its electronic configuration is [Ar] 3d3 4s2. The vanadium is a rare, soft, ductile gray-

white  element  found combined in  certain  minerals  and used  mainly  to  produce  certain  alloys.

Common oxidation states of this  element include +2, +3, +4 and +5. After vanadium has been

oxidized, it can produce different vanadium oxides with different colours, transition temperature,

melting point and boiling point.[1.2.0],[1.2.1] Table 1.1 shows a list of Vanadium Oxides and some of

their properties.

Vanadium Oxide
Oxidation state of

Vanadium
Colour

Critical temperature of
phase transition (oC)

V2O5 orhtorombic +5 orange 257

V3O7 monoclinic +4.6

V6O13 monoclinic +4.3 -123

VO2 (M) monoclinic +4 blue black 68

V2O3 monoclinic +3 Black -105

Table 1.1.  Properties of Vanadium Oxides

In the following sections we will discuss the two most important oxides for this project, vanadium

(V) oxide and, of course, vanadium (IV) oxide.

1.2.1. Vanadium (V) Oxide, V2O5

Vanadium (V) oxide, V2O5, with Mr = 181.88 amu, is orange yellow in color and is traded as a solid

in the form of fused flakes or powder. The vanadium cation of V2O5 has a high oxidation state (+5)

and the material can act both as an amphoteric oxide and an oxidizing agent. From the industrial

perspective, it is the most important compound of vanadium, being principal precursor to alloys of

vanadium and is a widely used industrial catalyst. At normal temperature and pressure V2O5 is ther-

modynamically most stable.[1.2.1]

Regarding their structure vanadium ions in V2O5 may be considered to be either distorted trigonal

bi-pyramid (five V-O bond lengths of 1.58-2.02 Å), distorted tetragonal pyramid or a distorted octa-

hedron (the sixth V-O bond length of 2.79 Å). On Figure 1.1 (a) the idealized structure of trigonal

bi-pyramid V2O5, (b) the perspective view of the orthorombic V2O5 crystal lattice and (c) the oxygen
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coordination around vanadium atom of the orthorombic V2O5, are presented.[1.2.2] The common or-

thorombic V2O5 phase consists of layers of edge- and corner-sharing octahedra along the ab planes.

These layers are connected at corners to give a three-dimensional lattice pattern. Regarding it’s ther-

mochromic properties it undergoes a Mott and phase transition at 257 oC.

Figure 1.1: (a) Idealized structure of V2O5 of (0 0 1) plane projection drawn as trigonal bi-pyra-

mids. (b) Perspective view of the orthorombic V2O5 crystal lattice. The location of the vanadium

centers, V, and surface oxygen sites, O(1)-O(3), are indicated and labeled. (c) Oxygen coordination

around vanadium atom of the orthorombic V2O5. The V-O distances are written in Å. [1.2.2]

1.2.2. Vanadium (IV) Oxide, VO2

Vanadium (IV) oxide, VO2, with Mr = 82.94 amu, is a dark blue solid, with the vanadium cation in

the +4 oxidation state. Vanadium dioxide is amphoteric, dissolving in non-oxidising acids to give

the blue vanadyl ion, [VO]2+, and in alkali to give the brown [V4O9]2− ion, or at high pH [VO4]4−.

1.2.2.a. Structural properties of VO2

As many studies  have  shown,  VO2 can  exist  in  multiform poly-morphic  stable  and metastable

forms. It is reported that VO2 has at least seven polymorphs (expect for the hydrates), among which
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rutile VO2(R), monoclinic VO2 (M) and triclinic VO2 (T) phase are similar in structure, and there

are other four VO2 phases designated as tetragonal VO2 (A), monoclinic VO2 (B), paramontroseite

VO2 and VO2 with new body centered-cubic (bcc) structure, respectively.[1.2.3] Some of these VO2

polymorphs that are of interest for this project are presented on Table 1.2 :

Crystallographic phase Phase transition Space group

VO2 (B) monoclinic
Meta-stable

phases

Magnetic properties change
transition below 25 oC

T > Tc 
* C2/m

VO2 (A) tetragonal Phase Transition at 162 oC T < Tc 
* P42/ncc

 VO2 (M) monoclinic Stable

phases

Metal-to-Insulator
Transition at 68 oC

T < Tc 
* P21/c

VO2 (R) rutile T > Tc 
* P42/mnm

Table 1.2. Thermochromic properties of VO2. (*) T is the temperature at which the specific phase

can be detected in comparison with the transition temperature, Tc, whose average value is men-

tioned in the “Phase Transition” column of the table. [1.2.14][1.2.4][1.2.5][1.2.6][1.2.7]

The monoclinic VO2 (M) polymorph is the one that exhibits a fully reversible phase transition to the

rutile VO2 (R) accompanied by a first order phase transition, VO2 (M) ↔ VO2 (R), shown in Figure

1.2. This low temperature insulating phase of VO2 (M) at 25 oC consists of a lattice with unit cell

parameters: a = 5.75 Å, b = 4.52 Å, c = 5.38 Å and β = 122.60º (space group P21/c). The lattice is

the result of the distortion and doubling in size of the high temperature metallic tetragonal phase.

The structure involves V4+–V4+ pairing with alternate shorter (0.266 nm) and longer (0.313 nm) V4+–

V4+ distances along the monoclinic axis, and tilting with respect to the rutile c-axis. The pure VO2

(M) phase is also sometimes referred to as M1, since doping of vanadium (IV) oxide results in an-

other monoclinic arrangement, M2 (space group C2/m).[1.2.4, 1.2.8] For the purposes of this project the

monoclinic phase of vanadium dioxide will be referred to simply as (M).

When temperature is higher than the critical temperature, thermochromic VO2 will transition to the

rutile phase, VO2 (R). This high temperature rutile structure of metallic VO2 is based on a simple

tetragonal lattice (space group P42/mnm). The vanadium atoms are located at the equidistant Wyck-

off positions (4f), (0, 0, 0) and (½, ½, ½), with a V4+–V4+ distance of 0.288 nm and each V atom is

surrounded by an edge-sharing octahedron of oxygen atoms, VO6, which occupy the positions at ±

(u, u, 0) and ±(½ + u, ½ - u, ½).[1.2.4, 1.2.8]
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Figure 1.2 The crystallographic structure of VO2(M) (to the right) and VO2(R) (to the left). After

the Mott transition, linear and equal-distant (2.880 Å) V-V chains along CR axis in tetragonal (R)

phase become distorted with alternative distances at 3.132 Å and 2.662 Å with unit cell doubled in

monoclinic (M) phase.[1.2.4]

The tetragonal VO2 (A) polymorph undergoes a metal-to-semiconductor phase transition at Tc = 162
oC, accompanied by a crystallographic transition between a low temperature phase (LTP, P4/ncc,

130 below 162 oC) and a high temperature phase (HTP, I4/m, 87 above 162 oC).[1.2.7]

The monoclinic VO2 (B) polymorph has become of great interest owing to its layered structure, high

energy capacity along with moderate work potential, thus being promising for applications in the

field of energy technologies.[1.2.17][1.2.18][1.2.15]

Both structures, as shown in Figure 1.3, are characterized by oxygen sites forming an fcc lattice

with one-ninth vacant and with vanadium atoms occupying four-ninths of the octahedral sites. The

planes (110) of VO2 (A) and (001) of VO2 (B) exhibit an identical structure (i.e. a V06 octahedral

sheet).
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Figure 1.3 Idealized structures showing superpositions of the V06 sheets: (a) V02 (A) viewed along

the c-axis; (b) VO2 (B) viewed along the b-axis.[1.2.5]

Figure 1.4 Diagrammatic illustrations of the structures of (a) VO2 (B) and (b) V6O13.[1.2.6]

1.2.2.b. Electronic properties of VO2

In the tetragonal structure, VO2 is meant to be in its metallic state and it has V4+ ion at the center of

an O octahedron. For the fact of symmetry, the degenerate five 3d atomic orbitals of V are split in

doubly degenerate eg (d3z2-r2, dxy) levels and triply degenerate t2g (dx2-y2, dxz, dyz) levels. The eg orbitals
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are directed towards O ligands and hybridized with the O 2p orbitals. They form the σ and σ* bands

with the O 2p orbitals. The π and π* bands, and the dll band are formed from the t2g orbitals which

point in between the ligands and this results from the V 3dxy orbitals along the c-axis. 

As we can see in Figures 1.5 and 1.6, the overlap of the d ll and π* bands at Fermi level of VO2(R) is

the cause behind its metallic properties. The low temperature phase, VO2(M), causes the V-O hy-

bridization to change and V-V bonding is stronger an π* rises above Fermi level. The dll band sepa-

rate into an empty and filled band due the doubling of the unit cell, thus VO2 has insulating proper-

ties with a band gap of about 0.7 eV. The insulating phase of VO2 can have anomalous effects due to

the doping of magnetic impurities and it is in the boundary of being a magnetic insulator.  The

metal-to-insulator transition (MIT) of VO2, which is sometimes also refereed to as semiconductor-

to-metal transition (SMT)[1.2.9], [1.2.10], is shown on Figure 1.2, in the previous section “1.2.2.a Struc-

tural properties of VO2”.

Figure 1.5 The metallic rutile phase of VO2 showing no band gap (to the left), and the semiconduc-

tor monoclinic phase showing a band gap (to the right).
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Figure 1.6 Schematic band structure diagram of VO2. The hybridisation of the V 3d and O 2p levels

reflects the symmetries of the atomic arrangement in the crystal lattice.[1.2.10]

The nature of the MIT in vanadium dioxide has been investigated via computational, experimental

and theoretical studies. The prime mechanism of the transition still remains a phenomenon under in-

vestigation and research.  The Mott-Hubbard model of correlating electrons were initially postu-

lated. [1.2.9] Goodenough (1971) proposed a useful explanation of the two phases of vanadium (IV)

oxide, based on molecular orbitals and a band structure diagram, as shown on Figure 1.6.[1.2.10] An

anti-ferroelectric transition was considered as the potential driving force for the MIT in vanadium

(IV) oxide. It was suggested that V4+-V4+ pairing in the tetragonal phase becomes energetically sta-

ble after cooling, following rearrangement of the band structure to give the monoclinic phase. Sub-

sequently, the onset of anti-ferroelectric and crystallographic distortion was found to occur at two

different temperatures, but happen to be synchronized for vanadium (IV) oxide. Goodenough con-

cluded that the anti-ferroelectric component of the monoclinic low temperature phase in VO2 is the

driving force of the distortion. Furthermore, the transition temperature, Tc, is not controlled by ther-

mal excitation of electrons into the anti-bonding bands, but by the entropy of the lattice vibrational

modes.

1.2.2.c. Electrical properties of VO2

During the MIT, VO2 undergoes a ≈105 decrease in resistivity when switching to the metallic state,

as shown on Figure 1.7. The sharpness or the lack of thereof, of these changes in electrical proper-

16/126



ties has been related to disorientation between grains, and grain size and other morphologic faults.

It has been determined that the variations in the VO2 switching are due to the level of internal or ex-

ternal stress, which can be modified by mismatch between lattice constants, expansion coefficients

on different substrates, or even by ion bombardment.

Figure 1.7 The variation of VO2 electrical resistivity with temperature

1.2.2.d. Thermal properties of VO2

In metals, electrons carry both charge and heat. As a consequence, electrical conductivity and the

electronic contribution to the thermal conductivity are typically proportional to each other. Lee et

al. (2017) found a large violation of this so-called Wiedemann-Franz law near the MIT in VO2

nanobeams. In the metallic phase, the electronic contribution to thermal conductivity was much

smaller than what would be expected from the Wiedemann-Franz law. The results can be explained

in terms of independent propagation of charge and heat in a strongly correlated system.[1.2.11]

1.2.2.e. Optical properties of VO2

To this point it has been made clear that the MIT of VO2 manifests along with many other switching

of properties. Still, the one of major interest for this project is the optical switching that occurs dur-
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ing the MIT of VO2. As stated in previous sections, upon passing through the transition temperature

(Tc), VO2 undergoes a dramatic increase in infrared reflectivity with virtually no change in the visi-

ble region. Above Tc, the material reflects infrared radiation (IR). Yet, below Tc, it is IR-transparent,

thus exhibiting the desired thermochromic effect which is the property of interest for using VO2 as a

thin film coating for “intelligent” architectural glazing.

Figure 1.8 Optical transmittance (-) and reflectivity (--) of a VO2 85 nm thin film [6] deposited on a

silica substrate. (blue lines) at room temperature and (red lines) 100oC

It has been shown that the MIT (or SMT) in VO2 occurs gradually: first metallic puddles nucleate,

then their size grows until the metallic phase percolates throughout the whole material. During the

transition, there is coexistence of spatially separate metallic and insulating phases. When the wave-

length of the incident radiation is comparable with the characteristic size of the metallic puddles,

enhanced scattering is expected which would lead to the decline in reflection. The typical size of the

metallic puddles in the middle of the transition can be estimated to be 1–2 μm. Further growth of

the metallic puddles results in complete merging of the metallic phase and consequently an increase

of the reflectance. Enhanced scattering is then expected at λ = 1–2 μm. [1.2.12, 1.2.13]
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1.2.3. Reduction of V2O5 to VO2 and its polymorphs complications

Of all the oxides of transition metals, the vanadium–oxygen system is truly remarkable and even, in

a certain sense, unique. The point is that vanadium forms more than ten distinct oxide phases with

different electronic properties, ranging from metallic to semiconducting/insulating: VO, V2O3, VO2,

Magneli (VnO2n-1) and Wadsley (V2nO5n-2) homologous series, and V2O5. Many of these have inter-

esting properties, like metal-to-insulator phase transitions, and are of great interest in the advanced

materials research sector.

Figure 1.9 Metal-Insulator Transitions of Vanadium Oxides[1.2.16]

This multitude of vanadium oxides is the result of a very basic property of the vanadium atom, since

it can be found in many oxidation states (+2, +3, +4, +5); so, in vanadium (V) oxide vanadium has a

valence of five (+5) while in vanadium (IV) oxide has a valence of four (+4). This implies that V2O5

can be converted to VO2 by reducing the oxygen content, and valence of vanadium is reduced from

+5 to +4. Vanadium pentoxide can form other phases before VO2 is produced:

V2O5 → V3O7 → V4O9 → V6O13 → VO2

In their 1997 work, Haber J. et al. Suggested a mechanism for the reduction from vanadium pentox-
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ide (oxidation state +5) to V6O13 (oxidation state +4.3). “On long exposure of the sample [V2O5] to

ultrahigh vacuum in the electron beam in the LEED chamber, streaks in the normal pattern begin to

appear, then starting from the (0 0) spot every second spot of each column and each row weakens

and disappears completely. In the final stage a parallelogram structure is obtained representing a

two dimensional pattern of the V6O13 (0 1 0) surface”, continuing, “… As a possible mechanism one

can suggest that in the first stage oxygen is lost from the top V-O layer disturbing the periodicity in

the a-direction. When sufficient amount of oxygen has been removed V6O13 becomes a more stable

configuration and by diffusion through the channels, the oxygen concentration of the top layer is re-

stored to the requirements of the corresponding lattice.”

This can be understood better by looking at the structures of the two oxides, on Figure 1.10. The re-

duction happens as a transformation of the structure of V2O5, which consists of corner-linked V-O

octahedra, into that of V6O13, which consists of edge-linked octahedra. The structure of V6O13 can be

obtained from that of V2O5 by taking away every third oxygen layer parallel to the (0 1 0) plane

(oxygen atoms removed are marked as black spheres) and rearranging the V-O bonds through a

crystallographic shear. In the remaining V-O layers only the relative positions of the atoms change

resulting in all vanadium being in the same plane instead of being warped as in V2O5. The top layer

of V6O13 corresponds thus to a stretched V2O5 top layer with slightly different dimensions which ac-

counts for the appearance of the parallelogram unit mesh.

Figure 1.10 Mechanism of formation of a crystallographic shear plane. (a) The layer of oxygen to

be removed marked by black spheres. (b) Rearrangement of the layers.
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Table. 1.3 Vanadium Oxides chemical formula and Temperatures of Transitions.[1.2.16]

Figure 1.11 Phase diagram of the V~O system. The equilibrium oxygen pressures over two coexist-

ing vanadium oxide phases as a function of temperature.[1.2.2]
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In 2002, Ningyi Y. et al.[1.2.20] reported this valence reduction sequence while synthesizing VO2 from

V2O5 powders via a sol-gel route. Later on, other studies confirmed this sequence[1.2.21]. Thus reduc-

tion of highly-oxidized vanadium oxides became the most studied way to obtain VO2 by a solution-

based chemical methods.

