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Statement and objectives

In our modern world, technology has - indispensably - penetrated all facets of life:
households, mobility, healthcare and leisure are just a few of these facets. Moreover, it
seems obvious that with each new generation a device becomes smaller, works faster,
has more functionalities and has a longer battery lifetime. Since the Happy days of
CMOS scaling came to an end about a decade ago, further technological evolution had
to be found elsewhere. So in the last decade, new materials and new architectures
have been introduced into e.g. integrated circuits, batteries, intelligent windows and
solar cells.

Prior to the integration of these new materials - which is often neglected or forgotten
by society - is the exploratory research, necessary to answer the many technological
questions. Possibly the first questions that emerge are How can we synthesize this
material? and What are the major synthetic parameters controlling the final properties of the
obtained material? Even though this work focuses just on one material, i.e. vanadium
oxides, the last question is the guideline throughout this work: How can we master the
vanadium oxide stoichiometry and phase formation? To answer that question, a water-
based process is selected and the aqueous vanadium species present in the aqueous
solution are studied. Moreover, differences between these vanadium species are
related to the final vanadium oxide stoichiometry and phase formation.

Statement

Vanadium exists in different oxidation states, ranging from +II to +V, forming a
variety of vanadium oxides, as given in the vanadium-oxygen phase diagram (Fig-
ure (1)) established by Wriedt.[1, 2] This variety includes single valence oxides (such
as VO, V,0;, VO, and V,0;) and mixed valence oxides either belonging to the
Magnéli phases, V, O,, ;, or the Wadsley phases, V,, Os,,.[154] Some of these vana-
dium oxides with a specific structure and crystallinity are intensively investigated
as candidate active materials in future technological devices. (i) Monoclinic VO, M1
exhibits a temperature induced semiconductor-to-metal transition at a temperature
of 68 °C. This transition is accompanied by a structural — monoclinic to tetragonal -
phase transition, characterized by a lattice distortion along the c-axis, and abruptly
changes its electrical resistivity and infrared optical properties.[SH7] The change in

Xi
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electrical resistivity and infrared transmittance is associated with a hysteresis loop
around 68 °C.
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Figure 1: The vanadium-oxygen phase diagram established by Wriedt.[1] The phases below
60 at.% oxygen in the phase diagram correspond to a solid phase —i.e. body-centered
cubic (V), body-centered tetragonal (a’, B, f” and 6”), monoclinic (y) and face-centered
cubic (6) — or a liquid phase (L).[1]

In bulk materials and thin films, this hysteresis width is about 1 °C and 10-15 °C,
respectively.[7] However, in VO, particles a larger hysteresis width in the order of
30 °C has been observed.[8, 9] This makes them more applicable as a switching
material in memory and optical devices.[7] For its synthesis, caution is required,
because up to six polymorphs have been reported for VO,. These polymorphs
include VO, B and VO, M1 which belong to the monoclinic space groups C2/m
and P2 /c, respectively.[7] (ii) Layered vanadium oxides such as V,O,, and V,0O; are
proposed as alternatives for the reasonably thermally unstable and expensive LiCoO,
cathode in rechargeable Li-ion micro-batteries.[10,11]] V,O,, single crystals exhibit a
lithium intercalation/extraction plateau around 2.7 V vs. a Li* /Li reference electrode
and reversibly host up to 6 Li atoms per formula unit, leading to a maximal theoretical
gravimetric charge capacity of 310 mAhg™1.[12] If V,O; is electrochemically cycled,
the first lithium intercalation/extraction plateaus are observed at 3.2 V and 3.4 V vs.
a Li*/Li reference electrode. In this region, V,05 can reversibly host up to 0.8 Li
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atoms per formula unit, which results in a maximum theoretical gravimetric charge
capacity of 118 mAhg'.[10, 13]

As evidenced by the large variety of vanadium oxides and the complex vanadium-
oxygen phase diagram[1], the synthesis of VO, and VO, is not straightforward. In
addition, the occurrence of multiple VO, polymorphs further emphasises the chal-
lenge to synthesize stoichiometric and phase pure monoclinic or tetragonal VO,,
mutually associated by the structural phase transition. Various methods for their
synthesis have been reported including chemical vapour deposition[7, [14], atomic
layer deposition[15} [16], pulsed laser deposition[Z, [17, 18] and sputtering(7, [19, 20].
Wet chemical synthesis routes are widely considered as valuable alternatives for
the vacuum based techniques.[21] In these routes, VO, and V,O,; are commonly
prepared starting from vanadium alkoxides.[7] 22, 23] However, such alkoxides are
scarcely available, expensive and very reactive to ambient humidity, which implies
the use of inconvenient experimental circumstances.[21] Alternatively, aqueous syn-
thesis routes are proposed by Livage et al. and Dachaun et al. who prepared VO,
or V,O,; films starting from a V,0O; gel or sol, respectively.[24, 25] However, the
aforementioned wet chemical routes intermediately form V,O; films and require an
additional, reductive anneal to obtain VO, or V,O,; films.[24} 25] This emphasizes
the large challenge in the direct formation of VO, M1 or V,O,, from an aqueous
solution.

Objectives

The main objective of this work is to obtain fundamental insights in the aque-
ous vanadium precursor chemistry and in their relation to the vanadium oxide
stoichiometry/phase formation, obtained via a solution deposition route. To achieve
this objective, three milestones are defined.

Acquiring insights in the aqueous citrato/oxalato-VO?* solution chemistry: syn-
thesis, structure and stability

The complexation of citric acid and its pH-dependent derivatives with the VO** ion
is previously studied both in the solid state[26H29] and in solution[26} 130} 31]. The
formation of dimeric structures with composition [(VO),(C,H,0,),]* is generally ac-
cepted in or from solutions with, approximately, an equimolar ligand:VO?** ratio and
a neutral pH value.[26H31] Note that in this dimeric structure, all chelating groups
interact with the coupled VO** centers leading to a sixfold chelation of each V center
in a secluded dimeric structure without free available carboxylate groups. Only for
very high citrate excesses (citrate:VO** ~ 100:1), pH-dependent mononuclear citrato-
VO?* complexes were observed by Lodyga-Chruscinska et al.[32]. Our work aims
to synthesize mononuclear citrate-VO?** complexes without inserting a high amount
of citrate or thermally non-decomposable species. Alternatively, the prevention of
the secluded, dimeric structure — by the formation of ammonium carboxylate interac-
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tions, bridging two or more citrato-VO** complexes into a network — is targeted. This
network allows the formation of an amorphous gel by its cross-linking nature upon
evaporation of water during a chemical solution deposition process.[21} [33] A low
amount of citrate is preferred since this decreases the amount of carbon which must
be thermally removed during the film processing and the vanadium oxide phase
formation.[21},133]

Prior to the synthesis of an aqueous solution containing citrato-VO?* complexes, a de-
tailed literature study on the behavior of vanadium ions and their coordination with
citrato ligands in water is required. This survey includes the work of bio-inorganic
chemists who investigate the medical applications of vanadium coordination com-
pounds. Next, the actual synthesis of such an aqueous solution is intended. From
a fundamental scientific perspective, it is interesting to study and understand each
step, and the associated chemical transformations, during this synthesis. For this
understanding, various characterization techniques will be required to probe and
identify each vanadium-based species during the entire synthesis sequence. The
structure and stability of the final citrato-VO?** complexes, present in the aqueous
solution, and their relation to the synthesis parameters will be explored in particular.

Understanding the thermal decomposition pathway of the ammonium-citrato/ox-
alato-VO?* gel

The formation of a vanadium oxide, starting from an aqueous vanadium precursor
solution, via the chemical solution deposition route, requires the, thermally-induced,
transformation of the precursor gel into the oxide. Hence, it is important to under-
stand these transformations or, alternatively, the chemical decomposition pathway
of the precursor gel. In addition, this understanding will aid in determining the
initial processing conditions and in establishing the relation between the precursor
composition and the vanadium oxide stoichiometry/phase formation. Here, the ther-
mal decomposition pathway of the ammonium-citrato/oxalato-VO?* gel, obtained by
evaporation of the precursor solution, will be studied via (i) simultaneous Thermo-
gravimetric - Differential Scanning Calorimetry (TG-DSC), (ii) hyphenated Thermo-
gravimetric - Mass Spectrometry (TG-MS) and (iii) ex-situ analysis of the remaining
product by Fourier Transform Infrared (FTIR) spectroscopy.

Relating the aqueous precursor chemistry to the vanadium oxide stoichiometry
and phase formation

Once the composition and structure of the VO** complexes, present in the aqueous
solution, and their thermal decomposition pathway are understood, the actual vana-
dium oxide formation — via chemical solution deposition and subsequent processing
— can be explored. Prior to this study, a brief literature elaboration on the technolog-
ical importance of vanadium oxide nanomaterials and a description of the chemical
solution deposition route will be given.
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For the achievement of this milestone, each step and parameter of the chemical so-
lution deposition route is investigated with the formation of VO, M1, VO, B, V,O,,
and V,0; intended. The temperatures of the hot plate steps, the intermediate an-
neal conditions and the multiple deposition cycle will be key parameters. Finally,
the vanadium oxide stoichiometry and phase formation will be investigated and re-
lated to the composition and thermal decomposition pathway of the VO** complexes
present in the aqueous, precursor solution (as is previously elaborated on). In addi-
tion, insights on the influence of the application-dependent substrate (SiO,, Al,O,,
TiO,, Pt and TiN) and the total thermal budget on the vanadium stoichiometry and
phase formation will introduced.



XVi STATEMENT AND OBJECTIVES




Part1

ACQUIRING INSIGHTS IN
THE AQUEOUS
CITRATO/OXALATO-VO?*
SOLUTION CHEMISTRY:
SYNTHESIS, STRUCTURE
AND STABILITY






Chapter 1

Review on aqueous vanadium
chemistry and its citrate
complexation

1.1 Vanadium discovery and occurrence

The element vanadium has a remarkable discovery.[34-36] In 1801, a Spanish miner-
alogist Andrés Manuel del Rio examined a specimen of a brown lead ore, mined in
Zimapdn, central Mexico. He concluded that the ore contained a new metal, similar
to chromium and uranium and named it Erythronium. After further study and with
confirmation of the French chemist Hippolyte-Victor Collet-Descotils, he recognized
his mistake and classified the brown lead ore as 80.72 % lead oxide and 14.80 %
chromium oxide. For several years, the so-called new element Erythronium was not
spoken of, until the German chemist Friedrich Wohler began to investigate the same
brown lead ore in 1828. In contrast to the findings of Collet-Descotils, its properties
did not match those of chromium. Due to illness, Wohler ceased his research on the
ore from Zimapdn.[34]

In 1831, the Swedish chemist Nils Gabriel Sefstrom discovered a new element in
a black powder obtained by treating an iron ore, from the Taberg mine in South
Sweden, with hydrochloric acid. Even though the new element showed similarities
with chromium and uranium, Sefstrom found that the new element was neither
chromium, nor uranium. His experiments were continued in the laboratory of Jéns
Jacob Berzelius where the discovery of the new element was confirmed. Sefstrom
named the new element Vanudiunﬂ after Vanadis, a synonym for the Nordic goddess
Freya who symbolizes beauty, one of the features of the vanadium chemistry.[34]

'During its discovery period, in the first part of the 19 century, besides Erythronium, Vanadium was
also named Panchromium, Odinium, Erian or Sefstromium.[34]

3
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Immediately after the vanadium discovery, Berzelius sent a letter with a charming
anecdote to Wohler to describe his misfortune:

In the far North there lived in olden times the goddess Vanadis, beautiful and lovably. One
day someone knocked at her door. The goddess remained comfortably seated and thought: let
the person knock again; but there was no more knocking, and the one who knocked went down
the steps. The goddess was curious to see who it might be that was so indifferent to being
admitted, sprang the window, and looked at the one who was going away. "Alas!” she said
to herself, that’s that fellow Waohler. Well, he surely deserved it; if he had been a little more
concerned about it, he would have been admitted. The fellow does not look up the window
once in passing by ... After a few days someone knocked again at the door; but this time the
knocking continued. The goddess finally came herself and opened the door. Sefstrom entered,
and from this union vanadium was born.[34} 35]

Eventually Wohler was able to show that the sample from the Zimapan ore was
identical with Sefstrém’s new element, vanadium, from the Taberg mine. Sir Henry
Enfield Roscoe successfully isolated the metallic vanadium, in 1869, by the reduction
of VCl, with H,. However, its first large-scale synthesis (purity > 99) was not carried
out until 1927, through heating of a mixture of V,05;, Ca and CaCl, at 720 °C.
Nowadays, this reduction process is still used for the production of pure metallic
vanadium, but also the van Arkel-de BoerE] process is often followed.[36]

Vanadium (atomic number 23 and [Ar] 3d° 4s? electron configuration) has two natural
isotopes: °'V and °°V, with an abundance of respectively 99.75 % and 0.25.[37] The
estimated vanadium concentration in the Earth’s crust is 0.013 w/w % and it is
considered the 22 in abundance.[36] Vanadium is widely distributed[38]: (i) in
more than 60 minerals, mainly mined in Russia, China and South-Africa and (ii) in
crude oil, especially from Venezuela and Canada. In addition, large quantities of
vanadium, mainly as H,VOj, are found in seawater with a concentration of 20-35

nM[36]

1.2 Metal cations in an aqueous solution

Before describing the behavior of vanadium ions in an aqueous solution, some general
principles and reaction types must be discussed. In this paragraph, the focus will be
on the hydrolysis and condensation, via olation and oxolation, of metal ions in an
aqueous solution.