Regarding the hydrothermal procedure, which is also a solution-based method, the most commonly-

used  reagents  as  a  vanadium  source  are  V2O5 or,  less  frequently,  ammonium  metavanadate,

NH4VO3; both having V at an oxidation state of +5. To reduce the oxide to the +4 oxidation state of

vanadium in VO2 many different reducing agents have been used, from the more drastic and toxic,

hydrazine hydrate, to more mild and common organic acids, like oxalic acid (C2H2O4), citric acid

(C6H8O7) and ascorbic acid (C6H8O6)[1.2.22],[1.2.23],[1.2.42]. For this project we chose to reduce solid V2O5

using oxalic acid, as the bibliography suggested to be more effective and still more easy-to-handle

and less toxic.[1.2.23],[1.2.42] Thus, the basic reaction we employed for the hydrothermal synthesis of

VO2 has be formulated in the following equation:

V2O5 + 2H2C2O4 → 2VO2 + 3CO2 + CO + 2H2O eq.(1)

Still, the challenge of synthesizing the desired thermochromic polymorph of vanadium dioxide re-

mains. In 1977, Théobald[1.2.24] first reported the synthesis of VO2(M) above 350oC by hydrothermal

reaction in the V2O3–V2O5–H2O system. Thereafter, there has been few literatures reported on the

hydrothermal synthesis of VO2(M), suggesting the difficulty in obtaining VO2(M) at low tempera-

ture by one step reaction. Up until 2001, when Gui et al.[1.2.25] mentioned the formation of VO2(R) by

a long-time hydrothermal reduction of NH4VO3 by N2H4 (at 220oC for 15 days). But no details

about the formed VO2(R) were given in their paper. More recently, VO2(R) hollow spheres with

nanorods aggregating on their surface were successfully synthesized by a surfactant-assisted hydro-

thermal process[1.2.26]. Then, Son et al.[1.2.27] reported the synthesis of micro- and nano-crystals of

VO2(M) by a hydrothermal method by the hydrothermal reaction of V2O5, H2SO4, and N2H4·H2O at

230oC for 48 h. Ji et al.[1.2.28] directly synthesized VO2(R) nanorods via the hydrothermal reduction

of V2O5 by oxalic acid. However, other studies[1.2.29],[1.2.30],[1.2.31][1.2.32] found that only the (B) and (A)

polymorphs of VO2 can be successfully obtained by a single-step hydrothermal reaction of V2O5 and

oxalic acid.

More specifically, Y. Zhang et al. (2012 and 2013)[1.2.31],[1.2.32] showed that VO2(B) is the first inter-

mediate polymorph followed by the second intermediate polymorph VO2(A) in the route to synthe-

size VO2(M) hydrothermally. Such results are also in good accordance by other theoretical[1.2.19] and
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experimental[1.2.33] results of other publications, as presented in Figure 1.2 and Figure 1.13, respec-

tively.

Figure 1.12 The calculated formation energy for VO2(M), VO2(R) and VO2(B) according to the hy-

brid density functional theory.[1.2.19]

According to the calculations of this work[1.2.19] the formation energy of VO2(B) are calculated to be

higher than those of VO2(M) and VO2(R) by 1.12 eV and 0.87 eV per VO2 unit, respectively, verify-

ing that the rutile phase is indeed a thermodynamically stable phase. Although VO2(R)/VO2(M) has

the superior structural stability, the solution-based synthetic procedures like the hydrothermal will

most  likely  lead  to  the  metastable  phases,  rather  than  the  thermodynamically  stable  phase  of

VO2(R). Likewise, in the work of[1.2.33] the incremental formation of VO2(M) nanorods by nucleation

and growth of VO2(B), is observed experimentally by optical, structural and thermal measurements

of the samples.

These results match the notion that V2O5, when in a reducing environment, will reduce to the struc-

turally similar V6O13 due to the oxygen vacancies formed and then since V6O13 is also of a similar

structure to VO2(B) polymorph (see “1.2.2.a Structural properties of VO2”) this metastable poly-

morph will become the next kinetically stable intermediate to the reduction progress.

More on the characterization techniques for identification of the different polymorphs of VO2, as

well as the influence of different additives and of chemical parameters of the synthesis will be dis-

cussed later on in this report (on “Chapter 3. Experimental Results”).
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Fig. 1.13 TEM images (left), XRD patterns (middle) and DSC curves (right) of samples prepared by

the hydrothermal treatment at 260oC for (a) 4 h, (b) 16 h, (c) 18 h, and (d) 20 h. The red marks are

to highlight the nanobumps. (e) SCHEME: nucleation and growth mechanism of VO2(B) nanorods

to VO2(M) nanorods.[1.2.33]
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1.2.4. Doping of Vanadium (IV) Oxide

Doping is the intentional introduction of impurities into the crystal structure of our material, in or-

der to create some lattice defects. The addition of substitutional and intercalative dopants is well-

known to modify the phase stabilities of solid-state materials and either induce or hinder phase

transformations by selective stabilization of one region of the phase diagram or by providing low-

energy alternatives to processes that otherwise have high energetic barriers for pure materials.

Substitutional doping of the vanadium sub-lattice of VO2 with other transition metals can strongly

modify the phase-transition temperature and hysteresis and has commonly been used to shift the

phase transition in closer proximity to room temperature. J. P Pouget, et al. (1974 ,1975) found that

doping with Al and Cr can result in stabilization of the metastable M2 phase of VO 2.[1.2.34],[1.2.35] Al-

ternatively, doping the oxide sub-lattice with fluoride is also known to cause a depression of the

phase-transition temperature. Doping the vanadium sub-lattice with tungsten yields a depression in

the transition temperature of 20 to 26  oC per W %atom[1.2.36],[1.2.37],[1.2.38],whereas for other common

dopants, Mo, Ti, and Nb, the induced decrease in the transition temperature is about half of that

value on a per atom basis.[1.2.36]

Regarding the mechanism behind the doping effect on the vanadium dioxide phase transition, Tang

et al.[1.2.39] demonstrated that the depression in phase transition upon W doping arises from destabi-

lization of the V-V dimers in the M1 phase. According to their model, W6+ penetrates into the crystal

lattice of VO2 and substitutes the V4+ ion. In order  to maintain charge neutrality of the lattice, two

distinctive pairs are formed along the  α-axis of VO2(M) cell, with valencies of V3+–V4+ and V3+–

W6+. With the enhancement of the electron concentration from the presence of W donors, the loss of

V4+–V4+ pairs becomes more and more obvious, resulting that the insulating phase becomes destabi-

lized and the band gap is reduced. Thus, the temperature of the MIT  is decreased. In addition, Net-

sianda et al.[1.2.40] have further calculated that there is a greater stabilization (more negative solution

energy) associated with doping W within the rutile (R) phase of VO2 as compared to the solution

energy gained by doping the M1 phase. Additionally, the ionization of the tungsten dopant to W6+

adds two electrons to the band structure of VO2, which further increases the carrier density and

coaxes the system toward transformation to the metallic state. Based on all the above results, the re-

search about mechanism of reducing the Tc of VO2(M) and (R) by doping still requires a lot of effort

by scientists.
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Figure 1.14 Hysteresis loops of optical switching of undoped, W-doped and F-doped VO2 films.

Fig. 1.15 Transmittance spectra for films with Mo-W-co-doped VO2(R) at different contents of the

dopants.[1.2.41]
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1.3 Technological applications of VO2 Thermochromic Thin Films

As it has been already stated, solar control coatings can be applied to commercial or residential

glazing, with the potential of improving the energy efficiency of buildings. Gold-doped vanadium

(IV) oxide thin films have also received attention as fast optical switches. Other potential applica-

tions of VO2 thin films to exploit the ultra-fast switching could include solid-state devices, such as

thermal-switches, computational switches, optical mirrors and data storage or memory devices.[1.2.8]

Figure 1.16  Visual representation of thermochromic VO2 applied as a smart window coating.[1.2.8]

Figure 1.17 Application of VO2 as a switching element in an oxide based memory with high speed

and high density. It consists of a memory element (Pt/NiO/Pt) with non-volatile resistance switching

behavior, and a switching element (Pt/VO2/Pt) with threshold resistance switching behavior[1.2.8]
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CHAPTER 2. Methodology and Protocol

Figure 2.1 Overall schematic representation of protocol applied on this project.

2.1 Reagents/Materials

The VO2 powders were synthesized by a hydrothermal procedure using solid Vanadium (VI) Oxide,

V2O5 (98+%), as the source of vanadium, and solid Oxalic Acid dihydrate, H2C2O4 .2H2O (≥99.0%),

as the reducing agent. For the doping of our material solid Tungstic Acid, H2WO4 (≥99.0%), was

used, as well as Magnesium Sulfate, MgSO4 (≥99.5%). Other reagents were used as additives such

as solid Sodium Hydroxyde, NaOH (98-100.5% pellets); liquid Hydrochlorich Acid, HCl (≥37%,

Fluka);  Sulfuric  Acid,  H2SO4 (95-97%);  and  solid  Thiourea,  SC(NH2)2 (≥99.0%).  All  reagents

mentioned  were  used  without  further  purification  and  purchased  from  Sigma-Aldrich,  except

tungstenic acid and hydrochlorich acid which were purchased and used as obtained by Fluka.

2.2     Synthetic Procedure

In a typical procedure, appropriate amounts of solid V2O5 (usually 0.365 g) and solid H2C2O4 .2 H2O

(usually  1.012 g) were disolved in  40 mL of  deionised water.  After  15 minutes of  stirring the

original dark yellow mixture turned into a dark green - blue solution. During this step, some of the

additional reagents were added in specific batches (see section  2.3 Changing parameters). Then,

for the hydrothermal treatment to take place, the precursor mixture was transfered into a  125 mL

Parr Teflon-lined autoclave of stainless steel and into a furnace at  220 oC for 12 hours with non-

dynamic vacuum applied (at about -0.1 MPa). After the hydrothermal treatment, the autoclave was

cooled naturally to room temperature. The obtained 'as prepared' (usually blue-black coloured) solid

product was isolated from the synthesis solution via centifugation, and then dried in a furnace with

dynamic vacuum applied (at about -0.1 MPa) at  80 oC for 4 hours. Finally, to acquire the desired

crystalline phase of thermochromic VO2 the solid product was annealed at 700 oC for 2 hours, with

a heating rate of 5oC/min, under constant nitrogen gas flow of 3 mL/min.
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2.2.1.Changing Parameters

The main focus of this project was to study the solution-based synthetic approach for this material

and how, by changing the chemistry of the system, we can obtain an optimized synthetic procedure.

For this to happen, we needed to examine the correlation of changing the chemical parameters in

regard to the final material gained. The basic parameters we moderated were: the molar ratio of the

solid reagents, the concentration of our reagents in solution, the pH of the synthesis, the presence of

additives and the  doping levels. Only parameters regarding to the chemistry of the system were

tested, since the alteration of physical parameters for such synthesis, such as synthesis temperature

and duration, has been already studied, as explained at the Introductory part of this report. 

The molar ratio between the two precursors was changed from a minimum of 1:1.5 to a maximum

of  1:12,  as  in  V2O5 mol  :  oxalic  acid  mol,  by raising  the  oxalic  acid  mass  while  keeping the

vanadium precursor mass constant. The  concentration of the vanadium precursor in solution was

changed from 9 g/L to 18 g/L,  either by changing the original  mass of solid  V2O5 used or by

reducing the volume of our precursor mixture by half (thus dissolving the reagents in 20 mL of

deionised water instead of 40 mL). These test were also done for different molar ratios between the

two precursors. The pH of the synthesis was changed by adding various amounts of pH-regulating

additives such as HCl or NaOH solutions, in order to reach various pH values from 0 to 8. Other

additives used were H2SO4 and thiourea.  Dopants used were solid MgSO4 and solid H2WO4 for

single or co- doping of our synthetically optimized material. Doping levels varied from 0.5 mol%

to 10 mol% depending on the  dopant used.

2.2.2.The Hydrothermal Method

The term "hydrothermal" is of geologic origin. Geochemists and mineralogists have studied hydro-

thermal phase equilibria since the beginning of the twentieth century, establishing the foundations

of this method. Originally, hydrothermal synthesis could be defined as a method of synthesis of sin-

gle crystals that depends on the solubility of minerals in hot water under high pressure. The crystal

growth is performed in an apparatus consisting of a steel pressure vessel called an  autoclave, in

which a nutrient (reagent) is supplied along with water. A temperature gradient is maintained be-

tween the opposite ends of the growth chamber. At the hotter end the nutrient solute dissolves, while

at the cooler end it is deposited on a seed crystal, growing the desired crystal.

Today, hydrothermal synthesis is commonly used to synthesize nanostructures, as this method al-

lows for the generation of unique nanoscale morphology. It opens up the possibility of structure

control not afforded by traditional high-temperature solid-state reactions. Hydrothermal synthesis,
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involving water-soluble precursors at a low temperature, is cost effective and sensitive to synthesis

parameters such as time, temperature, pH, concentration, pressure, and reducing agents, which are

useful to obtain desired morphologies and explore new phases.

Advantages of the hydrothermal method over other types of crystal growth include the ability to

create crystalline phases which are not stable at the melting point. Also, materials which have a high

vapour pressure near their melting points can be grown by the hydrothermal method. The method is

also particularly suitable for the growth of large good-quality crystals while maintaining control

over their composition. Disadvantages of the method include the need of expensive autoclaves, and

the impossibility of observing the crystal as it grows. Although autoclaves may be expensive labora-

tory equipment, still they are less expensive than other solid-state synthesis techniques, especially

when working with nano- structures, and depending on the case. On Figure 2.2 we present a photo-

graph along with a detailed schematic of the teflon-lined autoclave used for this project.

Figure 2.2  Parr acid digestion vessel. Model 4748 has a 125 mL, removable PTFE cup in a stain-

less steel body with six cap screws in the screw cap to seal the flanged PTFE cup.
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2.3     Characterization Techniques

The  morphology  of  the  solid  product  was  examined  by  Field  Emission  Scanning  Electron

Microscopy (SEM, Jeol 7000), operating at 15 keV, and equipped with an Energy Dispersive X-ray

(EDX) spectrometry system. The phase identification of the VO2 powders was performed using X-

ray diffraction (XRD, RIGAKU RINT 2000) with Cu-Kα radiation source of λCuKa=1.54 Å, from 10-

80o with a step of 0.2o/sec.  The thermochromic transition was  studied by Differential  Scanning

Calorimetry (DSC, Perkin-Elmer), from 20 oC to 170 oC with 10 oC/min under Nitrogen flow of 20

cc/min, conected with a liquid nitrogen cooling system. To test the thermal stability of our materials

Thermogravimetric Analysis (TGA, SDT Q600 V8.3 Build 101) was used to measure the mass loss

percentage of our materials through a temperature ramp from 30 oC  to 800 oC with a heating range

of 5 oC/min under Argon flow. A more in depth explanation of these techniques will be presented in

the next subsections of this chapter.

2.3.1.Introduction

Inorganic and Polycrystalline Solid Materials can be characterized and studied through many differ-

ent characterization techniques, using either radiation (x-rays, electrons, etc) or by exploiting other

physiochemical properties of our materials, depending on the specific application under examina-

tion. Here, in these subsections the characterization techniques used for this project will be pre-

sented, as well as a short explanation on their basic principles.

2.3.2 X-Ray diffraction (XRD)

X-Ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed information

about the chemical composition and crystallographic structure of natural and manufactured materi-

als. The X-ray diffraction methods have qualitative and quantitative analysis. Qualitative analysis

involves the identification of phase or phases in a specimen by comparison with the reference pat-

tern (i.e. data collected by someone else), and relative estimation of proportions of different phases

in multiphase specimens by comparing peak intensities attributed to the identified phase. The quan-

titative analysis of diffraction data involves the determination of amounts of different phases in

multi-phase samples. In quantitative analysis, an attempt is made to determine structural character-

istics and phase proportions with quantifiable numerical precision from the experimental data itself.

The most successful quantitative analysis usually involves modeling diffraction pattern such that the

calculated pattern(s) duplicates the experimental one. All quantitative analysis requires precise and

accurate determination of the diffraction pattern for a sample in terms of both peak positions and in-

tensities.
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Generation of X-rays

X-rays are short-wavelength with high-energy electromagnetic radiation and having the properties

of both waves and particles. They can be described in terms of photon energy (E) or wavelength l

and frequency n. The relation of between energy, frequency or wavelength can be defined as fol-

lows:

E=hv=hc / λ eq.(2.1)

X-rays are produced from the interaction of high energetic electrons with the metal target. The X-

ray tube must contain (a) a source of electron, (b) a high accelerating voltage, (c) a metal target. 

Bragg’s Law

Since atoms are arranged periodically  in  a  lattice,  x-rays  scattered from a crystalline solid  can

constructively interfere and produce a diffracted beam through these atoms. In 1912, W.L. Bragg

recognized the predictable relationship among several factors, as are expressed in Bragg’s Law:

n λ=2d sinθ eq.(2.2)

where, n: an integer 1, 2, 3…etc [n=1 for calculations]; λ: the wavelength of the incident X-radia-

tion; θ: the diffraction angle in degrees; and d: the distance between similar atomic planes of a min-

eral, which is called d-spacing and is usually measured in angstroms.