Due to its high polarity (1 = 1.84 debye) and high dielectric constant (¢ = 78.5), water
is most suitable for the dissolution of ionic compounds such as NH,VO,. This high

2In the Arkel-de Boer process, impure vanadium reacts with iodine at ~ 500 °C to form the volatile VI,.
This volatile VI; decomposes at a tungsten filament (~ 1400 °C) and the metallic vanadium deposits on
the tungsten filament.

3Molybdenum is the most abundant transition metal in seawater with a concentration of about 100 nM.
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polarity and high dielectric constant of water are, respectively, responsible for its
good solvation power and its ability to decrease the electric forces between solvated
metal ions. Thus, the properties of water allow the formation of a stable solution. The
solvation of a metal cation with charge z, M*", to an aqua complex with coordination
number n is given in Equation[1.1}

M?** + nH,0 — [M(OH,), |** (1.1)

The number of water molecules, involved in the solvation of a metal cation with
radius r is linearly dependent on its polarizing strength (z/r?). Small ions or ions
with a large charge have a higher polarizing strength and are, therefore, solvated by
more water molecules. The attraction and organization of water molecules around
an ion occur over several spheres. The first solvation sphere contains the water
molecules, in direct contact with the ion, which are involved in further reactions (i.e.
hydrolysis and condensation, see next sections). The water molecules of the higher
solvation spheres are of minor importance due to their continuous exchange with
bulk water molecules and their indifference in further reactions.[39} 40] Despite the
favorable physical/chemical properties of water and the solvation of the metal cations
in solution, these solvated metal cations are subject to hydrolysis and condensation.
In the next sections, the aforementioned reactions will be discussed briefly. A detailed
and more fundamental description is given by Livage et al.[39] and Jolivet et al.[40].

1.2.1 Hydrolysis of metal ions in water
General considerations

The M** «— OH, transfer decreases the electron density around the oxygen and
weakens the O-H bond. The ionic character of the O-H bond and the positive charge
on the hydrogen increase. The positive charge on the metal cation decreases. Con-
sequently, coordinated water molecules are more acidic than bulk water molecules
and tend to deprotonate according to Equations[I.2)and [1.3}[40]

[M-OH,]** + H,0 = [M-OHJ*" + H,0* (1.2)

[M-OHJ"" + H,0 = [M-O]"* + H,0* (1.3)

The acidity of the aqua metal ion complex depends directly on the magnitude of the
M?** «— OH, transfer and thus on the charge of the metal cation. The hydrolysis
can result in three ligand types: aqua (H,0), hydroxo (OH") or oxo (O*) ligands.
The hydrolysis of a solvated metal cation, [M(OH,),]**, can be expressed using the
hydrolysis ratio h (0 < h < 2n) in Equation|[T.4[40] Depending on the hydrolysis ratio,
a variety of complexes can be obtained (Table [L.T).

[M(OH,), " + hH,0 = [M(OH), (OH,), " + hH;0* (1.4)
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Hydrolysis ratio Complex Chemical formula
h=0 aqua complex [M(OH,), ]*
0O<h<n aqua-hydroxo complex [M(OH)h(OHz)n_h]Z’h
h=n hydroxo complex [M(OH),|*™
n<h<2n oxo-hydroxo complex  [M(O), , (OH)Zn_h]Ph
h =2n oxo-complex MO, “™

Table 1.1: Overview of the possible aqua, hydroxo, oxo or hybrid metal ion complexes in an
aqueous solution after hydrolysis of the solvated metal ion. The symbols h, nand z
represent the hydrolysis ratio, the coordination number and the metal’s charge.[40]

Since the solvated metal cation, [M(OH,), ]*", exhibits acid-base properties (Equation
[1.4), its hydrolysis ratio depends on the acidity (i.e. pH) of the solution. The
relationship between this hydrolysis ratio and the pH of the aqueous solution is
derived by Jolivet et al.[40]. In their derivation, Jolivet et al. assume that proton
exchange takes place until the average electronegativity of the formed hydrolyzed
metal cation, X[M(OH), (OH,),_ "7 equals that of the solvent, x;. Thus, the equilibrium
condition will be obtained at the value of h for which XM(OH), (OH,),_, " equals x;s. The
pH-dependence is embedded in the expression for the solvent’s electronegativity, as
given in Equation [40] The average electronegativity for the hydrolyzed metal
cation, [M(OH)h(OHZ)n_h]Z_h, is expressed in Equation [40]

Xs = 2.621-0.02 pH (1.5)

XIM(OH)(OHp) oy =

Li Vxi
X

|D—l

+136z  xm+n Vxo + 2n —h)+/xg +1.36(z — h)
- _1 + —r
Xi Vam /xm%
(1.6)

In accordance with the equalization of the electronegativity, using Equations[I.5/and
the hydrolysis ratio can be expressed as function of the solution’s pH value (Equa-
tion [1.7).[40] The value of h indicates the number of protons theoretically released
by [M(OH,),]*" in an aqueous solution. In general, a negative value of h indicates
that the [M(OH,),,]*" does not exhibit any acidic properties in the aqueous solution.
On the other hand, an h value higher than 2n suggest that the [M(OH,),]*" does not
exhibit any alkaline properties. The calculated value for h can be non-integer. In this
case, two species coexist in an equilibrium in which at least one should be an hydroxo
based species.[40] The model only considers a-type interactions between the metal
cation and possible aqua, hydroxo or oxo ligands. If n-type interactions occur, as is
often the case for a vanadium cation, the observed hydrolysis ratio deviates from the
calculated one.[40]

ﬂ

4This y, is determined using the electronegativity of the solvated solvent species at a certain pH value:
X[Ho04]+ = 2.621 at pH 0, xy,0 = 2.491 at pH 7 and x|, 0,]- = 2.334 at pH 14.



1.2. METAL CATIONS IN AN AQUEOUS SOLUTION 7

~ 1 2.62 - 0.02pH — xum
h=1r5s o ((1.36z—n)(0.236—0.08pH)— == (1.7)

As indicated by equation the acidic nature of [M(OH,),]*" is governed by
three parameters: its charge (z), its coordination number (n) and its electroneg-
ativity (x). The most important factor, however, is the charge (z).[40] Generally,
cations with a charge lower or equal to 4 (z < 4) form aqua-hydroxo complexes,
[M(OH)h(OHz)n_h]Z_h, in an acidic or neutral medium. In an alkaline medium, they
exist as hydroxo complexes, [M(OH),]“™.[40] Cations with a higher charge (z > 4)
typically form oxo-hydroxo complexes, [MO,_ (OH),, , I*".[40]

Structural peculiarity of hydrolyzed vanadium complexes

According to the aforementioned model, proposed by Jolivet et al., one should expect
an aqua vanadium complex, [V(OH,);]’*, or an aqua-hydroxo vanadium complex,
[V(OH,)s(OH)]**, in an acidic medium. Ata pH value of 0, the calculated hydrolysis
ratio amounts 0.9 (assuming zy = 5, yy = 1.56 and n = 6).[40]. Yet, the experimental
hydrolysis ratio for V°* is 4 and the main species in an acid medium is the aqua-
cis-dioxo-vanadium(V) complex: [VO,(OH,),]". This peculiarity is explained by the
formation of V-O bonds with a strong 7 character, allowing a decrease in its charge.
This results in a shortening of the V-O bonds and a distortion of the geometry of
the vanadium(V) complex. This effect is not so strong in the case of vanadium(IV)
due to its lower oxidation state. Vanadium(IV) also forms an aqua-oxo complex,
but contains only one shortened V-O bond with a strong 7t character: [VO(OH,)s]**.
Besides the shortened V-O bond(s) in both V(V) and V(IV), the water ligand in trans
of such a V-O bond is bonded very weakly. This explains their lability and the
multiple coordination of V(V) and V(IV) ions.[40] More details on the exact structure
of vanadium complexes will be given in paragraph[1.3]

1.2.2 Condensation of hydrolyzed metal cations

In an aqueous environment, hydrolyzed metal cations can condensate to form more
complex structures, such as oligomers, polymers and solids. Analogue to organic
polymerization processes, the following steps are identified in the condensation
reactions of hydrolyzed metal cations: initiation, propagation and termination.

Initiation

The condensation of hydrolyzed metal ion cations follows the pathway of the nucle-
ophilic substitution. This requires the presence of a nucleophilic species in the direct
environment of the hydrolyzed metal cation. From the three possible ligand types
after hydrolysis (i.e. aqua, hydroxo or oxo), only the hydroxo ligand can act as a
nucleophilic species. The initiation can therefore be considered as the introduction
of the hydroxo ligand on the monomer (Equation [1.8).[40]
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[M—-O]” + H,0* — M-OH + H,0 «— [M—OH,] + OH" (1.8)

However, the presence of this nucleophilic species on its own is not sufficient to
ensure condensation. The nucleophilic attack by the hydroxo ligand can only occur
if the cation can be subjected to it. Thus, the electrophilic nature of the cation must
be high enough. Empirical studies have shown that condensation only occurs if the
partial charge on the cation is higher than 0.3. This partial charge is dependent on
the ligands of the hydrolyzed species. The replacement of (i) an oxo ligand by an
hydroxo ligand and (ii) an hydroxo ligand by an aqua ligand increases the partial
charge on the cation in the hydrolyzed species. The ligands are determined by the
hydrolysis ratio. Thus, the hydrolysis ratio a.o. determines the partial charge on the
cation in the hydrolyzed species.[40]

Propagation

Once the requirements for condensation are fulfilled, two reaction types may take
place: olation with the formation of an hydroxo-bridge (M-OH-M) and oxolation
with the formation of an oxo-bridge (M-O-M).