Figure 2.3 Bragg diffraction on a periodic structure (crystalline solid).

By varying the angle theta, the Bragg’s Law conditions are satisfied by different d-spacings in the

polycrystalline materials. Plotting the angular positions and intensities of the resultant diffracted

peaks of radiation produces a pattern, which is characteristic of the sample. Where a mixture of dif-

ferent phases is present, the resultant diffractogram is formed by addition of the individual pattern.
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2.3.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique in which the difference in

the amount of heat required to increase or decrease the temperature of a sample in order to keep up

with a reference sample is measured as a function of temperature, by monitoring the material’s heat

capacity (Cp). A sample of known mass is heated or cooled and the changes in its heat capacity are

tracked as changes in the heat flow. This allows the detection of transitions such as melts, glass

transitions, phase changes, and curing. Basically, DSC can detect any change that alters the heat

flow in and out of a sample. This includes more than just glass transitions and melting. You can see

solid state transitions such as eutectic points, melting and conversions of different crystalline phases

like  polymorphic  forms,  dissolution  and  precipitation  from  solutions,  crystallization  and  re-

crystallizations,  curing  exotherms,  degradation,  loss  of  solvents,  and  chemical  reactions.  The

biggest advantage of DSC is the ease and speed with which it can be used to see transitions in

materials. 

In our current work DSC was used to monitor the metal-to-insulator (MIT) phase transition of our

thermochromic material and to deduct/calculate useful data, like the specific critical temperature of

this  structural  transition,  Tcr,  as  well  as  the  hysteresis  loop  between  the  heating  and  cooling

temperatures, ΔTcr = | Tcr
heating – Tcr

cooling | .

Figure 2.4  Heating peak of the transition and Theating transition temperature, here “Tm” (on the left).

Cooling peak of the transition and Tcooling transition temperature, here “Tc” (on the right).

2.3.4 Scanning Electron Microscope (SEM)

A scanning electron microscope is a type of electron microscope that produces images of a sample

by scanning the surface with a focused beam of electrons. The electrons interact with atoms in the
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sample, producing various signals that contain information about the sample's surface topography

and composition.  The most common SEM mode is detection of secondary electrons emitted by

atoms  excited  by  the  electron  beam.  The  number  of  secondary  electrons  that  can  be  detected

depends, among other things, on specimen topography. By scanning the sample and collecting the

secondary electrons that are emitted using a special detector, an image displaying the topography of

the surface is  created.  SEM can achieve resolution better  than 1 nanometer.  Specimens can be

observed in high vacuum in conventional SEM, or in low vacuum or wet conditions in variable

pressure or environmental SEM, and at a wide range of cryogenic or elevated temperatures with

specialized instruments.

In more detail,  primary electrons  are  filled-emitted by cathode filament  (W or  LaB6) or filed-

emission gun (W-tip) and after that accelerated with high energy typically 1 to 30 KeV. Electron

beam is steered with scanning coils over the area of the interest. During the interaction of the beam

with material, the primary electrons decelerate and lose their energy by inelastic transfer to the other

atomic electron and to the lattice. Due to continuous scattering events the primary beam spread up

with  different  energies  depending  on origin  source,  as  shown in  Figure  2.5-a.  The  interaction

volume with the various electrons emitted and their respective energy is shown in  Figure 2.5-b.

Secondary electrons of about 1 to 50 eV are mostly used for imaging the topographically contrast

and reproduce the surface. High energy elastically backscattered electrons depends on the atomic

number (Z) of the element, which is useful to obtain Z-contrast. For the qualitative and quantitative

analysis of the elemental composition and distribution in the sample, the X-ray characteristic is

commonly used (see next subsection on "Energy-Dispersive X-Ray Spectroscopy").

Figure 2.5 (a) The interactions  of electrons with the surface during bombardment.  (b) Type of

electrons and corresponding energies of the emitted electrons after element interaction. (c) Showing

the effect of surface topography on electron emission.

34/126



2.3.5 Energy-Dispersive X-Ray Spectroscopy (EDX)

The EDX system, also sometimes called EDS, is connected to electron microscopes such as SEM,

FE-SEM and HR-TEM. The EDX spectra of the corresponding elements of the sample are obtained

by measuring the energy of x-rays emitted from the sample during e-beam bombardment. X-rays

are produced as a result of ionization of an atom when an inner shell electron has been removed by

the incident electrons. When an ionized atom returns from its excited state to its ground state, an

electron from a higher energy outer shell fills the vacant inner shell and then releases an amount of

energy equal to the potential energy difference between the two shells. This energy, which is unique

for every atomic transition, will be emitted either as an x-ray or as Auger electron. In EDX analysis,

the  detector  analyzes  these  emitted  x-  ray photons  from the  sample,  which  can be  utilized for

quantitative and qualitative composition analysis

Figure 2.6 Principle of EDX

 2.3.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal analysis

in which the mass of a sample is measured over time as the temperature changes. This measurement

provides  information  about  physical  phenomena,  such  as  phase  transitions,  absorption  and

desorption; as well as chemical phenomena including chemisorptions, thermal decomposition, and

solid-gas reactions (e.g., oxidation or reduction). 

TGA  is  conducted  on  an  instrument  referred  to  as  a  thermogravimetric  analyzer.  A

thermogravimetric  analyzer  continuously  measures  mass  while  the  temperature  of  a  sample  is

changed over time. Mass, temperature, and time in thermogravimetric analysis are considered base

measurements  while  many  additional  measures  may  be  derived  from  these  three  base

measurements.
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A typical thermogravimetric analyzer consists of a precision balance with a sample pan located

inside a furnace with a programmable control temperature. The temperature is generally increased

at constant rate (or for some applications the temperature is controlled for a constant mass loss) to

incur a thermal reaction. The thermal reaction may occur under a variety of atmospheres (ambient

air, vacuum, inert gas, oxidizing/reducing gases, etc) as well as a variety of pressures.

The thermogravimetric data collected from a thermal reaction is compiled into a plot of mass or

percentage of initial mass on the y-axis versus either temperature or time on the x-axis. This plot,

which is often smoothed, is referred to as a TGA curve. 

Figure 2.7 A typical TGA curve, with the Weight % on the y-axis versus the Temperature on the x-

axis.
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CHAPTER 3. Experimental Results

In this section we will present the most prominent of our experimental results. In total we tested  44

different synthetic parameter configurations. These results will be presented in different sections

based  on  a  parameter  change  at  a  time.  The  experimental  data   presented  for  these

configurations/batches will be mostly by means of XRD patterns, in order to identify the product of

each batch and compare results between different configurations. Furthermore, in each chapter data

will  be  presented  for  our  samples  both  prior  (“as  obtained”)  and after  (“final”)  the  annealing

process. The comparison of these data is of interest, since the annealing of our “as obtained” sam-

ples  can distort  the crystalline lattices  to  adopt  more  thermodynamically  stable  phases of  ther-

mochromic VO2 as well as increase the crystallinity of our materials, thus achieving better quality

products.

The yields of the products of our synthetic procedures were also calculated by dividing the mass of

the hydrothermal “as obtained” product to the original mass of our reagent, V2O5, and multiplying

by 100%, as in equation (2):

Yield %= final mass
starting mass

⋅100 % eq. (2)

The results of our calculations for the as prepared products in regard to the two main changing pa-

rameters, molar ratio of precursors and concentration of vanadium precursor, are presented in Table.

3.1. Note that these as obtained hydrothermal products aren't necessary the desired thermochromic

polymorph of VO2 (more on the identification of this samples in the following sections).

V2O5 : Oxalic acid 
molar ratio

V2O5 concentration

3 g/L 9 g/L 18 g/L

1:1.5 83.6 % 95.4 % -

1:2 - 91.9 % -

1:3 - 41.2 % -

1:4 82.5 % 78.2 % 85.1 %

1:6 82.4 % 77.5 % -

1:8 79.4 % 77.5 % -

1:10 79.6 % 73.3 % -

1:12 73.4 % - -

Table. 3.1. Calculated Yields% of hydrothermal procedure, in regard to molar ratio of precursors

and concentration of V2O5 precursor.
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3.1 Parameter: Molar Ratio of precursors

The synthesis process was initiated by reducing V2O5 in the presence of oxalic acid to VOC2O4 un-

der ambient conditions during the stirring process. The final formation of VO2 crystals in the more

studied configurations occurred during the subsequent hydrothermal step and is summarized by the

chemical reaction equation (1), as explained in previous sections (see "1.2.3. Reduction of V2O5 to

VO2 and its polymorphs complications"). 

V2O5 + 2H2C2O4 → 2VO2 + 3CO2 + CO + 2H2O eq.(1)

The molar ratio of the precursors plays a crucial role in fully reducing the vanadium to the desired

+4 oxidation state, making it a critical factor in the preparation of VO2 phases. Based on the chemi-

cal reaction of eq. (1), the molar ratio between V2O5 and oxalic acid should be at least 1:2 to fully

reduce V5+ to V4+. For the purpose of this project, we experimented with molar ratios of 1:1.5, 1:2,

1:3, 1:4, 1:6, 1:8, 1:10 and 1:12, in order to see the effect of an excess of the reducing agent, while

other synthetic parameters, like concentration, pH, temperature and duration, were kept constants.

3.1.1.Before annealing (“as obtained” products)

3.1.1.a. XRD patterns for the as obtained at 18 g/L V2O5 concentration

Figure 3.1 X-ray diffraction patterns of “as obtained” sample with a configuration of 18 g/L V2O5

and 1:4 molar ratio of the reagents.

For the synthesis with high concentration of vanadium precursor, we tested the configuration with a

molar ratio of 1:4. From the XRD pattern shown on Figure 3.1 we have identified the monoclinic

VO2(B) and the tetragonal VO2(A) polymorphs. For these and for all of the XRD data in this project

identification of the samples was done using the XRD identification programs: JADE and EVA.
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3.1.1.b. XRD patterns for the as obtained at 9 g/L V2O5 concentration

Figure 3.2 X-ray diffraction patterns of “as obtained” samples with configurations of 9 g/L V2O5

and various molar ratios of the reagents.

For the synthesis with medium concentration of vanadium precursor, we tested the configurations

with a molar ratio of 1:1.5, 1:2, 1:3, 1:4, 1:6, 1:8 and 1:10. From the XRD patterns shown on Fig-

ure 3.2 we can deduct several conclusions. The 1:1.5 molar ratio batch consists of a mixture of the

hydrated  vanadium oxide,  V6O7.H2O (oxidation  state  of  +2.3),  the  monoclinic  VO2(B)  and  the

tetragonal VO2(A) with less intense peaks. Still, the  1:2, 1:3, 1:4, 1:6, 1:8 and 1:10 molar ratio

batches consist of a mixture of the two metastable vanadium dioxide polymorphs, the monoclinic

VO2(B) and the tetragonal VO2(A) only. The structures of these two polymorphs were presented in

the introductory section of this project. The peaks corresponding to the monoclinic (B) polymorph

are more intense than the peaks of the tetragonal (A) polymorph in all of these batches. Specifically,

an increase of the main peaks of the tetragonal polymorph can be observed from 1:2 to 1:4 and 1:6,

whereas on higher molar ratios the peaks of the tetragonal (A) are reduced and the crystallinity of

the products seem to diminish, suggesting that an oxalic acid excess of x2 to x3 times higher than

the suggested by chemical eq. (1) can produce better materials, for 9 g/L of V2O5 configurations.
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3.1.1.c. XRD patterns for the as obtained at 3 g/L V2O5 concentration

Figure 3.3 X-ray diffraction patterns of “as obtained” samples with configurations of 3 g/L V2O5

and various molar ratios of the reagents.

For the synthesis with low concentration of vanadium precursor, we tested the configurations with a

molar ratio of 1:1.5, 1:4, 1:6, 1:8, 1:10 and 1:12. From the XRD patterns shown on Figure 3.3 we

can deduct several conclusions. The 1:1.5 molar ratio batch consists of a mixture of unidentifiable

peaks, with some of them attributed to the hydrated vanadium oxides, V3O7.H2O (oxidation state of

+4.7) and V5O12.6H2O (oxidation state of +4.8), as expected since the reducing agent is less than the

necessary to reduce V+5 to V+4. In contrast, the  1:4, 1:6, 1:8, 1:10 and 1:12 molar ratio batches con-

sist of a mixture of the two metastable vanadium dioxide polymorphs, the monoclinic VO 2(B) and

the tetragonal VO2(A). The structures of these two polymorphs were presented in the introductory

section of this project. The peaks corresponding to the monoclinic (B) polymorph are more intense

than the peaks of the tetragonal (A) polymorph in all of these batches. Higher crystallinity was

achieved in the 1:4 and 1:6 molar ratio batches, suggesting again that an oxalic acid excess of x2 to

x3 times higher than the suggested by chemical eq. (1) can produce better materials, for the low

concentration of vanadium precursor configurations.
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3.1.2.After annealing (“final” products)

3.1.2.a. XRD patterns for the final products at 18 g/L V2O5 concentration

Figure 3.4 X-ray diffraction patterns of “final” sample with a configuration of 18 g/L V2O5 and 1:4

molar ratio of the reagents (the characteristic 27.8 degrees peak of VO2(M) has been noted with an

asterisk).

From the XRD pattern shown on Figure 3.4 we have identified the thermochromic polymorph mon-

oclinic  VO2(M)  (JCPDS  Card  No.  44-0252,  P21/c,  a=4.506  Å,  b=2.899  Å,  c=4.617Å  and

β=91.79o) and the oxide V6O13 (ox. state +4.3). The characteristic peak of VO2(M) is visible at 27.8

degrees, along with other peaks of the V6O13 oxide impurity.
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3.1.2.b. XRD patterns for the final products at 9 g/L V2O5 concentration

Figure 3.5 X-ray diffraction patterns of “final” samples with configurations of 9 g/L V2O5 and vari-

ous molar ratios of the reagents (the characteristic 27.8 degrees peak of VO2(M) has been noted

with an asterisk).

From the XRD patterns shown on Figure 3.5 we can deduct several conclusions. The 1:1.5 molar

ratio batch consists mostly of vanadium oxide V6O13 (oxidation state of +4.3), with the presence of

small  peaks of the monoclinic  thermochromic crystalline phase VO2(M) (JCPDS Card No. 44-

0252). Still, the  1:2 molar ratio batch consists of a mixture of vanadium oxides V6O13 and V2O5

(oxidation state of +5), possibly due to some partial oxidation of the material during the annealing

process, since the rest of the batches with 1:3, 1:4, 1:6, 1:8 and 1:10 molar ratio have a strong pres-

ence of the VO2(M) peaks, along with the vanadium oxide V6O13. Batches 1:4 and 1:8, in the case of

the 9 g/L vanadium precursor, seem to have a greater presence of the monoclinic thermochromic

polymorph, than the +4.3 vanadium oxidation state oxide, whereas the rest of the batches have ei-

ther less of the desired thermochromic phase or a very high impurity of V6O13. The structures of

these oxides were presented in the introductory section of this project.
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3.1.2.c. XRD patterns for the final products at 3 g/L V2O5 concentration

Figure 3.6 X-ray diffraction patterns of “final” samples with configurations of 3 g/L V2O5 and vari-

ous molar ratios of the reagents (the characteristic 27.8 degrees peak of VO2(M) has been noted

with an asterisk).

From the XRD patterns shown on Figure 3.6 we can deduct several conclusions. The 1:1.5 molar

ratio batch consists of a mixture of vanadium oxides, the V6O13 (oxidation state of +4.3) and the

V4O9 (oxidation state of +4.5). Then, the 1:4 and 1:6 molar ratio batches consist of a mixture of

vanadium oxides V6O13 and V2O5 (oxidation state of +5). The rest of the batches with 1:8 and 1:12

molar ratio have a subtle presence of the VO2(M) peaks, along with the oxides V4O9 and VO2(A) for

1:8 and oxide V6O13 for 1:12. Unfortunately, no 1:10 molar ratio batch was saved after the annealing

for structural characterization. So, for the case of the low (3 g/L) concentration of vanadium precur-

sor, we can deduct that only with an oxalic acid excess of x4 or x6 times higher than the suggested

by chemical eq. (1) we can detect peaks of the desired thermochromic polymorph.
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3.2 Parameter: V2O5 concentration

As we already seen by the results in the previous section, different concentrations of the vanadium

precursor will result to different vanadium oxides and/or polymorphs. In this section the same data

will be presented, but in regards to the effect of V2O5 concentration. For the purpose of this project,

we experimented with V2O5 concentrations of 3 g/L, 9 g/L and 18 g/L, in order to see the effects,

while other synthetic parameters, like the molar ratio, pH, temperature and duration, were kept con-

stants.

3.2.1.Before annealing (“as obtained” products)

3.2.1.a. XRD patterns for the as obtained at 1:1.5 molar ratio

Figure 3.7 X-ray diffraction patterns of “as obtained” samples with configurations of 1:1.5 molar

ratios of the reagents and various concentrations of V2O5.

For the synthesis with 1:1.5 precursors molar ratio, we tested the configurations with a V2O5 con-

centrations of 3 g/L and 9 g/L. From the XRD patterns shown on Figure 3.7 we can deduct several

conclusions. The 3 g/L batch consists of a mixture of unidentifiable peaks, with some of them attrib-

uted to the hydrated vanadium oxides, V3O7.H2O (oxidation state of +4.7) and V5O12.6H2O (oxida-

tion state of +4.8), whereas the 9 g/L batch consists of a mixture of the hydrated vanadium oxide,

V6O7.H2O (oxidation state of +2.3), the monoclinic VO2(B) and the tetragonal VO2(A) with less in-

tense peaks.  As stated previously, the 1:1.5 molar ratio according to the chemical eq. (1) is not

enough to fully reduce the V5+ to V4+, as shown by the results of the 3 g/L configuration. Still when

increasing to a higher concentration of vanadium precursor, we can achieve a partial oxidation to

the V4+.
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3.2.1.b. XRD patterns for the as obtained at 1:2 molar ratio

Figure 3.8 X-ray diffraction pattern of “as obtained” sample with configurations of 1:2 molar ra-

tios of the reagents and a 9 g/L concentration of V2O5.

For the synthesis with 1:2 precursors molar ratio, we tested only the configuration with a V2O5 con-

centration of 9 g/L. From the XRD pattern shown on Figure 3.8 we identified the material as a mix-

ture of the two metastable vanadium dioxide polymorphs, mostly of the monoclinic VO2(B) and in

very small traces the tetragonal VO2(A).

3.2.1.c. XRD patterns for the as obtained at 1:3 molar ratio

Figure 3.9 X-ray diffraction pattern of “as obtained” sample with configurations of 1:3 molar ra-

tios of the reagents and a 9 g/L concentration of V2O5.

For the synthesis with 1:3 precursors molar ratio, we tested only the configuration with a V2O5 con-

centration of 9 g/L. From the XRD pattern shown on Figure 3.9 we identified the material as a mix-

ture of the two metastable vanadium dioxide polymorphs, of the monoclinic VO2(B) and the tetrag-

onal VO2(A), with  peaks of the monoclinic VO2(B) having about three times higher intensity than

the peaks of the tetragonal VO2(A).
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3.2.1.d. XRD patterns for the as obtained at 1:4 molar ratio

Figure 3.10 X-ray diffraction patterns of “as obtained” samples with configurations of 1:4 molar

ratios of the reagents and various concentrations of V2O5.

For the synthesis with 1:4 precursors molar ratio, we tested the configurations with a V2O5 concen-

trations of 3 g/L, 9 g/L and 18 g/L. From the XRD patterns shown on Figure 3.10 all of the tested

batches were identified as a mixture of the two metastable vanadium dioxide polymorphs, the mon-

oclinic VO2(B) and the tetragonal VO2(A), with the 3 g/L batch having little presence of the tetrago-

nal VO2(A) polymorph. Higher V2O5 concentrations seem to promote the formation of tetragonal

metastable VO2(A) polymorph over the monoclinic metastable VO2(B) polymorph.

3.2.1.e. XRD patterns for the as obtained at 1:6 molar ratio

Figure 3.11 X-ray diffraction patterns of “as obtained” samples with configurations of 1:6 molar

ratios of the reagents and various concentrations of V2O5.

For the synthesis with 1:6 precursors molar ratio, we tested the configurations with a V2O5 concen-

trations of 3 g/L and 9 g/L. From the XRD patterns shown on Figure 3.11 we can observe the same

pattern with previous results. The low concentration batch was identified as pure VO2(B), whereas

the medium concentration batch was identified as a mixture of VO2(B) and VO2(A) polymorphs.
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3.2.1.f. XRD patterns for the as obtained at 1:8 molar ratio

Figure 3.12 X-ray diffraction patterns of “as obtained” samples with configurations of 1:8 molar

ratios of the reagents and various concentrations of V2O5.

For the synthesis with 1:8 precursors molar ratio, we tested the configurations with a V2O5 concen-

trations of 3 g/L and 9 g/L. From the XRD patterns shown on Figure 3.12 we can observe the same

pattern with previous results. Both tested batches were identified as a mixture of the two metastable

vanadium dioxide polymorphs, the monoclinic VO2(B) and the tetragonal VO2(A), with the 3 g/L

batch having little presence of the tetragonal VO2(A) polymorph. Again, higher V2O5 concentrations

seem to promote the formation of tetragonal metastable VO2(A) polymorph over the monoclinic

metastable VO2(B) polymorph.

3.2.1.g. XRD patterns for the as obtained at 1:10 molar ratio

Figure 3.13 X-ray diffraction patterns of “as obtained” samples with configurations of 1:10 molar

ratios of the reagents and various concentrations of V2O5.

For the synthesis with 1:10 precursors molar ratio, we tested the configurations with a V2O5 concen-

trations of 3 g/L and 9 g/L. From the XRD patterns shown on Figure 3.13 we can observe the same

pattern with previous results. Both tested batches were identified as a mixture of the two metastable
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vanadium dioxide polymorphs, the monoclinic VO2(B) and the tetragonal VO2(A), with the 3 g/L

batch having little presence of the tetragonal VO2(A) polymorph. Again, higher V2O5 concentrations

seem to promote the formation of tetragonal metastable VO2(A) polymorph over the monoclinic

metastable VO2(B) polymorph.

3.2.1.h. XRD patterns for the as obtained at 1:12 molar ratio

Figure 3.14 X-ray diffraction patterns of “as obtained” sample with configurations of 1:12 molar

ratios of the reagents and a 3 g/L concentration of V2O5.

For the synthesis with 1:12 precursors molar ratio, we tested only the configuration with a V2O5

concentration of 3 g/L. From the XRD pattern shown on Figure 3.14 we can observe the same pat-

tern with previous results. Our sample identified as a mixture of the two metastable vanadium diox-

ide polymorphs, with a strong presence of the monoclinic VO2(B) and a little presence of the tetrag-

onal VO2(A) polymorph.

3.2.2.After annealing (“final” products)

3.2.2.a. XRD patterns for the final products at 1:1.5 molar ratio

Figure 3.15 X-ray diffraction patterns of “final” samples with configurations of 1:1.5 molar ratios

of the reagents and various concentrations of V2O5 (the characteristic 27.8 degrees peak of VO2(M)

has been noted with an asterisk).
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From the XRD pattern shown on Figure 3.15 we can deduct several conclusions. The 3 g/L batch

consists of a mixture of vanadium oxides, the V6O13 (oxidation state of +4.3) and the V4O9 (oxida-

tion state of +4.5). Whereas, the 9 g/L batch consists mostly of vanadium oxide V6O13 (oxidation

state of +4.3), with the presence of small peaks of the monoclinic thermochromic crystalline phase

VO2(M) (JCPDS Card No. 44-0252). These results confirm that the concentration of the vanadium

precursor has a crucial role over the formation of the desired thermochromic polymorph of vana-

dium dioxide, even when the reducing agent is in deficiency (1:1.5 molar ratio).

3.2.2.b. XRD patterns for the final products at 1:2 molar ratio

Figure 3.16 X-ray diffraction patterns of “final” samples with configurations of 1:2 molar ratios of

the reagents and a 9 g/L concentration of V2O5.

For the synthesis with 1:2 precursors molar ratio, we tested only the configuration with a V2O5 con-

centration of 9 g/L. From the XRD pattern shown on Figure 3.16 we identified the sample as a mix-

ture of the vanadium oxides V6O13 (oxidation state of +4.3) and V2O5 (oxidation state of +5), possi-

bly due to some partial oxidation of the material during the annealing process.

3.2.2.c. XRD patterns for the final products at 1:3 molar ratio

Figure 3.17 X-ray diffraction patterns of “final” samples with configurations of 1:3 molar ratios of

the reagents and a 9 g/L concentration of V2O5 (* : 27.8 degrees peak of VO2(M)).

For the synthesis with 1:3 precursors molar ratio, we tested only the configuration with a V2O5 con-

centration of 9 g/L. From the XRD pattern shown on Figure 3.17 we identified the sample as a mix-

ture of the VO2(M) thermochromic polymorph, along with strong vanadium oxide V6O13 impurities.
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3.2.2.d. XRD patterns for the final products at 1:4 molar ratio

Figure 3.18 X-ray diffraction patterns of “final” samples with configurations of 1:4 molar ratios of

the reagents and various concentrations of V2O5 (the characteristic 27.8 degrees peak of VO2(M)

has been noted with an asterisk).

For the synthesis with 1:4 precursors molar ratio, we tested configurations with all three V2O5 con-

centrations, 3 g/L, 9 g/L and 18 g/L. From the XRD pattern shown on Figure 3.18 we can deduct

several conclusions. The 3 g/L batch consists of a mixture of vanadium oxides, the V6O13 (oxidation

state of +4.3) and the V2O5 (oxidation state of +5). Whereas, the 9 g/L and 18 g/L batches consist

mostly of the thermochromic polymorph VO2(M), along with some vanadium oxide V6O13 impuri-

ties. The medium concentration (9 g/L) configuration seems to give products of better crystallinity

than that  of higher concentration (18 g/L).

3.2.2.e. XRD patterns for the final products at 1:6 molar ratio

Figure 3.19 X-ray diffraction patterns of “final” samples with configurations of 1:6 molar ratios of

the reagents and various concentrations of V2O5 (the characteristic 27.8 degrees peak of VO2(M)

has been noted with an asterisk).
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For the synthesis with 1:6 precursors molar ratio, we tested configurations with V2O5 concentrations

3 g/L and 9 g/L. From the XRD pattern shown on Figure 3.19 we can deduct several conclusions.

The 3 g/L batch consists of a mixture of vanadium oxides, the V6O13 (oxidation state of +4.3) and

the  V2O5 (oxidation  state  of  +5).  Whereas,  the  9  g/L batch  consists  of  a  mixture  of  the  ther-

mochromic polymorph VO2(M) and the oxide V6O13. Again, these results confirm that the concen-

tration  of  the  vanadium  precursor  has  a  crucial  role  over  the  formation  of  the  desired  ther-

mochromic polymorph of vanadium dioxide.

3.2.2.f. XRD patterns for the final products at 1:8 molar ratio

Figure 3.20 X-ray diffraction patterns of “final” samples with configurations of 1:8 molar ratios of

the reagents and various concentrations of V2O5 (the characteristic 27.8 degrees peak of VO2(M)

has been noted with an asterisk).

For the synthesis with 1:6 precursors molar ratio, we tested configurations with V2O5 concentrations

3 g/L and 9 g/L. From the XRD pattern shown on Figure 3.20 we can deduct several conclusions.

For the 3 g/L batch a subtle presence of the VO2(M) peaks, along with the oxides V4O9 (oxidation

state of +4.5) and VO2(A) was identified, whereas for the 9 g/L a strong presence of the VO2(M)

peaks, along with little vanadium oxide V6O13 (oxidation state of +4.3) impurities. Again we see, as

with previous results, the importance of the concentration of the vanadium precursor to the hydro-

thermal synthesis for thermochromic VO2.
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3.2.2.g. XRD patterns for the final products at 1:10 molar ratio

Figure 3.21 X-ray diffraction patterns of “final” samples with configurations of 1:10 molar ratios

of the reagents and a 9 g/L concentration of V2O5.

Unfortunately, no “3 g/L & 1:10” batch material was saved after the annealing for structural charac-

terization. Still, form the characterization of the XRD pattern shown on Figure 3.20 we identified

the 9 g/L as the thermochromic monoclinic VO2(M) polymorph, along with visible vanadium oxide

V6O13 (oxidation state of +4.3) impurities.

3.2.2.h. XRD patterns for the final products at 1:12 molar ratio

Figure 3.22 X-ray diffraction patterns of “final” samples with configurations of 1:12 molar ratios

of the reagents and a 3 g/L concentration of V2O5.

For the synthesis with 1:12 precursors molar ratio, we tested only the configuration with a V2O5

concentration of 3 g/L. From the XRD pattern shown on Figure 3.22 we can observe the same pat-

tern with previous results. Our sample identified as a mixture of the oxide V6O13 (oxidation state of

+4.3) mostly, along with a small presence of the thermochromic monoclinic VO2(M) polymorphs.
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3.3 Conclusions over the effect of the synthetic reagents concentrations

In the previous two chapters we discussed the effect of both the synthetic reagents concentrations

over our hydrothermal synthesis and the products obtained, either by an expression of reagents mo-

lar ratio with an change in the moles of oxalic acid used, or by an expression of the concentration of

the vanadium precursor in our reagents solution. From the data presented, we can sum up the con-

clusions of these two separate parameters in order to agree on an optimal configuration of reagents

concentrations, for the following tested parameters.

V2O5 + 2H2C2O4 → 2VO2 + 3CO2 + CO + 2H2O eq.(1)

Regarding the oxalic acid, we concluded that a higher concentration, up to x2 or x3 times the sug-

gested amount from the chemical equation (1), can promote the formation of the second intermedi-

ate metastable polymorph VO2(A) over  the formation of the first  intermediate metastable poly-

morph VO2(B) for  the  “as  obtained” products,  thus  leading to  an increase in  the formation of

VO2(M) over the products mixtures/impurities for the “final” products, confirming the suggestions

of our bibliography[1.2.31],[1.2.32]. Also, it promotes the formation of higher crystallinity materials in

both stages of our synthetic procedure. This is the case especially for the higher concentrations of

vanadium precursor.

In accordance, regarding the vanadium precursor V2O5, we concluded that a medium to high con-

centration, of 9 g/L or 18 g/L, can promote the formation of the second intermediate metastable

polymorph VO2(A) over the formation of the first intermediate metastable polymorph VO2(B) for

the “as obtained” products, thus leading to an increase in the formation of VO2(M) over the prod-

ucts mixtures/impurities for the “final” products, as in the case above, especially when with higher

concentrations of oxalic acid. In contrast, it won’t always promote the formation of higher crys-

tallinity materials, making it a more unrelated parameter to the quality of the final products.

In conclusion, by combining the best results of both concentrations, a configuration of optimized

parameters can be achieved, between the 1:4 – 1:8 reagents molar ratio and 9 g/L of  vanadium pre-

cursor.
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Figure 3.23 Graphical overview of XRD identification results of batches with configurations of dif-

ferent concentrations of reagents, before (left) and after (right) the annealing process. Optimal con-

figuration and high quality materials can be achieved at a minimum of 9 g/L V2O5 and 1:4 V2O5 :

oxalic acid molar ratio for our hydrothermal procedure.
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3.4 Parameter: synthesis volume

Since the concentration of our reagents play a crucial role to the results of our synthetic procedures

we deemed right to try some synthetic configurations on high concentrations of V2O5. To do so, we

still had to abide by the limits of maximum pressure and mass loadings suggested by the manufac-

turer company of the autoclave used. Thus, we decided to test these configurations on half the vol-

ume of our previous configurations used, so 20 mL of deionized water instead of 40 mL, and thus

also experiment with the possible effect of reducing the synthesis volume. 

When the volume of reagents solution is reduced, the pressure applied inside the autoclave during

the hydrothermal procedure will be lower and the reaction will be less vigorous than with the con-

figurations with higher loadings. As shown by our results, the only difference in reducing the syn-

thesis volume is the slight increase of impurities at both our “as obtained” and “final” products.

For this parameter change we experimented with molar ratios of 1:1.5, 1:4, 1:8 and 1:12, while

keeping a 18 g/L V2O5 concentration. Figure 3.24 shows the only configuration we have tested both

on full synthesis volume and half synthesis volume. As stated above, the only effect for the “1:4 &

18 g/L” configurations is an increase on impurities when reducing the synthesis volume by half.

Figure 3.24 X-ray diffraction patterns of “as obtained” and “final” samples with configurations of

18 g/L V2O5  concentration, 1:4 reagents molar ratio and two different solution synthesis volume.
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All of the configurations tested in the half volume synthesis parameter will be presented in the two

following sections as “before” and “after” annealing results.

3.4.1.Before annealing (“as obtained” products)

Figure 3.25 X-ray diffraction patterns of “as obtained” samples with configurations of 18 g/L con-

centration of V2O5 , half the reagents solution volume and various reagents molar ratios.

From the XRD data collected, shown on Figure 3.25, we can deduct several conclusions. The 1:1.5

molar ratio batch consists of a mixture of the metastable monoclinic VO2(B) polymorph and the hy-

drated vanadium oxide V6O7.H2O (oxidation state of +2.3). Still, the rest of the batches, 1:4, 1:8 and

1:12 consist of a mixture of the two metastable polymorphs, monoclinic VO2(B) and tetragonal

VO2(A).
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3.4.2.After annealing (“final” products)

Figure 3.26 X-ray diffraction patterns of “final” samples with configurations of 18 g/L concentra-

tion of V2O5 , half the reagents solution volume and various reagents molar ratios.