Olation

Olation (Equation is a two-step, dissociative nucleophilic substitution (Sy1).
In the first step an aqua ligand is eliminated and an intermediate species with an
unsaturated coordination appears. Obviously, this step is controlled by the lability of
the M—OH, bond. This increases if the charge of the metal cation decreases or if its size
increases. In the second step, the intermediate species reacts with the nucleophilic
hydroxo ligand. This results in the coupling of two (hydrolyzed) metal cations by
an -OH bridge. In the absence of other complexing ligands or steric effects, the
olation reaction is very fast and is essentially diffusion-controlled. Aqua-hydroxo
complexes, [M(OH), (OH,), , ]*™", with an hydrolysis ratio below the coordination
number (i.e. 0 < h < n) are typical subjects of this olation reaction.[40]

M-OH + M-OH, — M-OH-M + H,0O (1.9)

Oxolation

Oxolation (Equation is an associative nucleophilic substitution (S;2). First a
nucleophilic hydroxo ligand is added to the electrophilic metal cation. This results
in the formation of a temporary -OH bridge in which the proton is much more
acidic than in the terminal -OH group of the attacked metal cation. This acidic
proton leaves the -OH bridge and reacts with the terminal -OH group to form an
aqua ligand. Finally, this aqua ligand leaves the metal cation and an oxo bridge
is formed between both metal cations. Oxolation reactions typically occur between
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metal cations that do not have aqua ligands in their coordination sphere. Thus, only
hydroxo-oxo or oxo complexes, [MO,_ (OH),, ;1™ (n <h < 2n), are involved in such
an oxolation process. Oxolation reactions are typically much slower than olation
reactions.[40]]

M-OH + M—OH — M-OH-M-OH —> M—O-M-OH, — M-O-M + H,0
(1.10)

Chemical formula of hydroxo or oxo bridges

Due to the olation and oxolation reactions, hydroxo and oxo bridges can be formed
between two or more metal cations. The formula for hydroxo or oxo bridged metal
cations is built as follows: xu,- OH or xp- O. The index i corresponds to the number
of metal cations bonded by the considered hydroxo or oxo bridge. The x corresponds
to the number of bridging -OH- or -O- groups between the considered metal cations.
A few examples are given in Figure [40]

OH), ™M LO(H)_

M-O(H-M M_ M  O(H-M M-O(H)-M
O(H) M O(H)

H,-O(H) 211,0(H) 1s-O(H) 3u,-0(H)

Figure 1.1: Examples of typical hydroxo or oxo bridges between two or more metal cations
and their naming.

Termination

Under given acid-base conditions, spontaneous interruption of the growth of a con-
densed species can occur. Condensation can be limited to the formation of oligomers
or continue until a solid precipitates. Termination will occur if the requirements
for nucleophilic substitution are no longer fulfilled. Condensation results in a new
structure with a specific composition. This causes a charge redistribution within
the formed structure and therefore a change in its reactivity. As a consequence, the
hydroxo ligand can lose its nucleophilic character and the metal cation can lose its
electrophilic character.

1.3 Aqueous vanadium chemistry

The aqueous vanadium chemistry is very versatile and colorful, and at the same
time very complicated: many cationic vanadium species occur in the aqueous so-
lution. Their occurrence strongly depends on the pH value of the solution and the
presence/absence of electrochemically active components. In a reducing sequence,
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the following vanadium species are often referred to: the yellow VO, the blue VOZ+,
the green V** and the violet V?*.[36}41] 42]] This beautiful color change has fascinated
chemists dealing with vanadium and certainly justifies the naming of vanadium after
Vanadis. A detailed study on the thermodynamics of the vanadium redox chemistry
in an aqueous solution is performed by Pourbaix et al. The resulting Potential-pH
equilibrium diagram is given in Figure|l1.2|for the vanadium-water system at 25 °(ﬂ
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Figure 1.2: Potential-pH equilibrium diagram for the dissolved forms of vanadium in the
vanadium-water system at 25 °C.[43]

Metallic vanadium and V(II) species will not be discussed, since they occur in an area
with an E and pH value beyond the thermodynamic stability domain of water.[43].

5For simplicity, only dissolved forms of vanadium are considered in this Potential-pH equilibrium
diagram. A full Potential-pH equilibrium diagram for the vanadium-water system, which includes solid
vanadium species, is discussed by Pourbaix et al.[43]
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The stability domain of water is bordered by the H, and O, evolution, as given in

Equations and [43]

H,(g) = 2H" +2e" E°=0.000—0.00591pH (1.11)
2H,0 = O,(g) +4H"* +4e” E°=1.228-0.00591pH (1.12)

1.3.1 Vanadium(II)

V(I1I) species persist in an acidic, aqueous solution under reducing conditions near
the H, evolution (Equation , as the V°* cation. Depending on the concentration
of the V(III) species, the aforementioned acidic condition ends at a pH value between
7 (CV(IH) = 0.1 M) and 8 (CV(IH) = 107 M).[43] In such an acidic solution, octahe-
dral, [V(OH)n(HZO)é_n]3_n (n = 0-2), complexes are observed. These complexes are
associated to the acid-base equilibria, given by Equation[1.13}[44] In addition, oxola-
tion reactions may occur, which result in the presence of di- ([V,(u,- O)(H20)10]4+),
tri- ([V3(u3-O)(uy- 0);(H,0),]") and tetranuclear ([V4 (5 O)y(uy- 0),(H;0)y0]) com-
plexes at a pH value above 3.5.[44]

K, =27 K, = 4.0
G [V(OH)(H,O)]** + H* =

[V(H,0),** [V(OH),(H,0),]" + 2H*
(1.13)
Certain Ascidians accumulate V(III) in their blood cells. Concentrations up to 0.35M,
which is a factor 107 higher than in their seawater environment, have been reported
for the Ascidin Gemmata.[45] This high V(III) concentration is accompanied by a
large amount of sulfates, coexisting in the blood cells, which results in an acidic
environment (pH ~ 1). The fan worm, Pseudopotamilla Occelata, is found to be the

second V(III) accumulating, marine organism with a V(III) concentration in the order

-1
of 1 mg - gdry weight of the whole body'[36’ 45]

1.3.2 Vanadium(V)

In contrast to the limited stability and occurrence of V(III) species, V(IV) species are
more frequently reported in the aqueous vanadium chemistry. In an acidic solution
(i.e. pH value below 7), the V(IV) stability domain is bordered by its equilibrium
with V(V) and V(III). In an alkaline solution (i.e. pH value above 7), V(III) species
are no longer stable in water and the stability domain of V(IV) is bordered by the H,
evolution (Equation [43]

The aqueous and coordination chemistry of V(IV) is dominated by oxovanadium(IV)
complexes which contain the very stable vanadyl, [V=O]*", unit. The geometrical
structure of these VO** containing complexes usually approaches one of the three

®These equations assume a H, and O, partial pressure of 1 atmosphere and a temperature of 25 °C.
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idealized geometries shown in Figure square bipyramidal, square pyramidal or
trigonal bipyramidal.[46] 47] This last geometrical configuration, trigonal bipyrami-
dal, is only reported in protein complexes and requires a specific, steric arrangement
of the ligands.[46) [47]

Square bipyramidal Square pyramidal Trigonal bipyramidal
L
/v\ /v\ "
Leg Lo, Lig Lo b
Lax.

LBX.

Figure 1.3: Common coordination geometries of complexes containing the VO** cation with
equatorial (L., ) and axial (L) ligands. [46]

The [VO(H,0);** complex, pH < 4

The VO** ion is stable in an aqueous solution with a pH value below 4 -5 (respectively
for a Cyort of 0.1 M or 107® M) and without the presence of chelating compounds.

The VO** ion occurs as a mononuclear aqua complex, [VO(H,0)s]*", with a square
bipyramidal geometrical structure.[43} 46]. In this [VO(H,0)s]** complex, the first
axial position is occupied by the oxide ion and the other positions are taken by water
ligands. The V(IV) ion is located 10 — 30 pm above the plane formed by the equatorial
water ligands. The vanadyl, V=0, bond is the strongest bond and is characterized
by a bond length of about 159 pm. The interaction distance of an equatorial water
ligand with the V(IV) center is about 200 pm. The interaction of the V(IV) center with
the axial water ligand is the weakest and is featured with an interaction distance
of about 223 pm. The kinetic, ligand exchange rates follow the same trend as the
bond or interaction distances: kg i ~ 3.10 757!, k ~ 10°s7!and k
108 s~1.[46]

L,equatorial Laxial ~

Electronic structure of the [VO(H,0);]1** complex

In this section, the electronic structure of the [VO(H,0)s]** complex, in a square
bipyramidal geometry, will be described using two models: the Crystal Field Theory
and the Ligand Field Theory. Both models have their strengths and their weaknesses.
The Crystal Field Theory is a rather straightforward theory which only considers
electrostatic interactions and can be employed for spectral studies of transition metal
ion complexes. The Ligand Field Theory is a more complicated theory which considers
covalent bonding (0 and ) interactions using the Molecular Orbital Theory. The latter
one is more suitable for the description of bond related properties such as the bond
length.
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Crystal Field Theory

The Crystal Field Theory is an ionic approach to describe the electronic structure of
a transition metal ion complex. In this theory, the electron cloud of each ligand is
considered a point charge and each metal-to-ligand interaction is described as an
electrostatic interaction between the central metal cation and the point charge rep-
resenting the electron cloud of the ligand: i.e. an ion-ion interaction if the ligand
is negatively charged or an ion-dipole interaction if the ligand is neutral. This the-
ory focuses on the repulsion between the d electrons of the central metal ion and
the point charge of each ligand, and positions these electrons in d-orbital(s) which
are geometrically the furthest away from the approach direction of the ligands.[48]
Originally, this Crystal Field Theory was intended to describe the spectral properties
of crystalline solids. Later on, this theory became more popular to describe the (elec-
tronic) structure of transition metal ion complexes. Currently, the Crystal Field Theory
is still successfully employed in spectral studies of transition metal ion complexes.

The Crystal Field Theory for the [VO(H,0)5]** complex is proposed by Ballhausen
and Gray.[49] Figure[I.4]shows the Crystal Field energy level diagram in the case of
an ideal O, symmetry and a distorted O, symmetry (i.e. a C, symmetry) with the
further splitting of the two sets of degenerate orbitals (¢, and t,) into non-degenerate
orbitals. In an O; symmetry, the ligands are directly positioned on the axes of the
Cartesian coordinate system. As a consequence, the d , and dxz_yz orbitals of the

central V#* ion are destabilized and their relative energy increases. The inter-axis d
orbitals (i.e. dy, d,, and dy,), on the other hand, are stabilized by the positioning of
the ligands on the axes. Thus, in an O, symmetry, 2 sets of degenerate energy levels
are obtained: the doubly degenerated €y (d,, and de-yZ) and the triple degenerate by

(dyy, dy, and dy,). In the case of the [VO(H,0)s]** complex, one ligand is replaced
by another, non-equivalent (i.e. OJ), one which perturbs the O, symmetry, leading
to a C, symmetry. This perturbation results in further splitting of the two sets of
degenerate energy levels: the d , orbital is more destabilized than the de-yZ orbital
and the d,, orbital is more stabilized than the d,, or the d,, orbitals. This results in
four new energy levels: the non-degenerate b, (d,,), the doubly degenerate e (d,,
and dy,), the non-degenerate b, (dxz_yz) and the non-degenerate a, (d ,).

Each energy level in the Crystal Field diagram is defined in terms of Dqg, Ds and
Dt. D and q correspond to the polarizability of the V** ion and the charge of
the ligands and are treated as one empirical parameter, Dq. In a complex with
an O, symmetry, the energy difference is usually defined as 10 Dq. Ds and Dt
are two, additional energy terms expressing the degree of perturbation in the O
symmetry towards C,, symmetry. Using Absorption Spectroscopy, Ballhausen and
Gray, determined numerical values for these terms: Dq = 1600 cm™!, Ds = —4570cm™!
and Dt = —143cm™.[49] Since the V** ion has just 1 electron left in a 3d orbital, only
this single, unpaired electron must be placed in one of the orbitals defined by the
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Figure 1.4: Crystal Field energy level diagram for the d orbitals of a transition metal ion in a
octahedral (Oj,) or square bipyramidal (C4v) geometry.[49]

Crystal Field Theory (i.e. by, e, by or a1). In the ground state, this single d electron
will occupy the b, orbital. As a consequence, three d-d transitions are possible with
following energy differences[49]:

e AE(b, — e) = 13000cm™ or 770 nm,
e AE(b, — b;) = 16000 cm™! or 625 nm,

e AE(b, —> a;) = 35000 cm™ or 286 nm.

Despite the potential and strength of the Crystal Field Theory to explain the spectral
features of the [VO(H,0)s]** complex, this theory does not consider the covalent
bonding interactions (e.g. the 7 bond in the VO?* unit). A more accurate description
of the electronic structure of [VO(H,0)5]** complex should include these bonding
interactions. For this purpose the Ligand Field Theory will be elaborated on in the next
section.