From the XRD patterns shown on Figure 3.26,  we can identify a mixture of the vanadium oxides

V6O13 (oxidation state of +4.3) and the thermochromic monoclinic VO2(M) polymorph for all of the

patches tested, along with some impurities of V2O5 (oxidation state of +5) on batch 1:1.5 and some

impurities of V12O26 (oxidation state of +4.3) on 1:4.
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3.5 Parameter: pH of synthesis

Since, at the time of our experimental procedures the “1:4 & 9 g/L” configuration seemed to be the

batch with the better results, as explained above, we mostly used this to experiment with the rest of

the changing chemical parameters. In everyone of our previously presented batches pH measure-

ments were taken after each of every step of our synthetic procedure when possible. The pH mea-

surements during the synthetic procedure for our basic configuration are presented below:

Synthetic Step pH value

After 15 min of stirring the reagents solution 0.6

After 12h of hydrothermal procedure at 220oC 2.4

Table 3.2.  pH values of our basic “1:4 & 9 g/L” configuration during different synthetic steps.

The idea was to experiment with the change of the pH value of our solution before the hydrothermal

step, in order to find the optimal pH for this synthesis. This was achieved by addition of either

NaOH solution for pH regulation to more basic values or HCl solution for pH regulation  to more

acidic values. Table 3.3 summarizes the batches tested along with their pH values measured on both

synthetic steps. As shown below, by adding extra solvents concentration of V2O5 drops, so the new

values for each synthesis solution has been calculated.

pH regulation
after the 15 min stirring step

New calculated
V2O5 concentration

After hydrothermal
step

notes

≈10 mL NaOH 1M pH = 2.0 ≈ 7 g/L pH = 6.3 Not enough solid product

≈14 mL NaOH 1M pH = 4.2 ≈ 7 g/L pH = 6.8 Yield% = 12.1%

≈16 mL NaOH 1M pH = 6.0 ≈ 6.5 g/L pH = 6.8 No solid products precipitated

≈20 mL NaOH 1M pH = 8.0 ≈ 6 g/L pH = 6.8 No solid products precipitated

≈20 mL HCl 0.1M pH = 0.4 ≈ 6 g/L pH = 1.7 Yield% = 57.8%

≈8 mL HCl 1M PH = 0.1 ≈ 7 g/L pH = 1.8 Not enough solid product

Table 3.3. Characteristics of configurations with pH regulation prior the hydrothermal step.

As noted, most of these configurations produced no to little solid products. Even the batch with  the

best results (pH=0.4 regulation by HCl) gave a solid product at low yields (57.8%). For comparison,

our basic configuration “1:4 & 9 g/L” has a higher yield (around 80%) and pH values after the 15

min stirring step are of 0.6 without any regulation.
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On Figure 3.27 the XRD patterns of the two configurations that gave enough solid product for char-

acterization are presented. Unfortunately, an even less amount from the “pH = 4.2 NaOH regulated”

batch was recovered after the annealing process making it impossible to characterize with the equip-

ment available to us. In contrast, the “pH = 0.4 HCl regulated” batch mass was enough for charac-

terizations both prior and after the annealing process. To compare, the XRD patterns of our standard

batch are also presented.

Figure 3.27 X-ray  diffraction  patterns  of  pH  regulated  samples  prior  and  after  the  annealing

process, along with patterns of our most basic configuration “1:4 & 9 g/L” for comparison.

Not only the yields of our pH regulated batches are poor, we also identify them as mixtures of dif-

ferent compounds. On the “as obtained” NaOH regulated batch we can identify the oxide NaV2O5

along with other impurities of compounds of sodium. Still, that is not the case for the “as obtained”

HCl regulated batch which was found to consists of a mixture of the two metastable polymorphs,

monoclinic VO2(B) and tetragonal VO2(A).  On the “final” HCl regulated batch we can identify the

the  oxides  V6O13 (ox.state  of  +4.3),  V2O5 (ox.  state  of  +5)  and the  thermochromic  monoclinic

VO2(M) polymorph. No chloride compounds where found in these configurations results.  From

these results  we can empirically conclude that for our synthetic procedure  no pH regulation is

needed, since the results are better when starting on a non regulated pH value of about “0.6”.
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3.6 Effect of additives

As by now, we have found an optimized configuration by means of reagents concentrations, synthe-

sis volume and starting pH for our hydrothermal synthesis. The next step was to try the effects of

different additives, mostly based on suggestions from novel research of our bibliography. In this

chapter we will present and discuss the results of two series of configurations: a series with additive

Sulfuric Acid, H2SO4, and another with additive Thiourea, SC(NH2)2. Additives used for doping will

be discussed separately in the next chapter (see “3.7  Effect of dopants”).

3.6.1.Effect of additive Sulphuric Acid, H2SO4

As suggested by some novel research papers of our bibliography[3.1],[3.2],[3.3], sulphuric acid can be

used as either an assistant in the formation and morphology control of VO2(R) in the hydrothermal

process, as a pH regulator during the reagents mixture preparation, or as an additive to increase the

vanadium  leaching  to  the  reaction  solution.  As  explained  by  Tavakoli  et  al. [3.3],  by  having

sulphate/bi-sulphate anions in our reaction solution along with the pentavanadyl cations (VO2
+), the

dominant  vanadium cation in  acidic  aqueous solutions (equation 3),  the monosulphate complex

VO2HSO4 can  be  formed (equation 4 and 5).  Thus,  an increase  in  vanadium solubility  can  be

achieved due to this complexion, promoting the leaching of vanadium in reducing solutions from

the 5+ oxidation state of the solid precursor to the 4+ soluble oxide ion, and enriching the overall

solution chemistry of the system (overall reaction at low pH, equation 6).

V 2O5+2 H+1→ 2VO2
+1+H 2 O (eq. 3)

VO2
+1+SO 4

− 2→VO2 SO4
−1 (eq. 4)

V O2
+1+H S O4

− 1→ VO2 HSO4 (eq. 5)

V 2O5+SO2 (aq )+3 H+1→ 2VO+2+HSO4
−1+H2O (eq. 6)

To test the relevance of these observations to our own experimental system, we tested the effect of

additive H2SO4 to our basic “1:4 & 9 g/L” configuration as well as for configuration “1:10 & 9 g/L”

by adding 6-7 drops of dense H2SO4 solution before the hydrothermal procedure step. Results pre-

sented in Figure 3.28 show the effect of additive H2SO4 to our system.
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Figure 3.28 X-ray diffraction patterns of configurations with additive H2SO4 and of our basic con-

figuration, prior and after the annealing process.

Compared to the results of our basic configuration,  sulphuric acid seems to promote VO2(B) and

(A) formation during the hydrothermal step of our synthesis, giving higher crystallinity products.

However, after the annealing process we seem to get products with greater V6O13 oxide impurities

and VO2(M) peaks are of lower crystallinity. Thus, we can conclude that additive sulphuric acid can

be used as an pH regulator and assistant additive for the more efficient formation of the metastable

phases of VO2, as suggested by the work of Li R. and Liu C.[3.2]

In  addition,  pH measurements  were  done prior  and after  the  addition  of  sulphuric  acid  to  our

reagents solution, as presented on Table 3.4 :

configuration pH before H2SO4 addition pH after H2SO4 addition

“1:4 & 9 g/L” 0.47 0.28

“1:10 & 9 g/L” 0.45 0.30

Table 3.4. pH values of configurations with H2SO4 addition prior the hydrothermal step.
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3.6.2.Effect of additive additive Thiourea, SC(NH2)2

As a continuation of our experimentation presented through this chapter, after having tested additive

H2SO4 we kept looking for novel research and reports of additives used on hydrothermal procedures

similar to our own, to experiment with. In few papers we found suggestions of additive urea to be

linked with the formation of our final desired product[3.4],[3.5],[3.6], achieving greater crystallinity and

morphology control of thermochromic VO2 product.

In literature urea is referred to be of used as a homogeneous precipitation agent for various transi-

tion metal oxides.[3.5][3.7] Its decomposition will produce ammonia and carbon dioxide for tempera-

tures over 60 oC accompanied by a slow, gradual and uniform rise in pH throughout the whole solu-

tion which can result in the nucleation and growth of uniformly nanosized particles. In our case, for

the hydrothermal synthesis of thermochromic VO2, Li W. et al.[3.5] suggested that through the disso-

lution  of urea in aqueous media (equation 7), the pentavanadyl cations (VO2
+), the dominant vana-

dium cation in acidic aqueous solutions, can gradually be precipitated by a slowly pH shift from the

original acidic to alkaline (equation 8) as VO2, for the hydrothermal reducing reaction system.

CO (NH 2 )2+3 H 2 O→ 2 NH4
+1+CO2 ( g )+2 OH− 1 (eq. 7)

VO+2+2OH −1 →VO (OH )2 ( s ) →VO2 ( s )+H2 O (eq. 8)

When discussing our observations from the addition of sulphate/bi-sulphate anions in our reaction

solution, by the sulphuric acid additive in the previous subsection, along with the suggestions men-

tioned in the bibliography of this subsection on using additive urea, the idea of testing similar but

untested reagents that are available to us was the next logical step. Thus we decided to explore the

effect that additive thiourea will have in our system.

According to the literature[3.8][3.9] when thermally heated in an oven thiourea will be either decom-

posed to ammonia and carbodiimide (around 180  oC), or else will be decomposed to ammonia,

isothiocyanic acid, H2S and carbodiimide (above 220 oC). But these are the products of the dry ther-

mal decomposition of thiourea. However, in the absence of acids and bases, when in an aqueous

media and heated to 90 - 130 oC thiourea dissolves to ammonium and cyanate ions (equation 9).

Whereas, for the aqueous decomposition in concentrated acid solutions of pH < 2, the thiocyanate

ion begins to hydrolyze to ammonium ion (equation 10). A possible mechanism of the aqueous de-

composition of thiourea can be seen below as equation 11.[3.10]

CS (NH2 )2 → NH 4
+1 NCS−1 (eq. 9)

62/126



CNS−1 (aq )+3 H 2O ←→ HCO3
− 1 (aq )+H2 S (aq )+NH3 (aq ) (eq.10)

(eq. 11) : Mechanism of thiourea aque-

ous  decomposition  is  presumed  to  be

pH independent since it assumes an in-

tramolecular hydrogen transfer.[3.10]

The equilibrium in the second step (from (I) to HNCS complex) should lie far to the right in aque-

ous solutions since HNCS -unlike HNCO- is a strong acid. Formation of the activated complex in

Step I is assumed to involve the partial intramolecular transfer of a hydrogen ion from one nitrogen

atom to the next, making the mechanism pH independent.[3.10]

As we discussed above the decomposition of urea resulted in a gradual and uniform pH increase,

with OH- ions also promoting the pentavanadyl cation (VO2
+) precipitation as VO(OH)2. In a similar

fashion, we here mentioned that when heated thiourea in aqueous media will decompose to NH4
+

and NCS-. So, if applied to our system, we would expect that thiocyanate ions would either start to

hydrolyze to ammonium ion due to the low pH of our synthesis solution (eq. 10), thus accelerating

the gradual pH increase of the synthesis solution, or would act in the same manner as hydroxyl ions

for urea decomposition, promoting the pentavanadyl cation (VO2
+) precipitation, but this time as

“VO(SCN)2” or other similar entity to the equivalent VO(OH)2 for the additive urea. Both of these

paths would probably result in an increase of vanadium solubility in the solution thus enriching the

solution chemistry of the system.

To examine our hypothesis validity we tested the effect of additive thiourea to our basic “1:4 & 9

g/L” configuration by adding solid thiourea to our reagents mixture before the hydrothermal proce-

dure step, with a thiourea to vanadium precursor molar ratio of either 25% or 50%. The results pre-

sented in Figure 3.29 show some interesting and unexpected results. While our basic synthetic pro-

cedure produces a mixture of the metastable phases of VO2 which are then annealed to acquire the

desired thermochromic VO2(M) polymorph, when adding solid thiourea in our reagents solution the

as obtained product can be identified as a mainly amorphous V6O11 solid (+3.6 ox. state). However,

after the annealing process the results show a high purity VO2(M) product, with even higher crys-

tallinity than any of the other results of this project, with no V6O13 nor other impurities detected.

In the best of our knowledge, no current work has been published with similar results, nor the effect

of additive thiourea has been tested (nor hypothesized, explained).
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Figure 3.29 X-ray diffraction patterns of configurations with additive Thiourea, prior and after the

annealing process, and of our basic configuration after annealing, for comparison purposes.

Comparison between the two different thiourea concentration, reveals that using 25% of thiourea to

vanadium pentoxide molar ratio seem to produce slightly higher crystallinity products that the use

of 50% additive. Also, the yields percentage of these configurations was calculated as in previous

chapters (eq. 2). Again, the 25% configuration showed slightly better results, as presented below:

Thiourea : V2O5  molar ratio Hydrothermal synthesis yield, %

0% - no additive (basic configuration) 78.2 %

25% 87.4 %

50% 84.9 %

Table 3.5. Calculated Yields% of hydrothermal procedure, for thiourea and basic configurations.

Thus, we concluded that thiourea as an additive can promote the formation of our desired ther-

mochromic VO2(M) polymorph, in greater yields and better crystallinity for our solid product.
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3.7 Effect of dopants

As explained in the introductory chapter of this thesis, elemental doping of VO2 is an efficient strat-

egy that  has  been extensively employed to modify the thermochromic property of the material

mainly by affecting the Tc and the hysteresis loop width. Mechanically this is possible due to the

effect of dopants acting as lattice imperfections in the material, thus destabilizing the V-V dimers

structure of the insulating phase of VO2, reducing band gap and making the structural transition to

the metallic phase (MIT) more facile.

For the purpose of testing the effect of dopants to our system,  we used H2WO4 as the source of

tungsten dopant and MgSO4 as the source of magnesium dopant to various of our configuration as

explained in each sub-section below.

3.7.1.Effect of doping with Tungstic Acid, H2WO4

For the W-doped VO2 series we synthesized materials from our basic configurations “1:1.5 & 9

g/L”, “1:4 & 9 g/L” and “1:8 & 9 g/L”, as well as a series of configurations with 25% additive

thiourea. The configurations tested, along with the dopant molecular (mol%) and atomic percentage

(at.%), and the yield% of each of these configurations are presented ion Table 3.6, below.

V2O5:Oxalic acid
molar ratio

V2O5

concentration
Thiourea:V2O5

molar ratio
W-doping

mol%
W-doping

at.%
Yield%

1:1.5 9 g/L No additive 10 mol% 5 at% -

1:4 9 g/L No additive 10 mol% 5 at% 83.4%

1:8 9 g/L No additive 10 mol% 5 at% -

1:4 9 g/L 25% 0.5 mol% 0.3 at% 85.8%

1:4 9 g/L 25% 1 mol% 0.5 at% 85.0%

1:4 9 g/L 25% 1.5 mol% 0.8 at% 85.8%

Table 3.6 Calculated characteristics of configurations with W-doping.

For the calculations of the dopant percentages and yields equations 12, 13 and 14 were used:

mol %=
H 2WO4 moles

V 2O5 moles
⋅100 % eq. (12)
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at .%= W atoms
V atoms+W atoms

⋅100 % eq. (13)

Yield %= final mass
starting mass (V 2 O5+dopant )

⋅100 % eq. (14)

Results presented in Figure 3.30 and Figure 3.31 show the effect of dopant H2WO4 to our system.

Figure 3.30 X-ray diffraction patterns of configurations with 5 at.% Tungsten doping on configura-

tions of various molar ratios, prior and after the annealing process.

From the XRD patterns shown on Figure 3.30, we can identify the products of our 5 at.% W-doped

configurations.  Prior to the annealing process,  the “as obtained” products of configuration with

1:1.5 molar ratio consists of an amorphous structure identified by the EVA and Jade programs as

VO2(B); the 1:4 consists of a mixture of the metastable vanadium dioxide phases VO2 (A) and (B)

and some impurities of WO3, suggesting that tungsten has not been fully incorporated in the  VO2

lattice; and the 1:8 again as in 1:1.5 configuration consist of an amorphous structure identified as

VO2(B) and WO3. In the case of the annealed “final” samples of these configurations, we identify

our products as mixtures of vanadium oxides, with 1:1.5 having peaks of V6O13, WV2O6 and some
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weak VO2(M) peaks; 1:4 as a mixture of V6O13, V2O5 and VO2(M); and 1:8 as V2O5, V3O7 and

V6O13. These results indicate of no incorporation or very low incorporation of Tungsten in our prod-

ucts structures, with H2WO4 additive most likely here contributing on the production of lower crys-

tallinity products. This may be the case of an imbalance on the solution equilibrium of ions interact-

ing in our optimized reagents configuration, forced to our reagents system due to the addition of

H2WO4 additive.

However,  when additive  H2WO4 was  tested  as  a  dopant  on  the  optimized “1:4,  9  g/L & 25%

thiourea” synthetic configurations, results seem to be more predictable.  From the XRD patterns

shown on Figure 3.31, we can identify the products of our W-doped 25% thiourea configurations.

Prior to the annealing process, the “as obtained” products of 0.3 at.%, 0.5at.% and 0.8 at.% consist

of amorphous unidentifiable structures, whereas for the annealed “final” samples of the same con-

figurations, we identify all three our products as pure VO2(M) polymorph. These results suggest that

tungsten incorporation in our materials may have been achieved.

Figure 3.31 X-ray diffraction patterns of configurations with various at.% Tungsten doping on op-

timized 25% thiourea configuration, prior and after the annealing process.
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A more in depth analysis on the case of W incorporation in our products will be discussed in the fol-

lowing chapters where results from EDX analysis will be presented. Still, there is another way to

examine the case from our XRD data. As already discussed in the Introduction, doping of our mate-

rial means substitution of Vanadium ions in the monoclinic lattice. Due to the fact that the radius of

V ions is smaller than that of W ions, their substitution will result to strain applied to the crystal lat-

tice of VO2(M). Thus an expansion of the adjacent inter-planar distance will take place, resulting to

a shift of all of the XRD peaks towards a lower angle according to the Scherrer equation  (2d·sin θ

= λ), confirming that W had been successfully incorporated into the crystal lattice of VO2(M). The

shift monitoring of the major peak of thermochromic VO2 at 27.8o is the most efficient indirect

method used by experimentalists to determine the W incorporation in VO2(M).[3.5][3.11] 

On Figure 3.32, we examine the case of W incorporation by monitoring the major peak of our “fi-

nal” VO2(M) samples. No apparent relation of the dopant at.% and the major peak value was noted,

giving no further clues about the W incorporation in our material lattice. The dopant is either not in

the material lattice or it is in very small quantities, below the detection levels of the XRD.

Figure 3.32 Narrow XRD patterns ( 27o ≤ 2θ ≤ 28.5o ) of VO2(M) samples of various at.% W.
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3.7.2.Effect of doping with Magnesium Sulfate, MgSO4

For the Mg-doped VO2 series we synthesized materials from our basic configurations “1:1.5 & 9

g/L”, “1:4 & 9 g/L” and “1:8 & 9 g/L”, as well as a series of configurations with 25% additive

thiourea. The configurations tested, along with the dopant molecular (mol%) and atomic percentage

(at.%), and the yield% of each of these configurations are presented ion Table 3.7, below.

V2O5:Oxalic acid
molar ratio

V2O5

concentration
Thiourea:V2O5

molar ratio
Mg-doping

mol%
Mg-doping

at.%
Yield%

1:1.5 9 g/L No additive 10 mol% 5 at% 99.7%

1:4 9 g/L No additive 10 mol% 5 at% 82.3%

1:8 9 g/L No additive 10 mol% 5 at% 81.2%

1:4 9 g/L 25% 4 mol% 2 at% 83.2%

1:4 9 g/L 25% 6 mol% 3 at% 83.0%

1:4 9 g/L 25% 8 mol% 4 at% 82.7%

Table 3.7 Calculated characteristics of configurations with Mg-doping.

Figure 3.33 X-ray diffraction patterns of configurations with 5 at.% Tungsten doping on configura-

tions of various molar ratios, prior and after the annealing process.
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From the XRD patterns shown on  Figure 3.33, we can identify the products of our 5 at.% Mg-

doped configurations. Prior to the annealing process, the “as obtained” products of configuration

with 1:1.5 molar ratio consists of an amorphous unidentifiable structure; the 1:4 consists of a mix-

ture of the metastable vanadium dioxide phases VO2 (A) and (B), as expected our basic configura-

tion results; as well as for the 1:8 which consist of the expected mixture of the metastable vanadium

dioxide phases VO2 (A) and (B). In the case of the annealed “final” samples of these configurations,

we identify our products as mixtures of vanadium oxides, with 1:1.5 a product of low crystallinity

with some weak peaks identified as V6O13, V4O9 and VO2(M); 1:4 is identified as a mixture of V6O13

and VO2(M); as well as 1:8 which is also identified as a mixture of V6O13 and VO2(M). Since no im-

purities of Magnesium were detected, these results indicate that Mg is either in our products as a

dopant (undetectable by XRD) or it hasn’t reacted to precipitate from the solution at all. Results of

additive MgSO4 on our basic configurations seem to give more predictable results than with addi-

tive H2WO4.

Again, additive MgSO4 was also tested as a dopant on the optimized “1:4, 9 g/L & 25% thiourea”

configurations. From the XRD patterns shown on Figure 3.34, we can identify the products of our

Mg-doped 25% thiourea configurations. Prior to the annealing process, the “as obtained” products

of 2 at.%, 3 at.% and 4 at.% consist of amorphous unidentifiable structures, whereas for the an-

nealed  “final”  samples  of  the  same configurations,  we  identify  all  three  our  products  as  pure

VO2(M) polymorph. These results suggest that Mg incorporation in our materials may have been

achieved.

On Figure 3.35, we examine the case of Mg incorporation by monitoring the major peak of our “fi-

nal” VO2(M) samples, as we did in the case of W-doped samples. Again, no apparent relation of the

dopant at.% to the major peak value was noted, giving no further clues about the Mg incorporation

in our material lattice. The dopant is either not in the materials lattice or it is in very small quanti-

ties, below the detection levels of the X-ray Diffraction. More on the dopants incorporation will be

discussed in the following chapters, with the results of EDX of these samples.
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Figure 3.34 X-ray diffraction patterns of configurations with various at.% Magnesium doping on

optimized 25% thiourea configuration, prior and after the annealing process.

Figure 3.35 Narrow XRD patterns ( 27o ≤ 2θ ≤ 28.5o ) of VO2(M) samples of various at.% W.
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3.7.3.Effect of co -doping with H2WO4 and MgSO4

For the W, Mg co-doped VO2 series we synthesized materials using our basic configuration with

25% additive thiourea. The configurations tested, along with the dopants molecular (mol%) and

atomic percentage (at.%), and the yield% of each of these configurations are presented ion  Table

3.8, below.

V2O5:Oxalic
acid molar ratio

V2O5

concentration
Thiourea:V2O5

molar ratio
W-doping

mol%
W-doping

at.%
Mg-doping

mol%
Mg-doping

at.%
Yield

%

1:4 9 g/L 25% 0.5 mol% 0.3 at% 4 mol% 2 at% 82.6%

1:4 9 g/L 25% 0.5 mol% 0.3 at% 6 mol% 3 at% 80.7%

1:4 9 g/L 25% 0.5 mol% 0.3 at% 8 mol% 4 at% 82.3%

Table 3.8 Calculated characteristics of configurations with W, Mg co-doping.

Figure 3.36 X-ray diffraction patterns of configurations with various at.% Mg- and 0.3 at.% W- co-

doping on optimized 25% thiourea configuration, prior and after the annealing process.
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From the XRD patterns shown on Figure 3.36, we can identify the products of our “1:4, 9 g/L &

25% thiourea” co-doping configurations. Prior to the annealing process, the “as obtained” products

of 0.3 at.% W and 2 at.%, 3 at.% and 4 at.% Mg co-doping consist of amorphous unidentifiable

structures, with the exception of 0.3 at.% - 4 at.% where we can see some strong but unidentifiable

-in regards of our materials used- peaks, that most probably belong to the holder of our sample, and

can be accounted as an experimental  error. For the annealed “final” samples of the same configura-

tions,  we identify all three our products as pure VO2(M) polymorph. Again results suggest that

dopants W and Mg could be incorporated in our materials.

In order to test this W and Mg incorporation, on Figure 3.37, we examine the case by monitoring

the major peak of our “final” VO2(M) samples. Again, no apparent relation of the dopants total at.%

to the major peak value was noted, giving no further clues about the W and Mg incorporation in our

material lattice. The dopant is either not in the materials lattice or it is in very small quantities, be-

low the detection levels of the X-ray Diffraction. More on the dopants incorporation will be dis-

cussed in the following chapters, with the results of EDX of these samples.

Figure 3.37 Narrow XRD patterns ( 27o ≤ 2θ ≤ 28.5o ) of W, Mg co-doped VO2(M) samples.
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3.8 Structural transition properties

The thermochromic behavior of our materials was examined by monitoring the structural transition

(polymorphs R ↔ M) by DSC measurements, as mentioned in the Introductory part of this thesis.

Properties like the critical temperature of the transition, Tcr or Tc and the hysteresis loop between the

heating and cooling temperatures, ΔTcr or  ΔTc, were calculated from the DSC data. The Tc corre-

sponds to the average of the maximum (Tc
cooling) and the minimum (Tc

heating) value of the peaks, Tc =

(Tc
cooling +Tc

heating)/2, and the hysteresis can be calculated as: ΔTc = | Tc
heating – Tc

cooling |. 

Configuration xrd identification Tc (oC) ΔTc (oC)

1:4, 9g/L, 5at.% W V6O13, VO2(M), V2O5 59.27 7.11

1:4, 9g/L, 0.5at.% W, 25% Thiourea VO2(M) 64.37 11.39

1:4, 9g/L, 0.8at.% W, 25% Thiourea VO2(M) 64.53 9.11

1:4, 9g/L, 0.3at.% W, 25% Thiourea VO2(M) 65.04 9.79

1:4, 9g/L, 0.3at.% W, 2at.% Mg, 25% Thiourea VO2(M) 65.06 9.92

1:4, 9g/L, 0.3at.% W, 4at.% Mg, 25% Thiourea VO2(M) 65.12 9.55

1:4, 9g/L, 0.3at.% W, 3at.% Mg, 25% Thiourea VO2(M) 65.36 9.96

1:8 & 3 g/L V4O9,VO2(A), VO2(M) 65.53 6.45

1:4 & 9 g/L VO2(M), V6O13 65.79 9.02

1:4, 9g/L, 3at.% Mg, 25% Thiourea VO2(M) 65.84 9.59

1:8, 18 g/L, half volume synthesis VO2(M), V6O13 65.88 8.61

1:4, 9g/L, 50% Thiourea VO2(M) 65.94 11.59

1:4, 9g/L, 2at.% Mg, 25% Thiourea VO2(M) 66.02 9.31

1:4, 9g/L, 4at.% Mg, 25% Thiourea VO2(M) 66.08 8.86

1:8, 9g/L VO2(M), V6O13 66.18 8.57

1:12, 3g/L V6O13, VO2(M) 66.28 6.59

1:10, 9g/L VO2(M), V6O13 66.36 7.88

1:4, 9g/L, 25% Thiourea VO2(M) 66.52 12.12

1:3, 9g/L V6O13, VO2(M) 66.52 7.48

1:10, 9g/L, H2SO4 V6O13, VO2(M) 66.61 8.37

1:4, 9g/L, H2SO4 V6O13, VO2(M) 66.67 7.19

1:1.5 & 9g/L VO2(M), V6O13 66.7 6.54

1:4, 18g/L VO2(M), V6O13 66.75 9.88

1:6, 9g/L V6O13, VO2(M) 66.85 9.26

Table 3.9 DSC overall data from various configurations measured, arranged by ascending Tc.
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On the following configuration type based sub-sections more detailed graphs of the DSC curves

will be presented and discussed. The area of the curve is analogue to the crystallinity of the mate-

rial, so in polymer science is used to calculate the rate of crystallinity of polymers. Here no such

calculations are required, since we have a crystallinity estimation by the X-ray powder diffraction

data. However a comparison of results between the two characterization methods can be of interest,

since only the thermochromic VO2 polymorph of the samples will contribute in the structural transi-

tion from the Rutile to Monoclinic and vice versa, thus making the area of curves an indicator of the

crystallinity of thermochromicVO2 polymorphs of our samples. At the section end, a concluding

sub-section will be provided with an overview of results and a comparison between our samples,

along with XRD measurements of two of our samples in different temperatures, above and below

Tc, to observe the structural face change effect in the lattice of our material.

3.8.1.  DSC results of basic configurations

Figure 3.38 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:8 & 3g/L” sample.

From the DSC curve of the “1:8 & 3 g/L” configuration sample (Figure 3.38) we can calculate the

Tc = 65.53 oC and the ΔTc = 6.45 oC. The area under the curves is very small, with small heat flow

values, indicating a low VO2(M) or (R) crystallinity in the sample composition, a conclusion which

is in accordance with the XRD results of this sample.
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Figure 3.39 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:12 & 3g/L” sample.

From the DSC curve of the “1:12 & 3 g/L” configuration sample (Figure 3.39) we can calculate the

Tc = 66.28 oC and the ΔTc = 6.59 oC. The area under the curves is very small, with small heat flow

values, indicating a low VO2(M) or (R) crystallinity in the sample composition, a conclusion which

is in accordance with the XRD results of this sample.

Figure 3.40 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:1.5 & 9g/L” sample.
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From the DSC curve of the “1:1.5 & 9 g/L” configuration sample (Figure 3.40) we can calculate the

Tc = 66.70 oC and the ΔTc = 6.54 oC. The area under the curves are moderate, with medium heat

flow values, indicating a good VO2(M) or (R) crystallinity in the sample composition, a conclusion

which is in accordance with the XRD results of this sample.

Figure 3.41 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:3 & 9g/L” sample.

From the DSC curve of the “1:3 & 9 g/L” configuration sample (Figure 3.41) we can calculate the

Tc = 66.52 oC and the ΔTc = 7.48 oC. The area under the curves is moderate, with medium heat flow

values,  indicating  a  good VO2(M) or  (R) crystallinity  in  the sample  composition,  a  conclusion

which is in accordance with the XRD results of this sample.

From the DSC curve of the “1:4 & 9 g/L” configuration sample (Figure 3.42) we can calculate the

Tc = 65.79 oC and the ΔTc = 9.02 oC. The area under the curves is moderate to large, with medium

heat flow values, indicating a good VO2(M) or (R) crystallinity in the sample composition, a con-

clusion which is in accordance with the XRD results of this sample.
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Figure 3.42 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 9g/L” sample.

Figure 3.43 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:6 & 9g/L” sample.

From the DSC curve of the “1:6 & 9 g/L” configuration sample (Figure 3.43) we can calculate the

Tc = 66.85 oC and the ΔTc = 9.26 oC. The area under the curves is moderate to small, with medium

heat flow values, indicating a good VO2(M) or (R) crystallinity in the sample composition, a con-

clusion which is in accordance with the XRD results of this sample.
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Figure 3.44 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:8 & 9g/L” sample.

From the DSC curve of the “1:8 & 9 g/L” configuration sample (Figure 3.44) we can calculate the

Tc = 66.18 oC and the ΔTc = 8.57 oC. The area under the curves is large, with high heat flow values,

indicating a good VO2(M) or (R) crystallinity in the sample composition, a conclusion which is in

accordance with the XRD results of this sample.

Figure 3.45 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:10 & 9g/L” sample.
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From the DSC curve of the “1:10 & 9 g/L” configuration sample (Figure 3.45) we can calculate the

Tc = 66.36 oC and the ΔTc = 7.88 oC. The area under the curves is moderate to small, with medium

heat flow values, indicating a good VO2(M) or (R) crystallinity in the sample composition, a con-

clusion which is in accordance with the XRD results of this sample.

Figure 3.46 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 18g/L” sample.

From the DSC curve of the “1:4 & 18 g/L” configuration sample (Figure 3.46) we can calculate the

Tc = 66.75 oC and the ΔTc = 9.88 oC. The area under the curves is moderate, with high heat flow val-

ues, indicating a good VO2(M) or (R) crystallinity in the sample composition, a conclusion which is

in accordance with the XRD results of this sample.

From the DSC curve of the “1:8 & 18 g/L & half volume synthesis” configuration sample (Figure

3.47) we can calculate the Tc = 66.88 oC and the ΔTc = 8.61 oC. The area under the curves is moder-

ate to small, with medium heat flow values, indicating a good VO2(M) or (R) crystallinity in the

sample composition, a conclusion which is in accordance with the XRD results of this sample.

80/126



Figure 3.47 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:8 & 18g/L & half volume” synthesis

sample.

3.8.2. DSC results of configurations with additives

Figure 3.48 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 9g/L & H2SO4” sample.

From the DSC curve of the “1:4 & 9g/L & H2SO4” configuration sample (Figure 3.48) we can cal-

culate the Tc = 66.67 oC and the ΔTc = 7.19 oC. The area under the curves is small, with medium

heat flow values, indicating a lower VO2(M) or (R) crystallinity in the sample composition, a con-

clusion which is in accordance with the XRD results of this sample.
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Figure 3.49 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:10 & 9g/L & H2SO4” sample.