Ligand Field Theory

The Ligand Field Theory can be considered as a specific case of the Molecular Or-
bital Theory and focuses on the d orbitals of the central metal atom. The atomic
orbitals, originating from the metal and the ligand group orbitals, are used to con-
struct molecular orbitals. The relative energy of the molecular orbitals; including
bonding, non-bonding and anti-bonding; is estimated using orbital overlap consid-
erations and experimental data. Here, molecular orbitals will be derived for the
[VO(H,0)s]*" complex, assuming a molecular, C,, symmetry. The Character table of
the C,, symmetry group is given in Table[T.2]

This Character table can be used to determine to symmetry of the orbitals of the
central vanadium atom and the ligand group orbitals. Before doing so, some notes
on the non-equivalent ligands in the [VO(HZO)5]2Jr complex: (i) The oxide oxygen is
the nearest ligand and will participate by its (O) and its 77(O) (2p, and 2p, ) ligand
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Cy 4mm E G, 2C; 20, 204 h=8
A 1 1 1 1 1 z,22, X+y?
A, 11 -
B, L R | 1 -1 x2—y?
B, 11 A -1 1 Xy
E 2 -2 0 0 0 X, ¥, Xy, YZ

Table 1.2: Character table of the C,, symmetry group.[50]

orbital. (ii) The four, equatorial water ligands are equivalent and will participate by
four 0;(H,0) ligand orbitals. (iii) The fifth, axial water ligand is the furthest from
the central vanadium and will participate by its 0(H,O’) ligand orbital. A possible,
additional -bonding of the water ligands is considered unlikely and ignored. Using
the Character table of the C,, symmetry group, the symmetry of each orbital can be
deduced (Table[1.3).[49]

Representation ~ Vanadium orbitals Ligand orbitals
a4 3 dzz a(0)
4s a(H20")

4p, 3 [01(H20) + 02(H20) + 05(H0) + 04(H20)]
e 3d,, 2x n(0) (2p, and 2py)

3dy, % [01(H20)-05(H20)]

4px 5 [02(H20)-04(H0)]

4py
by 3do s 3 [01(H20)-02(H0) + 03(H20)-04(H20)]
b, 3d,y,

Table 1.3: Symmetry assignment of the vanadium orbitals and ligand orbitals considered in
the Molecular Orbital Theory for the [VO(HZO)5]2+ complex.[49] Note that the b,
vanadium orbital is non-bonding (see Figure .

In the next step - the construction of the molecular orbital diagram - an overlap is
considered between vanadium orbitals and ligand group orbitals of the same symme-
try. Figure[1.5/shows the molecular orbital diagram for the [VO(H,0)s]** complex,
proposed by Ballhausen and Gray.[49, [51]] Since the ligands are more electronegative
than the vanadium atom, the relative energies of the group orbitals are lower than
the orbitals of the vanadium atom. The relative energies of the molecular orbitals
are determined by considering orbital overlap and experimental data. By comparing
the Crystal Field diagram from Figure [1.4| with the molecular orbital diagram from
Figure the same increase in the energy levels of b,, e}, b] and Ia] can be noticed.
The bonding and anti-bonding molecular orbitals are expressed by Equations [T.14]
and[1.15)in which @ refers to the proper combination of vanadium orbitals or ligand
group orbitals. The o, correspond to orbital coefficients and are listed for each molec-
ular orbital in Table From this Table and graphically from Figure it is clear
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that the bonding orbitals are mainly situated on the ligands and that the anti-bonding
orbitals are situated on the vanadium atom.

Vanadium M.O. Group orbitals
orbitals Levels of the ligands
e* Antibonding
Non-bonding
Ma,* =—x i * Bonding
4 — la,*
\/ 7
as—— D1 e, *
3d— b,
\ n(0)
\\e"
IIIla)i e ~——0(H,0,H,0’)
“31\ o(0)
la; !

Figure 1.5: Molecular orbital diagram for the [VO(H,0)s]** complex, assuming a molecular,
C,, symmetry.[49]

Y = 0, D(vanadium) + o, P(ligand) (1.14)
Y* = o] P(vanadium) + o, P(ligand) (1.15)
Molecular orbital o o o] -0,

1
0446 0.834 0907 0.567

2 1 2

€n

b, 0381 0.853 0.946 0.555
Ia, 0.345 0.883 0.996 0.620
Ma,; 0.409 0.765 1.006 0.770
la, 0.154 0941 1.042 0474
e 0201 0.888 1113 0.689

Table 1.4: Orbital coefficients for the formation of bonding and anti-bonding molecular orbitals
in the [VO(H,0)s]** complex.[49}51]

By placing 17 electrons in the molecular orbitals, given in Figure[I.5] the ground state
can be determined: (Ia,)* (IIa;)* (b1)? (e)* (Illa1)? (ex)* (b2)'. Note that this ground
state can be represented by 2D. This ground state will be used for further evaluation
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of the electronic spectrum of the [VO(H,0)5]** complex. Electrons of the o-bonding
molecular orbitals do not participate in electronic transitions. These orbitals are
denoted as invariant inner core (IC) orbitals. Thus, the ground state is simplified
as: (I0)? (ex)* (bo)'. The following transitions correspond to the d-d transitions
discussed in the Crystal Field Theory and are associated with a transition energy of
770 nm, 625 nm and 286 nm, respectively.[49]

o (I0)” (en)* (b2)' — (IO)" (en)* (1) (e})",
o (I0)” (en)* (b2)' — (IC)" (en)* (b2)° (B))L,
o (I0)"” (en)* (b2)' — (IC)" (en)* (b2)° (Im))™.

In addition, the promotion of an electron from the e, orbital to ab, or e;, orbital occurs.
The following transition energies are determined by Ballhausen and Gray.[49]:

o AE((IC)™? ()" (ba)' — (I0)' (ex)® (b2)?) = 41700 cm™" or 240 nm,

o AE((IO)2 (en)* (b2)' — (I0) (ex)? (b2)' (€3)") = 44000 cm™" or 227 nm.

Note that both transitions transfer the electron from an orbital localized on the ligand
group to an orbital localized on the vanadium atom (Figure [L.5). Each transition
results in a charge transfer and is called a Ligand-to-Metal Charge Transfer (LMCT).
Both transitions are characterized by a broad absorption band in the high energy
region of an UV-Vis spectrum. As a consequence, the third, d-d transition (at ~ 333
nm) is not resolved.[49]

Finally, the Molecular Orbital Theory aids in the understanding of the paramagnetic
properties of the [VO(H,0)s]** complex. The formulas for the g values are expressed
as function of the orbital coefficients and the spin-orbit coupling constant, &, in
Equations and [1.T7}[49, 52] The free electron g value, g,, equals 2.0023 and a
spin-orbit coupling constant of 135 cm™ is suggested by Dunn.[52H54].

8&(01,,-01)?

g” = ge—m =1.942 (116)
_ 28(01p,01)
g1 = ge—m =1.985 (117)
2
<g> = BLT8 _q 97 (1.18)
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Other aqueous VO** species, pH > 4

The previous considerations assume a mononuclear [VO(H,0)s]** complex. How-
ever, according to the Potential-pH diagram, shown in Figure the VO** cation is
only stable in solutions with pH value below 4 — 5.[43] Indeed, as the pH increases,
the [VO(H,0)s]** complex reacts, according to Equations [1.19} [1.20| and [1.21} A
dinuclear [{VO(H,0)},(2u,- OH)] complex or an insoluble VO(OH), is formed at a
pH value below 6.5.[36, 146] As the pH further increases (up to 11 — 12), the precip-
itated hydroxide (VO(OH), | ) redissolves, according to Equation and forms a
brownish solution.[36) 46, 52|

2 [VO(H,0)5]** == [{VO(H,0),},(2u,— OH)] + 2H,0 + 2 H* (1.19)

[VO(H,0);]** == [VO(OH)(H,0),]* + H* == [VO(OH),(H,0),] + 2H*  (1.20)

[VO(OH),(H,0),] = [VO(OH),] | +3H,0 (1.21)

[VO(OH),(H,0)5] + OH™ = [VO(OH),(H,0),]” + H,0 (1.22)

lannuzzi etal. compared the geometrical and electronic structure of the [VO(H,0)5]**

complex with the [VO(OH),;(H,0O),]” complex, using UV-Vis and EPR Spectroscopy
(Table [1.5).[52]] Both solutions exhibit three absorption bands. The complementary
color associated with these absorption bands corresponds to the observed blue or
brown color. The position of the first band (i.e. b, — €}) is almost unperturbed.
The energy of the second, AE(b, — b]), and third, AE(b, — a]), transition have
changed, respectively, to higher and lower values. This indicates a destabilization
of the d,»_» orbital and a stabilization of the d.. orbital of the V(IV) center. This
suggests a change in one or more of the equatorial ligands by a stronger interacting
ligand featured by a shorter interaction distance. A subtle difference between the
anisotropic g value of the solution containing the [VO(H,0)5]** complexes and that
of the solution containing the [VO(OH);(H,0),]” complexes can be seen. According
to the Equation [1.16] this anisotropic g value is related to AE(b, — by) for a V(IV)
species in a Cy4 symmetry environment. Thus, an increase in this anisotropic g
value corresponds to an increase in AE(b, — b}). This supports the UV-Vis results
and suggests that the equatorial V(IV)-to-ligand bonds are somewhat more covalent
in the [VO(OH),;(H,0),]” complex. On the other hand, the anisotropic g, value
is identical for both complexes. According Equation this g, value is related
to AE(b, — ej;). Thus no change in the axial water ligand can be assumed. In
conclusion, Iannuzzi et al. show that, in a basic aqueous solution, the [VO(HZO)5]2+
complex is replaced by the [VO(OH);(H,0),]” complex. Based on UV-Vis and EPR
spectroscopic studies, both complexes have a similar square bipyramidal structure,
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with a weakly interacting water ligand at the axial position (w.r.t. to VO** unit). In
an acidic solution, the equatorial positions are occupied by water ligands. In a basic
solution, three out of four equatorial water ligands are replaced by OH™ ligands. The
V(IV)-to-OH™ bond has a more covalent nature than the V(IV)-to-H,O bond.[52]

Complex pH  Color UV-Vis spectroscopy EPR spectroscopy
b, —e; b,—b] b,—a] <g> 8l 8L
[VO(H,0)s]* 2 Blue 763 625 223 1964 1935 1978

[VO(OH);(H,0),]~ 14  Brown 781 521 410 1970 1957 1.977

Table 1.5: Comparison between an aqueous solution containing [VO(H,0)s]** complexes at
pH 2 and [VO(OH);(H,0),]” complexes at pH 14. The electronic transitions, ob-
served by UV-Vis spectroscopy, are given in nm. From X-band EPR spectra, respec-
tively recorded on the solution at T, and the frozen solution, the isotropic g value
(<g>) and anisotropic g values (g and g, ) are obtained.[52]

1.3.3 Vanadium(V)

V(V) species occur in more oxidative conditions and their thermodynamic stability
domain is bordered by the O, evolution (Equation|1.12) and their equilibrium with
V(IV) species.[43] A large variety of vanadium(V) species, including mono- and
polynuclear species, is found in the aqueous solution within the stability domain.
Figure shows the pH and concentration dependent regions in which a specific
vanadium(V) species dominates (at 25 °C). Generally, three concentration dependent
regions are discussed:

e Low vanadium concentration (< 10~* M): predominance of mononuclear vana-
dium(V) species,

e Intermediate vanadium concentration (10~ M — 1 M): predominance of polynu-
clear vanadium(V) species,

e High vanadium concentration (> 1 M): formation of a V,0; - nH,O gel.

Mononuclear vanadium(V) species: cy(yy < 1074 M

In an acidic environment, the mononuclear VO; is the major species. This VO;
species typically occurs in an octahedral geometry in which four positions are oc-
cupied by H,O ligands. As the pH increases to a value of 3.2, the [VO,(H,0),]"
transforms to the neutral vanadic acid, H;VO,. Just as the the VO3 ion, the vanadic
acid typically occurs in an octahedral geometry with two additional H,O ligands
forming the neutral VO(OH);(H,0), complex. In this complex, the first water ligand
is positioned along the axis opposite to the short V=0 double bond and the second
water ligand occupies a position in the plane perpendicular to the axis of the V=0
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Figure 1.6: Predominance diagram, showing the pH and concentration dependent region in
which the indicated vanadium(V) species is dominant in an aqueous solution at 25
°C.[55]

bond. Although the H,VO, or VO(OH);(H,O), complex only appears in a very nar-
row pH area (between 3.2 and 3.8), the VO(OH);(H,0), complex is crucial for the
formation of polynuclear species and the V,0; - nH,O gel.[24] The deprotonation
reaction of the vanadic acid is given in Equation [1.23}[36} 56] Between a pH value of
5and 7, the H,VO; species has an abundance of almost 100 %. At a pH value of 7.5,
the onset of a further deprotonation is observed and the first HVO3™ ions are formed.
Between a pH value of 7.5 and 9.5 both species appear in the aqueous solution. The
latter one has an abundance of almost 100 % at a pH value of 10. If the pH is further
increased to 13, a final deprotonation is observed and VO;™ ions are formed. These
mononuclear species only appear in very diluted solutions (i.e. cy(y) < 107 M). If the
vanadium(V) concentration exceeds 10~* M, condensation into polynuclear species
takes place.[24, 37, 56]

pK,; =35 pK, =738

H,VO; + H* LS
VU, +

H,VO, HVO; +2H* VO, +3H*

(1.23)

Polynuclear vanadium(V) species: 10 M < cyyy £ 1M

At intermediate vanadium concentrations, a comprehensive series of pH-dependent,
polynuclear vanadium species exist (Figure[1.6). In acidic conditions (i.e. pH < 2.5),
the yellow and cationic, [VO,(H,0),]", species is the only one that exists. As the
pH value rises, condensation via olation, oxolation and acid-base reactions of the
VO(OH);(H,0), complex emerges (Equation [1.24). These condensations result in
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the formation of pH-dependent decavanadate species (Equation [1.25) which consist
of octahedral units. Figure[I.7jshows the structure of such polynuclear vanadium(V)
species. In these decavanadate species, three different vanadium sites can be ob-
served: V., V_ and V, in a ratio of 1:2:2. The V_ sites correspond to a central,
regular VO, octahedra. The V, and V, sites are peripheral, tetragonal-pyramidal
O=VO, units, additionally linked to a bridging oxo group. Besides the vanadium
sites, also seven non-equivalent oxygen sites are present. The peripheral oxygen
sites are available for protonation and are, hence, involved in the acid-base behavior
of decavanadate species (Equation [1.25). Obviously, only the peripheral vanadium
sites are affected by the acid-base behavior. Since each vanadium site corresponds to
a specific chemical shift in ®'V-NMR, only those associated with the peripheral sites
are pH-dependent.[36} |40, 56| 57]

10 [VO(OH),(H,0),] = [H,V,,0,4]*" + 28 H,0 + 4H,0* (1.24)

[H,V,,0,]* +2H,0 = [HV,(0,]"” + H,0" + H,0 = [V,(0,]°” +2H,0"

(1.25)
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Figure 1.7: Schematic structure of the main polynuclear vanadium(V) species occurring in an
aqueous solution if 107* M < cy(y < 1 M. Note that the bonds are not drawn to
scale and do not relate to the corresponding bond lengths.[36} 56]

In neutral and alkaline solutions, the decavanadates are unstable. Depending on
the vanadium concentration, the cyclic tetravandate (V,07) or the cyclic trivanadate
(V;05") becomes dominating. Traces of a cyclic pentavanadate (V505;) are observed
as well. In the formation of these cyclic oligomers, (i) the deprotonated decavanadate
decondensates (Equation , (ii) the orthovanadate ([VO4]3_) forms and (iii) this
orthovanadate re-condenses (Equation[1.27). The cyclic oligomers have a very similar
structure: (i) each vanadium center is tetrahedrally surrounded by oxygen atoms, (ii)
two oxygen atoms are double bonded to the vanadium center and (iii) the other two
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oxygen atoms form a dioxo bridge, 2 u1,- O, connected to the neighboring vanadium
centra.[24} 36, 56-H58]

[V19O0nl®™ +36 H,0 == 10[VO,]*” + 24 H,0" (1.26)

n[VO,]>” +2 nH,0" = [V,0,,]" +3nH,0O withn=3,40r5 (1.27)

Continuing on the pH series, the cyclic vanadates are no longer dominant at a pH
value above 9. At this point divanadate species, HV,03" and V,07, dominate
(Equations and[1.29). The latter is replaced by the mononuclear orthovanadate
at a pH value above 13.[36] 40| 57]

2[VO,I*” +3H,0" = [HV,0,]>” +4H,0 (1.28)
[HV,0,F’” + H,0 = [V,0,]* + H,0" (1.29)
10 [Na*]=0.01 M [Na*] =0.150 M

pH
Al Vo,*
Vo> H3V100,6*>
Vie* H,V10055"
Vio™ HV,,0,5>
Vy® V10055
Vs> V505>
v, V,0,,*
V> H,V,0,>
V23' HV2073'
V- H,V,0,
2 HVO,>

Figure 1.8: Speciation curves, showing the distribution of vanadium, Fy, as function of the
pH in an aqueous solution with different Na* concentrations. The total vanadium
concentration amounts 1 mM.[59]

Besides the pH, the ionic medium (i.e. the concentration of a counter cation) plays an
important role in the dominance of certain polynuclear vanadium(V) species. This
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effect is studied by the Pettersson group. The results of their speciation study with
various Na® concentrations are given in Figure [59] The differences are mainly
situated between a pH value of 2.5 and 8. As the ionicity of the solution increases,
the more negatively charged polynuclear species become increasingly present.

Formation of V,0; - nH,O gel: cyy > 1M

If the concentration of vanadium(V) species exceeds 1 M, the solution gels in a few
hours. The red and viscous gel contains fibers of vanadium pentoxide, V,0O5 - nH,O:
length of ~ 100 nm, width of ~ 10 nm and thickness of ~ 1 nm. Asshown in Figure
the structure of such a V,0O; - nH, O fiber differs significantly from the polynuclear
vanadium(V) species discussed in the previous section. Moreover, this V,O; - nH,O
is the result of decondensation of polynuclear vanadium(V) species into the hydroxo
VO(OH);(H,0), complex. This complex is systemically removed from the solution
via unlimited condensation reactions, shifting the aforementioned equilibrium in
favor of the VO(OH);(H,0), complex.[24, 40]

. Olation W Oxolation 7 {, (&@ OM <,
ofr o= VNN =

<
Figure 1.9: Condensation pathway, suggested by Livage et al., leading to the formation of
V,0; - nH, 0O gels.[24]

The condensation mechanism of the V,0; - nH,O gel, proposed by Livage et al,, is
schematically shown in Figure and consists of olation and oxolation reactions,
starting from the hydroxo VO(OH);(H,0O), complex.[24] In this complex, the V-
O bonds are not equivalent in the equatorial plane: H,O0-V-OH or HO-V-OH.
Condensation, preferentially, occurs via olation along the H,0-V-OH direction
where a good nucleophilic group, OH, and a good leaving group, H,O, are present.
This results in the formation of olated chain polymers (Figure with pp — OH
bridges and terminal H,O and OH groups. Slower oxolation reactions convert these
U2 — OH bridges into uz — O bridges, forming edge sharing double chains.[24]

1.4 Citrato VO** and VO} complexes

From the study on the aqueous vanadium chemistry (section [1.3), it is clear that the
vanadium ion (either V(IV) or V(V)) is easily hydrolyzed and involved in complex
condensation reactions leading to (insoluble) hydroxides, oligomers or polymers. In
the description of the hydrolysis (section [[.2.T), only the presence of aqua (H,O),
hydroxo (OH") and oxo (O%) ligands in the coordination sphere is considered. How-
ever, this hydrolysis (drastically) alters if another — electron donating — chelating
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compound is introduced in the aqueous solution. This additional ligand will com-
pete with the already present ligands in the complexation of the vanadium ion. The
exchange of a coordinated water molecule in an aqua complex by a ligand X™ is
given in Equation In this equation, n corresponds to the original number of
water ligands. The number of coordinating bonds between the metal cation M*" and
the ligand X™ is represented by a. Ligands in which a equals 1, 2 or 3 are named as
monodentate, bidentate or tridentate ligands.

[M(OH,),]** + aX™ — [MX,(OH,),_sa]®*¥* + aaH,0 (1.30)

The formation of a new complex, involving ligand X™~, will reduce the hydrolysis
probability because: (i) Water ligands are expelled from the coordination sphere of
the metal cation. (ii) The ligand, sterically, hinders the water ligand to reach the metal
cation. (iii) The coordination of the metal cation with ligand X"~ lowers the partial
positive charge on the metal cation.

n—aa

1.4.1 Citric acid as coordinating ligand

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid, Figure|1.10) has the ability to
form a stable and water soluble complex with a large variety of metal cations, such
as Ti*', Zr**, Nb**, Ta>*, Gd*" and Ln’* .[60-62]

0] OH

HO OH
OH

Figure 1.10: Structure of citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid).

Citric acid is a polyprotic acid with three acidic groups: pK,, = 3.13, pK_, = 4.76
and pK_, = 6.40.[63] If the pH value exceeds pK_,, at least one free carboxylate group
is available for the coordination of the metal cation. Generally, a pH value higher
than pK_, is chosen to ensure the formation of a citrate complex. In addition, the
a-hydroxyl group is often involved in the complexation of the metal ion complex. In
these complexes, a tetravalent citrate ion is present at a pH value ~ 7.

1.4.2 Citrato VO; complexes

Citrato-VOj complexes from or in an aqueous solution are almost exclusively stud-
ied by two groups: the Salifoglou group from the University of Thessaloniki and
the Pettersson group from the University of Umea. Both groups study these citrato-
VO; complexes from a biochemical and medical point of view. It seems that the
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Salifoglou group is specialized in the aqueous synthesis of such complexes, their
interconversion and their structural analysis performed on isolated crystals. The
Pettersson group, on the other hand, focuses on the speciation of the citrato-VO;
complexes as function of the pH and ionicity of the aqueous solution. Such a spe-
ciation curve is theoretically determined starting from chemical equilibria and mass
balances. Multinuclear NMR (*H, 3C, N, 7O, 3P and °!'V) and potentiometric
techniques are employed either to verify the obtained speciation curves or to gener-
ate input for the theoretical model. Another important difference between the work
of both groups is the considered vanadium concentration. The Salifoglou groups
considers VO; complexes in an aqueous solution with a vanadium concentration of
~ 0.2 M. The Pettersson group works at much lower concentrations (~ 1 uM). The
structure of the citrato-VO} complexes, reported by both groups, differs significantly:
(i) At a vanadium concentration of ~ 0.2 M and a similar citric acid concentration, the
citrato-VO; complexes are dinuclear with a very stable, (VO,), (u2 — O) unit.[64H69]
(ii) At a vanadium concentration of ~ 1 uM and a similar citric acid concentration,
the (:itrato—VOEr complexes are, essentially, mononuclear.[59,[70] [71]. In this doctoral
research, a vanadium concentration of ~ 0.1 M is aimed for and, hence, only the
dinuclear citrato-VO; complexes will be considered.

In the last decade, the Salifoglou group is using a fixed procedure to synthesize
various citrato-VO; complexes.[64H69] In this procedure, there are three parameters:

e The vanadium source: V,0y or VCI;. Obviously, the vanadium oxidation
state in VCl; equals +III, which suggests that an oxidation occurs during the
synthesis of the citrato-VO; complex.

e The base: KOH, NH,, NaOH or NH,OH. In all cases, the base is used to create
an aqueous solution with a required pH value and the cation from the base acts
as the counter ion for the negatively charged citrato-VO; complexes.

e The addition of H,O, during the synthesis, which results in the formation of a
citrato-peroxo-VO; complex.

If V,0; is used as vanadium source, the first synthesis step is the dissolution of V,0O;
in water with a targeted vanadium concentration of ~ 0.2 M. However, its solubility
is limited (i.e. 0.8 g- L7Y[72])) and therefore a small amount of base (~ 1/1 m.r is
added to the aqueous solution. This mixture is stirred for a few hours at an elevated
temperature (~ 50 °C). After cooling to Ty ., citric acid (1/1 to 4/1 m.r.) is added
to the clear solution. Finally, the pH is adjusted to the required value by the same
base. The overall reaction is given in Equation [1.31][64-69] Depending on the pH
value of the solution, the free carboxylic acid groups of the resulting complex can be
protonated or deprotonated.