From the DSC curve of the “1:10 & 9g/L & H2SO4” configuration sample (Figure 3.49) we can cal-

culate the Tc = 66.61 oC and the ΔTc = 8.37 oC. The area under the curves is small, with small heat

flow values, indicating a lower VO2(M) or (R) crystallinity in the sample composition, a conclusion

which is in accordance with the XRD results of this sample.

Figure 3.50 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 9g/L & 50% Thiourea” sample.
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From the DSC curve of the “1:4 & 9g/L & 50% Thiourea” configuration sample (Figure 3.50) we

can calculate the Tc = 65.9 oC and the ΔTc = 11.59 oC. The area under the curves is very large, with

very high heat flow values, indicating a high VO2(M) or (R) crystallinity in the sample composition,

a conclusion which is in accordance with the XRD results of this sample.

Figure 3.51 Narrow DSC curves ( ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 9g/L & 25% Thiourea” sample.

From the DSC curve of the “1:4 & 9g/L & 25% Thiourea” configuration sample (Figure 3.51) we

can calculate the Tc = 66.52 oC and the ΔTc = 12.12 oC. The area under the curves is very large, with

very high heat flow values, indicating a high VO2(M) or (R) crystallinity in the sample composition,

a conclusion which is in accordance with the XRD results of this sample.
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3.8.3. DSC results of configurations with dopants

Figure 3.52 Narrow DSC curves of “1:4 & 9g/L & 5at.% W” sample.

From the DSC curve of the “1:4 & 9g/L & 5at.% W” configuration sample (Figure 3.52) we can

calculate the Tc = 59.27 oC and the ΔTc = 7.11 oC. The area under the curves is small, with low heat

flow values, indicating a lower VO2(M) or (R) crystallinity in the sample composition, a conclusion

which is in accordance with the XRD results of this sample.

Figure 3.53 Narrow DSC curves of “1:4 & 9g/L & 0.3at.% W & 25% Thiourea” sample.
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From the DSC curve of the “1:4 & 9g/L & 0.3at.% W & 25% Thiourea” configuration sample (Fig-

ure 3.53) we can calculate the Tc = 65.04 oC and the ΔTc = 9.79 oC. The area under the curves is

small, with medium to low heat flow values, indicating a good VO2(M) or (R) crystallinity in the

sample composition, a conclusion which is in accordance with the XRD results of this sample.

Figure 3.54 Narrow DSC curves of “1:4 & 9g/L & 0.5at.% W & 25% Thiourea” sample.

From the DSC curve of the “1:4 & 9g/L & 0.5at.% W & 25% Thiourea” configuration sample (Fig-

ure 3.54) we can calculate the Tc = 64.37 oC and the ΔTc = 11.39 oC. The area under the curves is

moderate, with medium to low heat flow values, indicating a good VO2(M) or (R) crystallinity in

the sample composition, a conclusion which is in accordance with the XRD results of this sample.

From the DSC curve of the “1:4 & 9g/L & 0.8at.% W & 25% Thiourea” configuration sample (Fig-

ure 3.55) we can calculate the Tc = 64.53 oC and the ΔTc = 9.11 oC. The area under the curves is

moderate, with medium to low heat flow values, indicating a good VO2(M) or (R) crystallinity in

the sample composition, a conclusion which is in accordance with the XRD results of this sample.
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Figure 3.55 Narrow DSC curves of “1:4 & 9g/L & 0.8at.% W & 25% Thiourea” sample.

Figure 3.56 Narrow DSC curves of “1:4 & 9g/L & 2at.% Mg & 25% Thiourea” sample.

From the DSC curve of the “1:4 & 9g/L & 2at.% Mg & 25% Thiourea” configuration sample (Fig-

ure 3.56) we can calculate the Tc = 66.02 oC and the ΔTc = 9.31 oC. The area under the curves is

moderate, with medium heat flow values, indicating a good VO2(M) or (R) crystallinity in the sam-

ple composition, a conclusion which is in accordance with the XRD results of this sample.
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Figure 3.57 Narrow DSC curves of “1:4 & 9g/L & 3at.% Mg & 25% Thiourea” sample.

From the DSC curve of the “1:4 & 9g/L & 3at.% Mg & 25% Thiourea” configuration sample (Fig-

ure 3.57) we can calculate the Tc = 65.84 oC and the ΔTc = 9.59 oC. The area under the curves is

moderate, with medium to low heat flow values, indicating a good VO2(M) or (R) crystallinity in

the sample composition, a conclusion which is in accordance with the XRD results of this sample.

Figure 3.58 Narrow DSC curves of “1:4 & 9g/L & 4at.% Mg & 25% Thiourea” sample.
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From the DSC curve of the “1:4 & 9g/L & 4at.% Mg & 25% Thiourea” configuration sample (Fig-

ure 3.58) we can calculate the Tc = 66.08 oC and the ΔTc = 8.86 oC. The area under the curves is

moderate, with lower heat flow values, indicating a moderate VO2(M) or (R) crystallinity in the

sample composition, a conclusion which is in accordance with the XRD results of this sample.

Figure 3.59 Narrow DSC curves of “1:4 & 9g/L & 0.3at.% W & 2at.% Mg & 25% Thiourea” sam-

ple.

From the DSC curve of the “1:4 & 9g/L & 0.3at.% W & 4at.% Mg & 25% Thiourea” configuration

sample (Figure 3.59) we can calculate the Tc = 65.06 oC and the ΔTc = 9.92 oC. The area under the

curves is moderate to small, with lower heat flow values, indicating a moderate VO2(M) or (R) crys-

tallinity in the sample composition, a conclusion which is in accordance with the XRD results of

this sample.

From the DSC curve of the “1:4 & 9g/L & 0.3at.% W & 3at.% Mg & 25% Thiourea” configuration

sample (Figure 3.60) we can calculate the Tc = 65.36 oC and the ΔTc = 9.96 oC. The area under the

curves is moderate, with lower heat flow values, indicating a moderate VO2(M) or (R) crystallinity

in the sample composition, a conclusion which is in accordance with the XRD results of this sam-

ple.
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Figure 3.60 Narrow DSC curves (  ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 9g/L & 0.3at.% W & 3at.% Mg

& 25% Thiourea” sample.

Figure 3.61 Narrow DSC curves (  ≈ 50o C ≤ T ≤ 80oC ) of “1:4 & 9g/L & 0.3at.% W & 4at.% Mg

& 25% Thiourea” sample.

From the DSC curve of the “1:4 & 9g/L & 0.3at.% W & 4at.% Mg & 25% Thiourea” configuration

sample (Figure 3.61) we can calculate the Tc = 65.12 oC and the ΔTc = 9.55 oC. The area under the

curves is moderate, with low heat flow values, indicating a moderate VO2(M) or (R) crystallinity in

the sample composition, a conclusion which is in accordance with the XRD results of this sample.

89/126



3.8.4. Conclusions over the structural transition

Out of the 44 configurations presented in this thesis (with 44 samples prior and 44 samples after an-

nealing), 26 of the annealed samples were tested by differential scanning calorimetry for structural

transition exhibition, of which 24 found to be thermochromic, as presented in this section, and 2

gave no peaks. These samples with configurations “1:1.5 & 9 g/L & 5at.% W” and “1:8 & 9 g/L &

5at.% W” have been identified by the xrd identification programs as mixtures of vanadium oxide

without any evident presence of VO2(M) polymorph, and were tested for the sole reason of examin-

ing the possibility of structural transition from a possibly undetectable by the XRD VO2(M).

All of the 24 samples presented exhibit an inherent structural transition that can be repeated with the

same results acquired. Unfortunately no more tests to define the maximum number possible of re-

peatable cycles have been made, since the focus of this project was more towards an optimization of

the synthetic routes. All the samples feature a transition temperature in the area: 64 oC ≤ Tc ≤ 67 oC,

with the unique exception of “1:4 & 9 g/L & 5at.% W” configuration sample which has a Tc = 59.27
oC. Samples with the lower transition temperature were the ones with Tungsten doping, as expected,

but no correlation between the smaller tungsten atomic percentages (0.3, 0.5 and 0.8 at.% W) and

temperature value was noted. 

ΔTc hysteresis loop between the cooling and heating structural transitions of the same samples var-

ied from 6 oC to 12 oC, with one of our basic  configuration “1:8 & 3 g/L” sample scoring the lower

ΔTc = 6.45 oC and the “1:4, 9g/L, 25% Thiourea” configuration sample the higher ΔTc = 12.12 oC.

This last observation is relevant to all of our configurations with additive thiourea, were a rise in the

hysteresis values can be noticed. As shown on  Figure 3.62 there is a correlation between Τc and

ΔTc, that if generalized suggests that on lower transition temperatures, Tc, the hysteresis, ΔTc, will

increase. Obviously there are exception to this generalization, as in our “1:4 & 9 g/L & 5at.% W”

configuration sample, that displays the best transition properties for smart glazing applications.

As mentioned in the introductory part of this thesis, doping the vanadium dioxide lattice with tung-

sten yields a depression in the transition temperature of 20 to 26 oC per W %atom[1.2.36],[1.2.37],[1.2.38]. Of

course, this experimentally deducted prediction does not correspond to our experimental result, sug-

gesting that the incorporation of dopant in the material lattice is less than the equivalent quantity

provided in the reagents solution,  meaning that our synthetic mechanism suffers from dopant-loss

towards the supernatant of our as obtained product. An effective way to confirm the actual doping

achieved for these samples is with an elemental composition analysis, with some examples being:

Inductively coupled plasma atomic emission spectroscopy (ICP-AES), X-ray photo-electron spec-
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troscopy (XPS), Energy-dispersive X-ray spectroscopy (EDX) and others. In following chapter we

will discuss the elemental analysis results from EDX measurements data.

Figure 3.62a Plot of Transition temperatures vs Hysteresis loop for our thermochromic materials

The last thing done to examine structural properties of our samples was the XRD in situ, where

XRD measurements were executed in various temperatures inside a special heated apparatus in a

constant temperature value, with an instrumental systematic error of ± 10 oC, during the heating and

the cooling process. We examined two samples, the “1:4 & 9 g/L & 50% thiourea” configuration

sample and the “1:4 & 9 g/L & 5at.% W” configuration sample. The first one was measured only

during the heating process. The results are presented on Figure 3.62b.

Due to the special  apparatus used in these measurement,  the sample quantities used were very

small, thus the xrd peaks are more weak here than were in the rest of our xrd data presented. This

makes our quest of monitoring the structural phase change from polymorph M to R more difficult,

so we are going to focus on the major peak of 27.8o only.

On Figure 3.62b we can observe the major peak of our thermochromic VO2 in different tempera-

tures from 13 oC to 98 oC. For sample of “1:4 & 9 g/L & 50% thiourea” configuration there is an ev-

ident shift towards values of smaller degrees during the heating process, from 28.12o (at 13 oC) to

27.96oC (at 98 oC). For sample of “ 1:4 & 9 g/L & 5at.% W” configuration there is a much smaller,
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almost non-existent shift towards values of smaller degrees during the heating, from 27.50o (at 38
oC) to 27.46  oC (at 98  oC), and back again towards values of greater degrees during the cooling

process, from 27.46 oC (at 98 oC) to 27.48o (at 38 oC), which can be easily dismissed due to the vari-

ous systematic errors of our xrd measurement.

This shift observed for our “1:4 & 9 g/L & 50% thiourea” sample, which sample consists of pure

VO2(M) as identified from xrd identification programs, has been reported before through the vari-

ous works[3.11][3.12][3.13] works. Okimura, Sakai, and Ramanathan[3.12] monitored the shift of the (020)

2θ = 40o peak towards values of lower degrees, whereas Banerjee et al.[3.13] monitored the shift of

the major (011) 2θ = 27.8o VO2(M) peak and the (013) VO2(M) peak towards values of lower de-

grees, up to the equivalent peaks of VO2(R), (110)R and (130)R.

Figure 3.62b XRD in situ of “1:4 & 9 g/L & 50% thiourea” and “1:4 & 9 g/L & 5at.% W”

configuration samples
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3.9 Elemental analysis

In order to examine the dopants incorporation on our materials lattice, an elemental analysis of our

doped products was conducted by an Energy Dispersive X-ray (EDX) spectrometry system, prior

and after the annealing procedure. After the e-beam bombardment of our samples, emitted X-rays

that have sufficient energy to escape the material surface can be detected, resulting in a spectrum

with peaks at the characteristic energies for the elements present.  The areas under selected peaks

can also be used to provide semi-quantitative elemental composition information,  which is pre-

sented in the tabulated inset of each spectrum figure. The SEM image inset shows an inspection

field  within  which  EDX data  were  collected  by  rastering  the  e-beam to  produce  the  spectrum

shown. These EDX results will be presented and discussed in this chapter.

3.9.1. EDX results of W-doped samples

Figure 3.63 EDX results of “1:1.5 & 9 g/L & 5at.% W” configuration “as obtained” sample

Figure 3.64 EDX results of “1:1.5 & 9 g/L & 5at.% W” configuration “final” sample
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Figure 3.65 EDX results of “1:4 & 9 g/L & 5at.% W” configuration “as obtained” sample

Figure 3.66 EDX results of “1:4 & 9 g/L & 5at.% W” configuration “final” sample

Figure 3.67 EDX results of “1:8 & 9 g/L & 5at.% W” configuration “as obtained” sample
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Figure 3.68 EDX results of “1:8 & 9 g/L & 5at.% W” configuration “final” sample

Figure 3.69 EDX of “1:4, 9 g/L, 0.3at.% W, 25% Thiourea” configuration “as obtained” sample

Figure 3.70 EDX results of “1:4, 9 g/L, 0.3at.% W, 25% Thiourea” configuration “final” sample
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Figure 3.71 EDX of “1:4, 9 g/L, 0.5at.% W, 25% Thiourea” configuration “as obtained” sample

Figure 3.72 EDX results of “1:4, 9 g/L, 0.5at.% W, 25% Thiourea” configuration “final” sample

Figure 3.73 EDX results of “1:4, 9 g/L, 0.8at.% W, 25% Thiourea” configuration “as obtained”

sample
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Figure 3.74 EDX results of “1:4, 9 g/L, 0.8at.% W, 25% Thiourea” configuration “final” sample

For the majority of our “W-doped” samples, results reveal that V and W are the main elements

present within the inspection field, with V being the most abundant of the two. This is a confirma-

tion of the dopant being present inside our material structure. The sole exception is “1:4, 9 g/L,

0.3at.% W, 25% Thiourea” configuration “as obtained” sample the results of which show it consists

of elements V, S and W, with V being the most abundant, followed by S and then W. This is a direct

evidence of the contribution of the S element and its entities, originating from additive thiourea, to

our synthesis mechanism results.

Regarding the actual percentage of the dopant in our structures, EDX provide us with some semi-

quantified results that should be considered as such along with their high systematic and random er-

rors, since the accuracy and precision of this quantitative analysis is affected by various factors.

These errors can be observed on our own measurements, with samples of the same W atomic per-

centage ( at.% W) showing different EDX experimental Atomic% values. However, from a more

general point of view, we can discuss some of the quantitative observations, such as the deviation of

the experimental tungsten Atomic% values from our calculated at.% W. This indicates either a loss

of dopant towards the supernatant of the “as obtained” product (as already hypothesized in a previ-

ous section of this thesis), a low dopant incorporation on the structures of samples at the specific in-

spection fields measured (by pure chance, low repeatability), or a tendency inherent to our synthetic

route or of the material itself to result in more inhomogeneous doping in regards to the particles

composition, resulting in a nucleation of our doping elements and thus a lower incorporation of W

in our material.  Morphological homogeneity of our materials will be discussed in the following

chapter. These results also explain the reduced effect of the dopant on the Tc.
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3.9.2. EDX results of Mg-doped samples

Figure 3.75 EDX results of “1:1.5 & 9 g/L & 5at.% Mg” configuration “as obtained” sample

Figure 3.76 EDX results of “1:1.5 & 9 g/L & 5at.% Mg” configuration “final” sample

Figure 3.77 EDX results of “1:4 & 9 g/L & 5at.% Mg” configuration “as obtained” sample
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Figure 3.78 EDX results of “1:4 & 9 g/L & 5at.% Mg” configuration “final” sample

Figure 3.79 EDX results of “1:8 & 9 g/L & 5at.% Mg” configuration “as obtained” sample

Figure 3.80 EDX results of “1:8 & 9 g/L & 5at.% Mg” configuration “final” sample
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Figure 3.81 EDX of “1:4, 9 g/L, 2at.% Mg, 25% Thiourea” configuration “as obtained” sample

Figure 3.82 EDX results of “1:4, 9 g/L, 2at.% Mg, 25% Thiourea” configuration “final” sample

Figure 3.83 EDX of “1:4, 9 g/L, 3at.% Mg, 25% Thiourea” configuration “as obtained” sample
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Figure 3.84 EDX results of “1:4, 9 g/L, 3at.% Mg, 25% Thiourea” configuration “final” sample

Figure 3.85 EDX of “1:4, 9 g/L, 4at.% Mg, 25% Thiourea” configuration “as obtained” sample

Figure 3.86 EDX results of “1:4, 9 g/L, 4at.% Mg, 25% Thiourea” configuration “final” sample
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For the majority of our “Mg-doped” samples, results reveal that V is the sole elements present

within the inspection field, with 100 Atomic%. Exception are ““1:1.5 & 9 g/L & 5at.% Mg” config-

uration “as obtained” sample and “1:4, 9 g/L, 2at.% Mg, 25% Thiourea” configuration “final” sam-

ple the results of which show they consist of elements V and Mg, with V being the most abundant.

This is a confirmation of the dopant being present inside our material structure. However it is trou-

bling that only two out of the 12 samples have detectable Mg quantities, with no obvious relation

between these results and the at.% Mg supplied or the morphology or any other parameter of our

configuration or measured sample property. Another exception on the elemental analysis results is

“1:4, 9 g/L, 3at.% Mg, 25% Thiourea” configuration “as obtained” sample, which shows an ele-

mental composition of V and C, in an almost equivalent percentage each. The high presence of car-

bon can be easily attributed to possible organic residues, of either oxalic acid or thiourea, since no

carbon structures where detected during xrd measurements, and considering that “as obtained” solid

samples are thermally treated at a low temperature of 80oC during the drying process.

3.9.3. EDX results of W, Mg co-doped samples

Figure 3.87 EDX results of “1:4, 9 g/L, 0.3at.% W, 2at.% Mg, 25% Thiourea” configuration “as

obtained” sample
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Figure 3.88 EDX of “1:4, 9 g/L, 0.3at.% W, 2at.% Mg, 25% Thiourea” configuration “final”

Figure 3.89 EDX results of “1:4, 9 g/L, 0.3at.% W, 3at.% Mg, 25% Thiourea” configuration “as

obtained” sample

Figure 3.90 EDX of “1:4, 9 g/L, 0.3at.% W, 3at.% Mg, 25% Thiourea” configuration “final”

103/126



Figure 3.91 EDX of  “1:4,  9  g/L,  0.3at.% W, 4at.% Mg,  25% Thiourea” configuration “as ob-

tained” sample

Figure 3.92 EDX of “1:4, 9 g/L, 0.3at.% W, 4at.% Mg, 25% Thiourea” configuration “final”

For all of our “co-doped samples”, results reveal that V is the sole elements present within the in-

spection field, with 100 Atomic%, with no exception. Since EDX results our “0.3at.% W-doped”

samples revealed the presence of W element in the materials structures, and results of “2at.% Mg”

and “5at.% Mg” samples revealed the presence of Mg element,  we would expect that the “co-

doped” samples of the specific at.% to give similar results. Yet, no dopant presence has been de-

tected on these samples, suggesting either a loss of dopants towards the supernatant during hydro-

thermal treatment, an unsuccessful dopant incorporation at the specific inspection fields measured,

or a nucleation of the dopant elements elsewhere in our samples morphology. An extended analysis

of the dopant incorporation during hydrothermal treatment is highly advised for future works, as re-

ported elsewhere[3.11], in order to unravel more on the VO2 hydrothermal synthesis mechanism.
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3.10 Morphology

The morphology of 16 of our products was examined by Field Emission Scanning Electron Mi-

croscopy (SEM), both prior and after the annealing process (31 samples in total). In this chapter,

images of the SEM measurements will be presented and discussed.

3.10.1. SEM results on the thiourea effect

Figure 3.93 SEM images of “1:4, 9 g/L” configuration samples with and without thiourea, prior

and after annealing

On Figure 3.93 the morphologies of our basic “1:4, 9 g/L” configuration samples and of our basic

configuration with additive thiourea samples are presented. The particles vary greatly from sample
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to sample.  For the as obtained morphologies we notice an increase on the organization of particles,

from more bulky rock-like structures for our basic configuration sample, with dimensions of few

μm, to the more thin flake-like structures for 25% thiourea additive configuration samples, with di-

mensions of less than 1 μm, and aggregated flakes forming spherical structures for 50% thiourea ad-

ditive, with diameters of ≈ 5 μm. After annealing, particles tend to aggregate and form big bulky

rock-like  structures  with  various  forms,  and  dimensions  ranging  from 0.5  to  10  μm.  Additive

thiourea seem to promote a more fine, nano-structured morphology for our as obtained particles,

whereas after annealing particles seem to aggregate more easily.

3.10.2. SEM results on W-doping effect

Figure 3.94 SEM images of “9 g/L, 5at.% W” configuration samples with various molar ratios,

prior and after annealing
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On Figure 3.94 the morphologies of our 5at.% W-doped configuration samples of various molar ra-

tios are presented. For the as obtained morphologies we notice no obvious effect from 1:1.5 to 1:4

and 1:8 reagents molar ratios, with not much distinguishable particles and on a dense distribution

that seems to form a bulky layer of our material. After annealing, particles tend to separate and form

fine nano-rods (width≈ 0.5 to 1 μm), which stick together in bigger less dense structures, especially

on configuration samples with higher oxalic acid reagent presence. Tungsten dopant seem to pro-

mote a more continuous bulky morphology for our as obtained particles, whereas after annealing

the promotion to a more fine, nano-structured morphology is evident.

Figure 3.95 SEM images of “1:4, 9 g/L, 25% Thiourea” configuration samples with various at.%

W-dopant, prior and after annealing

On Figure 3.95 the morphologies of our configuration samples with thiourea additive and various

at.% W-doping are presented. For the as obtained morphologies we notice results more similar to
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the basic configuration with 25% thiourea additive samples of Figure 3.93, with particles varying

greatly from sample to sample. After annealing, particles tend to rearrange their micro-structure

while  changing morphology to more spherical  particles aggregations,  with particles  dimensions

ranging from 0.5 to a few μm. The same effect mentioned above from additive thiourea is also evi-

dent here, only this time the addition of tungsten dopant reagent seem to act in contrast of the

thiourea effects and promote less aggregated structures of particles, on our samples after  annealing.

3.10.3. SEM results on Mg-doping effect

Figure 3.96 SEM images of “1:4, 9 g/L, 25% Thiourea” configuration samples with various at.%

Mg-dopant, prior and after annealing

On Figure 3.95 the morphologies of our configuration samples with thiourea additive and various

at.% Mg-doping are presented. For the as obtained morphologies we notice results more similar to
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the basic configuration with 25% thiourea additive samples of Figure 3.93, with flake-like particles

of widths fewer than 1 μm forming bigger more volumed structures of ≈ 5 μm dimensions.

After annealing, particles tend to aggregate in the same manner as Figure 3.93 25% thiourea config-

uration sample and form big bulky rock-like structures with various forms and dimensions ranging

from 1 to 5 μm. The same effect mentioned above from additive thiourea is also evident here, how-

ever Mg dopant reagent seem to have no obvious effect on morphology.

3.10.4. SEM results on W, Mg co-doping effect

Figure 3.97 SEM images of “1:4, 9 g/L, 25% Thiourea” configuration samples with 0.3at.% W-

dopant and various at.% Mg-dopant, prior and after annealing

On Figure 3.95 the morphologies of our configuration samples with thiourea additive, 0.3at% W

and various at.% Mg-doping are presented. For the as obtained morphologies again we notice re-
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sults more similar to the basic configuration with 25% thiourea additive sample of Figure 3.93, only

this time particles from different configurations have similar morphology with flake-like structures

of  ≈ 0.5 μm width packing in greater spherical structures of  ≈ 5 μm. After annealing, particles

seem to keep a similar flake-like morphology packed into bigger spheres, rather than aggregating in

bulky volumes as the 25% thiourea additive sample of Figure 3.93. Although the flake-like particles

effect from additive thiourea mentioned is evident on the as obtained samples, no thiourea morphol-

ogy effect is taking place after annealing. Again the addition of tungsten dopant reagent seem to act

in contrast of the thiourea effects and promote less aggregated structures of particles, on our final

samples.

3.10.5. Conclusions over morphology of samples

In this section the morphology of some of our most promising products were discussed. As men-

tioned, the overall samples tested consist of particles of an average size in the scale of hundreds of

nm to few μm, most of which are arranged in micro-structures of an average size in the scale of 5 to

10 μm. We showed the effect on morphology of samples with additive thiourea, which, compared to

our basic configurations, showed a more fine morphology with flake-like particles (as obtained) and

aggregated spheres (final products). Doping with Tungsten reagent, H2WO3, resulted in more nano-

structured particles, whereas Magnesium dopant reagent did not seem to have a specific effect on

morphology.

As some published works have discussed before[3.13][3.14][3.15][3.16][3.17] the size of thermochromic VO2

particles seem to play a key role to its thermochromic properties, like affecting the Tc and even ΔTc

of samples. Here we will present our own observations regarding our samples morphology/particle

size and Tc.

Table 3.10 shows the same DSC data presented on Table 3.9, only this time only our samples char-

acterized with SEM were displayed, and xrd identification column has been substituted with the

morphology column which contains the corresponding SEM images in order to get a qualitative

value of the particle size. Results are arranged by ascending Tc.

As the Tc presented increases, we notice an increase in the particle sizes, starting with some fine

rods of the scale of hundreds of nm, followed by various intermediates, up to the more bulky spheri-

cal particles of the scale of few μm. The explanation of this phenomena can be easily understood,

since a higher density of grain boundaries (smaller particle size) provides a greater number of nu-

cleating defects which in turn reduces Tc. Regarding our ΔTc no general trend can be observed.
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Configuration Morphology Tc (oC) ΔTc (oC)

1:4, 9g/L, 5at.% W 59.27 7.11

1:4, 9g/L, 0.5at.% W, 25% Thiourea 64.37 11.39

1:4, 9g/L, 0.8at.% W, 25% Thiourea 64.53 9.11

1:4, 9g/L, 0.3at.% W, 25% Thiourea 65.04 9.79

1:4, 9g/L, 0.3at.% W, 2at.% Mg, 25% Thiourea 65.06 9.92

1:4, 9g/L, 0.3at.% W, 4at.% Mg, 25% Thiourea 65.12 9.55

1:4, 9g/L, 0.3at.% W, 3at.% Mg, 25% Thiourea 65.36 9.96

1:4 & 9 g/L 65.79 9.02

1:4, 9g/L, 3at.% Mg, 25% Thiourea 65.84 9.59

1:4, 9g/L, 50% Thiourea 65.94 11.59

1:4, 9g/L, 2at.% Mg, 25% Thiourea 66.02 9.31
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1:4, 9g/L, 4at.% Mg, 25% Thiourea 66.08 8.86

1:4, 9g/L, 25% Thiourea 66.52 12.12

Table 3.10 DSC overall data from various configurations “final” samples measured, arranged by

ascending Tc, along with comments on samples morphology.

3.11 Thermal decomposition and annealing step

As indicated by all of the results discussed in previous sections, the annealing of our as obtained

samples is a crucial step in the acquisition of higher purity, high crystallinity, thermochromic prod-

ucts. Still, in order to move towards synthetic procedure that is more environmentally friendly, en-

ergy efficient and easier to scale up for industrial productions, we need to examine energy costly

and time consuming step of our procedures and try to avoid their usage as much as possible and to a

feasible extend. Such a step is the annealing process of our materials. In our project the aim was to

examine and optimize the synthetic procedure by means of the solution chemistry of the system.

Thus, no experimentation with different annealing temperatures was conducted.

However, thermogravimetric analysis measurements were used in order to examine the material

mass loss during the annealing step, as well as the extend of excess in the procedure usage. We ther-

mally decomposed samples of our basic “1:4 & 9g/L” configuration, our “25% thiourea additive”

and “50% thiourea additive” configuration. Results are presented in Figure 3.98.

Starting at 100% mass loading, after gradually increasing the temperature applied on our samples,

water molecules, organic residues and other impurities start to decompose and the mass percentage

starts to drop, until it reaches a plateau. The temperature where our data reaches the plateau corre-

sponds to the lower possible temperature for the annealing process. From all of our three samples

measured, this temperature is about 500 oC. On thermal treatment at farther temperatures there is an

excess of energy input in the system, that could promote transitions in the structure of the solid  ma-

terial, activating the irreversible transition VO2(A)  → VO2(R) or even advance the crystal growth

creating morphologies with larger particles. Since our annealing procedures where carried out at

700 oC this results would explain the particle size growth noted on our SEM results discussion.
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Figure 3.98 TGA results  of  “1:4,  9  g/L”,  “1:4,  9  g/L,  25% Thiourea” and “1:4,  9  g/L,  50%

Thiourea” configuration samples (prior annealing).
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CHAPTER 4. Conclusions

4.1 Summary and conclusions

In this project, the optimization of the hydrothermal synthesis and the characterization of VO2 pow-

ders has been carried out. From the analysis of the results of samples characterization, conclusions

can be summarized as follows:

› The hydrothermal method shows to be a good tool of solution-based techniques for synthe-

sizing good quality  thermochromic VO2,  as  well  as for  the vanadium dioxide metastable  poly-

morphs.

› The method is chemically much flexible and can be tuned to achieve different results by

changing various synthetic parameters.

› Best results on producing VO2(M) powders are possible in the optimized area of 1:4 to 1:8

reagents V2O5 : oxalic acid molar ratio, high V2O5 concentration ~ 9 g/L, and acidic pH in the re-

gion of 0.5 to 1.

› Synthesis volume should be considered carefully since a low reagents solution volume will

result to less pressure applied inside the autoclave, thus giving products with an overwhelming pres-

ence of impurities.

› Sulphuric acid additive seemed to be of better use as a pH regulator and assistant additive

for the more efficient formation of the metastable phases of VO2, rather than the VO2(M) ther-

mochromic polymorph.

› Thiourea additive exhibited optimal effectiveness on promoting the formation of pure and

high crystallinity thermochromic VO2, thus making it our preferred candidate for the hydrothermal

synthesis regulation.

› A mechanism of the effect of additive thiourea was proposed and discussed, based on our

novel results, suggesting that decomposition of thiourea inside the autoclave during our hydrother-

mal synthesis applies an accelerated gradual pH increase on the synthesis solution and promotes the

pentavanadyl cation (VO2
+) precipitation.

› Thiourea can be also used to alter the morphology of our products, promoting the formation

of flake-like particles, organized to bigger micro-
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spheres.

› Dopants were used to exploit our synthesis products to acquire thermochromic VO2 with

critical transition temperatures closer to the application requirements.

› However, as dsc measurements showed and edx elemental analysis confirmed, there is still

an issue of low incorporation of the dopants in our products. From result of the various configura-

tions with doping used, we can speculate that an interaction with other entities in our hydrothermal

procedure may be the cause, although no hard-core evidence can be exposed to defend this.

› Tungsten as a dopant seem to play a crucial role on lowering the Tc of thermochromic VO2,

as well as promoting more nano-structured morphologies producing nano-rods and spikes.

› Magnesium as a dopant seem to incorporate very difficulty, most probably due to the se-

lected reagent used as its source. No generalized conclusions can be made for this dopant, since low

incorporation to our characterized products makes them almost trivial. 

› A relation between particle sizes and the Tc was observed, with Tc values rising from smaller

nano-sized particles to bigger micro-sized particles. 

› Thermal decomposition of our most promising products suggested a possibility for reducing

the annealing temperature about 200 oC lower than the one used through this project.

4.2 Future suggestions - perspectives

As future suggestions, we would recommend some of the following experimental procedures and

analysis:

› One of the parameters we experimented the less is the filling of the autoclave which can be

described by the volume of the synthesis. Since lower synthesis volume gives products with high

impurities, the opposite method should be examined by increasing the filling of the autoclave by

scaling up the synthesis configurations. We can go as far as to speculate that if pressure inside the

autoclave reached an optimized higher level both efficient and secure, we would probably reach our

desired products by a single-step route.
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› Another subject to be more extensively experimented with is the dopant usage. We would

highly recommend for future works to test different kind of doping reagents for the same dopants,

as well as different atomic percentages of each, in order to unravel the mechanism of dopant incor-

poration for our hydrothermal system.

› Also, an elemental analysis with more quantitative precise techniques would be of great in-

terest for both undoped and doped products.

› As already mentioned, the temperature of the annealing treatment of our samples could be

lowered, in order to reduce energy consumption and examine the differentiation, if any, from our re-

sults in this project.

› The the thermochromic properties lifespan of these materials could be tested by measuring

multiple dsc cycles and defining the maximum number of possible repeatable thermochromic cy-

cles.

› And last, but definitely not least, the next step for future works should also examine the

methods for thin film production, in order to measure the thermochromic properties of our materials

in action, as well as to achieve a realizable application exhibition in a step towards future industrial

fabrication.
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