7In this work, molar ratio is systematically abbreviated as m.r. and is always, unless otherwise specified,
relative to the metal cation.
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V,0; +2C,HO, + (6 - 2x)OH™ —>
(2x—-6)
[V,0,(CeHyyO7),]  + (7= 20H,0 (1.31)
withx =0,1or 2

This procedure is also used for the formation of citrato-peroxo-VO; complexes. In the
last synthesis step, though, an excess of H,O, (m.r. ~ 16/1) is added to the solution.
The overall reaction slightly differs and is given in Equation [1.32]

V,0; +2C,H,O, + 2H,0, + (6 - 2y)OH™ —>
(2y-6)
[V20,(0,), (CHyy05), | + (9 - 2y)H,0 (1.32)

withy =0,1or 2

(4+y)

If the other vanadium source (i.e. VCl;) is chosen, the synthetic procedure and
the overall reaction change. In the first synthesis step VCl;, citric acid and the
base are dissolved in water. The aimed vanadium concentration and pH value are,
respectively, ~ 0.2 M and ~ 9. The solution is stirred for ~ 24h. To this clear solution,
H,O, is added very slowly and under continuous stirring. The pH drops and an
orange colored solution is obtained. Depending on the amount of added H,0O,,
either a citrato-VO} (Equation[1.33) or a citrato-peroxo-VOj (Equation[1.34) complex
is obtained. [1.33}[64H69]

4VCl, + 4 CHyO, + 2H,0, + (24 — 4)OH" + 0, —>
2x—6
2 [V,0, (CeHyy0,),] 7 + 1201 + (22 - 41,0 (1.33)
withx=0,1o0r2

4VCl; +4CH O, +4H,0, + (28 — 4y)OH™ + O, —

2 [V,0,(0); (CeHig,,)05),| ™ +12C1° + (26 — 4y)H,0 (1.34)

4+y)
withy=0,1or 2

After each synthesis, the Salifoglou group crystallizes the citrato-(peroxo-)VO; com-
plex by cooling the aqueous solution at 4 °C and by adding ethanol to the solution.
After a few days colored crystals appear: yellow-green, citrato-VOj crystals and red,
citrato-peroxo-VOj crystals.[64H69] The crystals are isolated from the solution and
analyzed to elucidate the structure of the complex.
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pH:3 pH%5 pH+75
[V,04(CeHg05),1 [V,04(CeH50,),1™ [V,04(CeH,40),1°

[V,04(CsHg0,)(CgH50,)17 [V,0,(CeHs0,)(CH,0,)1°

Figure 1.11: Scheme of the pH-dependent conversions of dinuclear citrato-VOj species in an
aqueous solution.[65]

Figure shows the possible crystalline citrato-VO; complexes. From this Fig-
ure, it is clear that dinuclear VO; species are formed systematically with a strong
dioxo bridge resulting in the very stable, (VO,), (12 — O) unit. This dioxo bridge is
due to the a-hydroxyl functionality of the citric acid, which is already deprotonated
at a low pH value. Furthermore, each VO; center is directly coordinated by one
carboxylate group. As a result, each citrate ligand has two free carboxylic acid or
carboxylate groups. Depending on the pH of the solution from which the considered
complex is crystallized, the free carboxylic acid groups can be protonated or depro-

2— -
tonated. This results in three main species: [V204(C6H6O7)] , [VZO4(C6H507)]4
and [VZO4(C6H4O7)]6_. Under specific synthetic conditions, non-symmetrical depro-
3—
tonation is possible, resulting in the less common [V204(C6H6O7)(C6H507)] and

[V204 (C6H5O7)(C6H4O7)]5_ complexes. In each of these complexes, the coordination
number of each vanadium(V) ion equals 5. Therefore, these complexes are typically
observed in a square pyramidal geometry.[64H69]

In the presence of H,0,, one V=0 bond per vanadium ion in the (VO;), (12 — O) unit
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is sacrificed and replaced by the O%‘ entity, resulting in a (VO(O5)), (42 — O) unit. This
reaction is schematically shown in Figure [I.12}[66H69]. After the transformation, a

4—
[Vzoz(oz)z(C6H5O7)z] complex is formed. Obviously, the free carboxylic acid or
carboxylate groups are subject to protonation and deprotonation. Similar to the

citrato-VO; complex, the [Vzoz(oz)z(C6H5O7)z]4_ complex is a dinuclear species
with a strong dioxo bridge. Again the deprotonated a-hydroxyl functionality of the
citric acid is responsible for the formation of this dioxo bridge. In this complex, the
coordination number of each vanadium ion equals 6. The associated geometry is a
pentagonal pyramid with the free V=0 bond in the axial position and the peroxo-
group in the equatorial position. Often, an additional (weak) interaction with a free
carboxylate group is observed at the position opposite the V=0 bond. In this case, the
geometry changes to a pentagonal bipyramid, as shown in Figure[1.12}[66)} 68, 69, 73]
Interestingly, the peroxo-group in the citrato-peroxo-VO; complexes can easily be
removed by a mild heating (~ 60 °C), which results in the five coordinated citrato-
VO; complex.[66] 69]

[V,0,(CH,0-),1® [V,0,(0,),(CgHs0,),1* [V,0,(0,),(CeHs0,),1
-00C HoOC HOOC
coo oo
-00¢ i ooc ? ooc 00C 0
/\v/o\vkO +‘H£2 o\\v/o\v<c\) _ O\v/o\v<c\)
TN N T T T N NS

Figure 1.12: Scheme of the H,0,-induced or thermal transformation between
[V,0,(CH,0,),]° and [V,0,(0,),(CsH50,),]*” complexes.[66)68]

1.4.3 Citrato VO** complexes

Similar to the VO; complexes, also two approaches for the formation and structural
analysis of citrato-VO?* complexes are reported. In the first approach, these citrato-
VO?* complexes are synthesized in an aqueous solution and isolated as crystalline
solids.[26] 28} 29] In the second approach, these citrato-VO?** complexes are directly
characterized in their aqueous environment using Spectroscopic techniques, such as
UV-Vis Spectroscopy and EPR Spectroscopy. In EPR Spectroscopy, the aqueous so-
lution can be characterized at Ty, in which isotropic or average spin Hamiltonian
parameters (i.e. <g> and <A>) are obtained. Alternatively, the aqueous solution
can be frozen which allows the determination of the anisotropic spin Hamiltonian
parameters.[30H32] Interestingly, no reports have been found on the synthesis of
citrato-peroxo-VO?* complexes. A possible explanation is the H,0,-induced oxida-
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tion of the VO** ion.

The synthetic procedure for the formation of citrato-VO** complexes typically con-
sists of three steps[26) 28, 29]:

e The formation of a V** species by (i) the oxidation of V¥, originating from
V(l,, in an aqueous solution, (ii) the direct dissolution of VOSO, in water or
(iii) the reduction of V°*, originating from V,05 or NH,VO,, in an aqueous
solution using an excess of citric acid.

o The addition of citric acid and the adjustment of the pH using KOH, NaOH or
NH,.

e The isolation of blue crystals by (i) the addition of ethanol or 2—propanol to the
aqueous solution at 4 °C or (ii) the slow evaporation of water from the aqueous
solution.

An example of this procedure is given by Tsaramyrsi et al. who dissolve VOSO,
and citric acid in water, and add a base (e.g. KOH, NaOH or NH,) to obtain a blue

solution (Equation[1.35).[29]

2VOSO0, +2C,H,O, + (8 — 2x)H,0 —
(2x-4)
[V,0,(CHuy©,),| +B-29H,0 (1.35)

withx=0or1

Note that in these procedures, the aimed vanadium concentration and the amount
of citric acid are, respectively, ~ 0.1 M and ~ 1/1 or 2/1 m.r. The pH-dependent
and crystalline citrato-VO** complexes are shown in Figure Each complex con-
sists of the very stable (VO),(u,- O) unit in which the dioxo bridge is formed by the
deprotonated a-hydroxyl functionality of the citric acid. The dinuclear complex is
directly coordinated by 2 citric acid/citrate molecules. Of each ligand, one carboxy-
late group coordinates to the first vanadium ion of the (VO),(u,- O) unit and a second
carboxylate group coordinates to the other vanadium ion of the same (VO),(u,-O)
unit. This means that each ligand has one carboxylic acid or carboxylate group left.
At a low pH value (i.e. ~ 5), this group is protonated and is, hence, not involved

2—
in the coordination of a vanadium ion. The [V202(C6H507)2] complex is formed.
As the pH increases (i.e. ~ 8), this group deprotonates and the resulting carboxylate
directly coordinates to one of the vanadium ions of the (VO),(u,-O) unit, resulting

4-—
in the [VZOZ(C6H4O7)2] complex. In rare cases, a mixed form occurs in which one
citric acid ligand is fully deprotonated and the other citric acid ligand still retains

one free carboxylic acid group (i.e. [VZO2(C6HSO7)(C6H4O7)]3_). If an additional
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pH5 pH+8

[V,0,(CeH50,),]7 [V,0,(CsH,0,),1*
HOOC

%\coo- /j<c\xo- »
“00 “00C Co0

\V/ \I/o 2H NI
o¢l\ /\ +2H+ /\O/T

-00C COO"
“00C “ORC

[VZOZ(CGH507)(C6H4O7)2]_3

Figure 1.13: Conversion  of  [V,0,(C,Hs0,),]", [V,0,(CH;0,)(CH,0,)]  and
[V,0,(C¢H,0;),]* as function of the pH.[26, 28, 29]

carboxylate group is involved in the coordination, the coordination number and the

2—
geometrical arrangement change: (i) In the [V202(C6H507)2] complex, each vana-
dium ion has a coordination number of 5. The associated geometry is a distorted
square pyramid with the V=0 bond in the axial position. (ii) Each vanadium in the

[VZOZ(C6H4O7)2]4_ complex has a coordination number of 6. This corresponds to
a distorted octahedral geometry with the V=0 bond in one of the axial positions.
The other axial position is occupied by a (very weakly) coordinating carboxylate
group. Thus, a dynamic conversion between the distorted square pyramidal and the
distorted octahedral geometry is often observed.[26) 28, 29]

Previous citrato-VO®" complexes are systematically formed in a solution with a
similar vanadium and citric acid concentration (i.e. m.r. ~1/1). Lodyga—Chruscinska
etal. studied the complexation when a large excess of citric acid is available. In these
conditions, the formation of the (VO),(u,-O) unit is suppressed and at a neutral
pH, mononuclear citrato-VO** complexes can be synthesized. Figureshows the
speciation diagram for an aqueous vanadium solution with a large excess of citric acid

4—
(i.e. m.r. ~100/1). Indeed at a pH value of 6, the [Vzoz(C6H4O7)z] complex is no

2—
longer dominant. Instead, the mononuclear [VO(C6H4O7)] complex dominates.
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Figure 1.14: Speciation curves, showing the distribution of citrato-VO?* species as function of
the pH in an aqueous solution with a different amount of citric acid (m.r. of 1/1
and m.r. of 100/1).[30H32]

6_
The high relative abundance of the mononuclear [VO(C6H4O7)2] complex at a
higher pH further stresses the suppression of the (VO),(u,- O) unit.[32]

1.5 Importance for this work

The review of the aqueous vanadium chemistry, discussed in this chapter, indicates
that the aqueous vanadium chemistry is indeed rather complicated. Several aspects
of this aqueous vanadium chemistry must be taken into account when synthesizing
an aqueous vanadium precursor solution. First of all, vanadium can occur with
three different oxidation states in the aqueous solution (i.e. +III, +IV and +V).
The conversion from one to another oxidation state must be anticipated, especially
when other components (such as citric acid or H,0,) are introduced in the aqueous
solution. E.g. a V(V)-based species can reduce in the presence of citric acid to
a V(IV)-based species. Alternatively, a V(IV)-based species can oxidize to a V(V)-
based species in the presence of H,O,. Secondly, in the absence of an additional
chelating compound (such as citric acid), the vanadium(V) ion easily hydrolyzes.
This hydrolyzed species is subsequently subjected to condensation reactions leading
to pH-dependent polynuclear species such as tri-, tetra-, penta- or decavanadates.

Condensation can be prevented by forming citrato complexes in the aqueous solution.
Citrato-VO} complexes are typically observed as dinuclear complexes with a very
stable (VO;), (2 — O) unit, formed by the deprotonated a-hydroxyl functionality
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of the citric acid/citrate. The associated geometry is a square pyramidal with the
free V=0 bond in the axial position. Citrato-VO?** complexes are also observed
as dinuclear complexes with a very stable (VO),(u,— O) unit. Here, the associated
geometry is pH-dependent and can be a square pyramidal with the V=0 bond at the
axial position (pH ~ 5) or a distorted octahedral with the V=0 bond at the first axial
position and a carboxylate group at the second axial position (pH ~ 8). Mononuclear
complexes are only observed if a high amount of citrate is added to the solution (i.e.
m.r. 100:1).

The discussed characterization techniques to analyze the aqueous vanadium species
(i.e. °'V-NMR, UV-Vis and EPR spectroscopyﬂ) will be used in the next chapters to
identify the vanadium species obtained by our synthesis routes. The elaboration on
the [VO(H,0);]** complex, as a fundamental species, will aid us in the analyses of
our VO?* species. In this context its Crystal field and Ligand field description will
prove most worthy.

8 A fundamental description of NMR and EPR theory is given in Appendix@



Chapter 2

Synthesis of the aqueous
citrato(-oxalato)-VO?>* solution

Figure 2.1: Picture of aqueous vanadium(V/IV) solutions with a vanadium oxidation state
ranging between +V (left, orange) and +IV (right, blue), illustrating the colorful
vanadium chemistry in an aqueous solution.

33



34 2. SYNTHESIS OF THE AQUEOUS CITRATO(-OXALATO)-VO** SOLUTION

The solution-based synthesis of VO, M1, VO, B and V,0,; is mostly reported as a
two step route, in which first V,0; is formed and subsequently reduced in an H,,
CO/CO, or NH, ambient. This work aims to avoid such an additional (hazardous)
reduction step by (i) achieving a vanadium +IV oxidation state already in the solution
phase and (ii) a careful control of this vanadium oxidation state during the deposition
and film processing.

In this chapter, the synthesis of an aqueous citrato-oxovanadate precursor solution is
intended. This synthesis involves two key steps: (i) the achievement of the vanadium
+IV oxidation state and (ii) the stabilization of the formed vanadium species in a
network of citrato complexes to allow chemical solution deposition (see Objectives).
The content of this chapter, with exception of the study concerning the vanadium
source (section2.2.T), is either published [74] or accepted for publication (Dalton
Transactions).

2.1 Experimental

The synthesis of the aqueous citrato-oxalato-VO** and citrato-VO** solutions is
schematically given in Figure In the first step of this synthesis, ammonium
metavanadate (NH,VO,) was dissolved in water under reflux conditions (90 °C, 10
minutes). In a next step, oxalic acid dihydrate (C,O,H, - 2 H,0O) was added, under re-
flux conditions (90 °C, 10 minutes), in a molar ratio to VO; ranging from 0.25:1 to 5:1.
An optimal oxalic acid excess (3:1 against VO;) was determined and maintained in
the following steps. The obtained VO** solution was then systematically used for the
synthesis of both the citrato-oxalato-oxovanadate(IV) and citrato-oxovanadate(IV)
solutions. For the synthesis of an aqueous citrato-oxalato-VO?** solution, citric acid
(C,HgO,) was added to the VO** solution in a 2:1 molar ratio to VO**. Next, am-
monia (NH;, 32 %) was added, dropwise, to the solution until a pH value of 7 was
reached. A nominal vanadium concentration of 0.1 M was finally obtained. For
the synthesis of an aqueous citrato-VO?* solution, a separate solution of ammonium
citrate was prepared by dissolving di-ammonium hydrogen citrate (C,HgO, - 2NH,)
in water and by adding ammonia to this solution. A nominal citrate concentration of
3 M and a pH value of 7 were experimentally set. Before mixing the VO** solution
with the ammonium citrate solution, the pH of the VO?** solution was increased to
a value of 7 by adding ammonia and the volume was adjusted by adding Milli-Q
water to achieve a nominal VO?* concentration of 1.5 M. Next, both solutions (the
1.5 M VO** solution with a pH value of 7 and the 3 M citrate solution with a pH
value of 7) were mixed in a volume ratio of 1:1. This mixed solution was aged for 7
days at 4 °C to induce precipitation, which was subsequently removed by filtration
(Pall Life Sciences Supor™ 100 filters with 0.1 um pore sizes). The precipitate was
further washed with Milli-Q water and dried at 60 °C in an air flow furnace to allow
further powder analysis. Finally, the pH of the filtrate was adjusted using NH, to a
value of 7 to obtain an aqueous citrato-VO?** solution with a nominal vanadium con-



2.2. AQUEOUS CITRATO-OXALATO-VO** SOLUTION 35
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Figure 2.2: Schematic representation for the synthesis of the aqueous citrato-oxalato-VO**
and citrato-VO* precursor solutions. All ratios are molar ratios, unless specified
otherwise.

centration of 0.6 M. Vanadium free solutions of ammonium oxalate and ammonium
citrate were also prepared by the dissolution of ammonium oxalate monohydrate
((COONH,), - H,O) or di-ammonium hydrogen citrate in water, respectively. For
both vanadium free solution solutions, ammonia and Milli-Q water were added to
obtain a solution with a pH value of 7 and a nominal oxalate or citrate concentration
of 0.3 M.

2.2 Aqueous citrato-oxalato-VO?** solution

221 NH,VO; vanadium source

A first step in the synthesis of a stable, aqueous VO** solution is choosing and dis-
solving an appropriate vanadium source. During the deposition and subsequent
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processing steps, the precursor solution must convert into a crystalline vanadium
oxide. This imposes two major requirements for the vanadium source: (i) The
amount of vanadium deposited per process cycle depends, amongst others, on the
vanadium concentration in the aqueous solution. It is experimentally convenient
that an aqueous solution can be synthesized with an acceptable vanadium concen-
tration (~ 0.1 M). Thus a vanadium source with an acceptable solubility in water is
required. The amount of vanadium deposited per process cycle can be decreased
by dilution of the aqueous VO** solution, while an increase is not always feasible
due to e.g. the limited solubility of the vanadium source in water. Thus, a highly
soluble vanadium source, experimentally, facilitates the preparation of nanostruc-
tured vanadium oxide materials. (ii) During the processing steps, the aqueous VO**
is converted, via thermal steps, into the nanostructured vanadium oxide material.
To prevent the persistence of undesired components in the final vanadium oxide,
its precursor species must be decomposable during one of the thermal steps ap-
plied to obtain the final oxide material. Thus, during the synthesis of the aqueous
VO?* solution only vanadium atoms and thermally decomposable species can be
introduced. Suppose only vanadium sources with a non-decomposable component
should be commercially available, then an additional synthesis step is required to
remove, quantitatively, these non-decomposable components. This surely impedes
the synthesis of the aqueous VO** solution.

The majority of the vanadium compounds listed in the CRC Handbook of Chemistry
and Physics can be grouped either as a vanadium salt or as a vanadium oxide.[72] The
vanadium salts are based on the following vanadium containing ions: VOi‘, VO,
VO, VO*, V3" or V?*. Since all these ions contain components that are allowed in
the aqueous solution (i.e. vanadium and oxygen), its counter ion will determine if
a certain salt is a candidate vanadium source. From the listed counter ions (i.e. F~,
CI', Br , I, NH;, Li*, Na*, K" and C;H,053), only the NH; and the C;H,Oj ions are
decomposable. This narrows the vanadium source candidates based on a vanadium
salt to NH,VO, and VO(C;H,0,),. In the oxide group, on the other hand, all the
oxides (i.e. V,05, VO,, V,0, and VO) are candidate. Next, the solubility (in g per
100 g H,O at Treom) of each candidate vanadium source is compared in Table 72]:

NH,VO, VO(C;H,0,), V,054 VO, V,0, vO
052g insoluble in H,0  0.8g  insolublein H,O insoluble in H,O insoluble in H,O

Table 2.1: Solubility, expressed in g per 100 g H,O, of candidate vanadium source satisfying
the counter ion combustion condition.[72].

Obviously, only two vanadium sources remain. NH, VO, is preferred over V,0O;
due to its higher solubility in H,O. In conclusion, the synthesis of an aqueous VO**
precursor will start using NH, VO, as vanadium source.

The FTIR spectrum of the NH, VO, vanadium source and its thermal decomposition
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profile in air is given in Figure The FTIR spectrum shows the vibrations origi-
nating from the NH; and VO; ion. A full assignment of the observed vibrations is
listed in Table

Intensity (a.u.)
Heat flow (W/g)

1408

-10

T T T T T T T — T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 100 200 300 400 500 600 700

Wavenumber (cm'l) Temperature (°C)

Figure 2.3: NH,VO; vanadium source: FTIR spectrum (left) and TGA-DTA profile performed
in 100 mL.min™! dry air at a heating rate of 10 °C.min"! (right). The TGA, DTA
and DSC curves correspond to the mass, derivative of the mass and the heat flow,

respectively.
Wavenumber (cm™1) Assignment(s)
3200-3100 VN-H N-H stretch in NH;r
2820-2800 - First overtone of the NH;r deformation in NH;r
1408 Oy NH; deformation in NH
950-850 Vy=0 Stretch of the unshared V=0 bond in the tetrahedral VO3 unit
700-600 Vy_O-v Stretch of the V-O-V chain
500 Vo, Stretch and deformation of the VO3 unit

Table 2.2: Band assignments of the FTIR spectrum of NH,VOj;. The assignments are based on
references [75478].

According to the thermal decomposition profile, shown in Figure the thermal
decomposition of NH, VO, in air takes places in three successive steps with a final
weight loss of 22 %, already at 320 °C. Legrouri et al. have studied the thermal
decomposition pathway of NH,VO, and suggest the reactions given in Equations
and 2.3}[78] In each step gaseous NH; and H,O are released and already at
300 °C V,0; is formed. The release of gaseous NH, and H,O is an endothermic
process, which is reflected in the negative heat flow peaks. Over the three successive
decomposition steps, a total weight loss of 22 % is observed. The overall decompo-
sition reaction is given in Equation Assuming molar masses of 116.98 8/mo and
181.88 8/mol for NH, VO, and V,Oj respectively, 6 moles of NH,VO, and 3 moles of
V,05 correspond to 701.88 g and 545.64 g respectively. This result in a theoretical
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V,0;5 % of 77.74 and thus a weight loss of 22.26 %. This theoretical value equals
the experimental value. An additional strong endothermic peak, without weight
loss, is observed at 672 °C. This peak results from a V,0O5 melting process.[37, [72]
In conclusion, NH,VO; successively decomposes into NH;(g), H,0(g) and V,0O;.
V,0; is already formed at 300 °C and can be experimentally confirmed by a strong
endothermic step due to its melting at 672 °C.

180°C: 4NH,VO, — (NH,),V,0,, +2NH,(g) + H,0(g) 2.1)
214°C: 3(NH,),V,0,, — 2(NH,),V,O,, + 2NH,(g) + H,0(g)  (22)
300°C: (NH,),V,0,, — 3V,0; + 2NH,(g) + H,0(g) (2.3)
Overall : 6 NH,VO, —> 3V,0; + 6 NH,(g) + 3H,0(g) (2.4)

2.2.2 Dissolution of NH,VO,; in H,O

NH, VO, is dissolved in water under reflux conditions at 90 °C. After cooling down
to Troom , @ yellow solution with a pH value of 7 is obtained.

Solution characterization

As discussed in Chapter [If and indicated by the Pourbiax diagram in Figure
vanadium species in an aqueous solution with pH 7 can have an +V or +IV oxidation
state. Thus, the first objective is the determination of the vanadium oxidation state.
In this context, °'V-NMR and UV-Vis spectroscopy can be applied to selectively
identify vanadium(V) or vanadium(IV) species, respectively. The UV-Vis and °'V-
NMR spectra are shown in Figure Due to the absence of peaks in the UV-Vis
spectrum, associated with the d-d transitions discussed in Chapter[T} and the presence
of signals in the > V-NMR spectrum, it is concluded that all vanadium species present
in the aqueous solution have a +V oxidation state.

Immediately after the dissolution of ammonium metavanadate, a solution with a
pH value of 7 is obtained. According to °*’V-NMR spectrum, given in Figure
the solution is dominated by the presence of cyclic tetravanadate, [V,0,,]*, species.
This cyclic tetravanadate species results from the condensation of orthovanadate ions,
H,VQO;, formed by hydration of the metavanadate ion at a pH value of 7 (Equations
and n = 4).[24, [79] In addition, cyclic pentavanadate (Equation n =5)
and linear divanadate (Equation are observed in the ' V-NMR analysis.[24, [79]
After a peak integration and correction for the vanadium accumulation per peak, the
relative abundance of each species is determined: [V4012]4" (~ 67 %), [V5015]5" (~9
%), [HyV,0,1* (~ 13 %) and H,VO, (~ 11 %). A similar speciation is reported by
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Figure 2.4: UV-Vis (left) and > V-NMR (right) spectra of the vanadium(V) species present in an
aqueous solution immediately after the dissolution of NH, VO, in water. The pH of
this solution and the vanadium concentration amount 7 and 50 mM, respectively.
The assignments in the ' V-NMR spectrum are based on references [24) [36].

McCann et al. for an aqueous solution a vanadium concentration of 50 mM and a
pH value of 7.31.[79]

NH,VO, + H,0 = NHj + H,VO; (2.5)
nH,VO; = [V,0,,]" +nH,0O withn =4 or5 (2.6)
2H,VO; = [H,V,0,]* +2H,0 2.7)

Powder characterization

Besides the solution characterization by UV-Vis and >!V-NMR spectroscopy, the as-
sociated powder obtained by evaporation of the solvent at 60 °C is analyzed by FTIR
and TGA-DTA. Obviously, by evaporation of the solvent and in the absence of com-
plexing agents, it is expected that the condensed vanadate(V) species will disappear
in favor of the NH; and VO; ions which will precipitate as the NH,VO, salt, if no
other chemical transformations have occurred during the reflux step. The FTIR spec-
trum and thermal decomposition profile are given in Figure Both are identical
to the FTIR spectrum and the TGA-DTA profile of the NH,VO, source, given in
Figure The FTIR spectrum shows vibrations originating from the NH; and VO;
ion. A full assignment of the observed vibrations is listed in Table Just as the
NH, VO, source, the thermal decomposition profile of the powder takes places in
three successive steps (Equations and [2.3) with a final weight loss of 22 % at
320 °C. In each step, gaseous NH; and H,O are released in an endothermic process,
as suggested by the negative heat flow peaks. At 300 °C V,O; is formed, which is
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proven by the endothermic peak at 670 °C, ascribed to the melting of V,0Os. Thus,
after the reflux step at 90 °C, besides condensation reactions in water, no significant
chemical transformations have occurred and thus the reflux step only aids in the
dissolution of the NH, VO, source.
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Figure 2.5: Powder obtained, from the aqueous solution with the dissolved NH,VOj;, by water
evaporation of the at 60 °C in air: FTIR spectrum (left) and TGA-DTA profile
performed in 100 mL.min™! dry air at a heating rate of 10 °C.min™! (right). The
TGA, DTA and DSC curves correspond to the mass, derivative of the mass and the
heat flow, respectively.

2.2.3 VO}/VO** reduction with oxalic acid

In this stage of the synthesis, the vanadium oxidation state equals +V. However, an
aqueous solution with vanadium in its +IV oxidation state is aimed for in this chapter
and required for the preparation of VO, M1,VO, B and VO, without an additional
post-deposition reduction step. Hence, the vanadium(V) species (i.e. [V,0,,]*,
[V;0,5]”, H,V,03” and H,VO") must be reduced to vanadium(IV) species first. For
this reason, oxalic acid is added to the aqueous solution as a reducing agent.

Thus, in the second synthesis step, oxalic acid is added to the aqueous solution, under
reflux conditions (90 °C, 10 minutes). Immediately a color change from orange-yellow
to blue, a pH drop and a strong gas evolution are observed.

In order to monitor the VO3 /VO?** reduction as function of the amount of oxalic acid,
5IV-NMR and UV-Vis spectroscopy are employed. 5'V-NMR spectroscopyf]|is suc-
cessfully applied to selectively identify vanadium(V) species over the paramagnetic,
NMR silent vanadium(IV) species in an aqueous environment. Total peak integra-
tion is used as a quantitative determination of the amount of the vanadium(V), as

I The basic principles of > V-NMR and EPR spectroscopy are described in Appendix
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Figure 2.6: Evolution of the VO3 /VO®" reduction as function of the molar ratio of oxalic acid
to VO3 : total ' V-NMR integration (@) and UV-Vis absorbance at 606 nm () and
780 nm (e).

given in Figure Clearly, the amount of dioxovanadate(V) species starts to di-
minish at a 1.5 molar ratio of oxalic acid to dioxovanadate(V) and falls to zero at a
ratio of 3. This indicates that, by adding oxalic acid, dioxovanadate(V) species are
systematically reduced to oxovanadate(IV) species. Complementary, the appearance
of oxovanadate(IV) species - for which three electronic d-d transitions are reported
(see section : AE(b; — €"), AE(b, — b;) and AE(b, — a;) at respectively ~
780, 606 and 333 nm - is confirmed by UV-Vis spectroscopy (Figure 2.6). The latter
transition overlaps with the low energy tail of a high-intensity charge-transfer band
(see section[1.3.2)) and is therefore not examined. Based on the increased absorbance
at 606 and 780 nm, the VO} /VO** reduction by oxalic acid is further confirmed. For
the synthesis of oxovanadate(IV) complexes, it is preferred that all dioxovanadate(V)
species are reduced using the lowest possible amount of oxalic acid. Any oxalic
acid excess is undesirable, since it must be removed thermally during the deposition
process afterwards. In this synthesis a molar oxalic acid to vanadium ratio of 3 is
chosen as the optimal condition, as this is the lowest excess that results in a complete
VO} /VO** reduction.

Supplementary to the qualitative analysis of the VO3 /VO** reduction by oxalic acid,
SIV-NMR is employed to identify the intermediate vanadium species during this
reduction and to propose a reduction mechanism (Figure 2.7). Besides monitoring
the vanadium(V) species using °'V-NMR, also the pH is systematically studied as
function of the oxalic acid to vanadium(V) molar ratio (Figure .
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Figure 2.7: 'V-NMR of the vanadium(V) species present in the aqueous solution after the
addition of oxalic acid with an increasing molar ratio (m.r.) to V(V). Besides the
NMR spectra, the pH value of the considered solution is indicated. The peak
assignments are based on reference [36].

Firstly, the pH of the aqueous solution drops from 7 to 0.3. Secondly, the chemical
shifts in the > V-NMR change drastically upon the addition of oxalic acid, as observed
in Figure Already at an oxalic acid to vanadium molar ratio of 0.25, signals for
the tetravanadate species start to diminish and the penta-, di- and monovanadate
species completely disappear. However, new peaks in the ' V-NMR spectra appear
at chemical shift values of -422.9, -499.8 and -514.9 ppm, corresponding to the ap-
pearance of decavanadate species (Equation [2.8).[79] In such a decavanadate entity,
vanadium occupies three different sites, as represented by three different > V-NMR
signals. The first vanadium site consists of a central and regular VO, octahedron,
corresponding to a chemical shift at -422.9 ppm. The two other vanadium sites cor-
respond to peripheral tetragonal-pyramidal O=VO, units additionally linked to a
sixth, bridging oxo group (Figure [1.7).[36] Note that a decavanadate species is sub-
jected to acid-base equilibria (Equation with pK,i, pK,2 and pK3 equal to 1.9,
4.2 and 6.6, respectively.[80] Thus the decavanadate species, present in considered
solution with a pH value of 6.0, are dominated by the presence of HV,,05; (molar
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ratio of 4.2:1 w.r.t. V,,0%).

10H,VO; +4H" = [V,,0,]° + 12H,0 (2.8)
[HyV, 0]’ = [H;_ V056%™ +xH" (with x = 120r 3) (2.9)

Besides the three decavanadate signals, a signal at -535.7 ppm is observed in the
>1V-NMR spectrum. This one originates from a first oxalato, [VO,(C,0,)(OH,),]",
complex which is formed by the oxalate complexation of the VO** hydrate, originated
from the orthovanadate in an acidic media (Equations and [2.17)).[71} I81]

[H,VO,]” +2H" + 2H,0 = [VO,(OH,),]* (2.10)
[VO,(OH,),]" + C,03™ == [VO,(C,0,)(0H,),]” +2H,0 (2.11)
[VO,(OH,),]* +2C,0% = [VO,(C,0,),]*” +4H,0 (2.12)

As the oxalic acid to vanadium molar ratio further increases up to 0.75, the peaks
corresponding to the peripheral vanadium sites in a decavanadate species shift to-
wards higher field. Such a high field shift is typical for the protonation of deca-
vanadate species in the direct environment of the peripheral sites.[70] At a pH value
of 2.5, the H,V,,05% is the dominating decavanadate species (molar ratio of 4.0:1
w.r.t. H2V100§g). Simultaneously, the peak height of the signal originating from
the [VO,(C,0,)(OH,),]” complex slightly increases. However, an additional peak is
observed at -530.8 ppm, corresponding to a second oxalato complex, [VO,(C,0,),]*
(Equation [2.12), which is typically present at a lower pH value.[71] Voronova et al.
report the stability constant of both oxalato complexes, log 81 and log f,, in an acidic
media and at 20 °C as 6.6 and 10.2 respectively.[82] Next, at a molar ratio of 1 and
1.5, the peaks associated with the decavanadate species disappear again and only
the peak of the [VO,(C,0,),]>” complex at a chemical shift of -530.8 ppm remains.
This last signal diminishes as well upon further increasing the vanadium to oxalic
acid ratio (1.5 to 2). Finally, at a molar ratio of 3 to 1, no ' V-NMR signals remain
and all vanadium(V) species are assumed to be reduced. Since the pH of the solution
decreases from 7 to 0.3 during the addition of oxalic acid, all the vanadate transforma-
tions are associated with the acidification of the aqueous solution and the concurrent
oxalate complexation of vanadium species.[24,[70] Since both oxalate complexes pre-
cede the disappearance of all > V-NMR signals stemming from vanadium(V) species,
these complexes are considered as the oxidative agents (Equation [2.13).[83]

2 [voz((:204)y(0}12)4_2y]1—2y +4H + (1 +22z-2y)C,0F —

213
2 [VO(C,0,),(OH,)s_»,1>% + 4 (z—y)H,0 + 2CO,(g) (y,z=1 or2) @1
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The electrochemical potentials of the oxalate complexes and the oxalate-free VO**
species are determined by Bruyere et al. or can be estimated using the equilibria
listed by Pourbaix et al., respectively (Equations[2.14] 2.15 and [2.16)[43, [83]:

Eg’oz(czoﬂl’/[vomzom =113V (2.14)
Eg’oﬁczoﬁzl‘*’/[v0<czo4>1127 =122v (2.15)
Elo o = 0.77V (2.16)

The electrochemical potentials associated with the oxalate complexes are higher than
the one from the oxalate-free VO** species. Thus, the VO**/VO} reduction is thermo-
dynamically more favored if the VO** cation is surrounded by one or two bidentate
oxalate ligands, and preferably by two. This explains the necessity of an oxalic acid
to vanadium molar ratio of 3:1 to ensure a complete reduction of all vanadium(V)
species in the aqueous solution. If pure, uncoordinated VO** would reduce to VO}
and oxalate would only act as a reducing agent, a much lower oxalic acid to vanadium
molar ratio would suffice.[43]

In conclusion, the following reduction mechanism is proposed based on UV-Vis spec-
troscopy, the 'V-NMR analysis and on the aforementioned thermodynamic consid-
erations. The addition of oxalic acid initially results in an acidification of the aque-
ous solution in which tetravanadate species - present at a pH value of 7 - convert
to dioxovanadate species at a pH value of 2, via the protonation of decavanadate
species. Simultaneously, the dioxovanadate species present form oxalato-VO; com-
plexes which are, in turn, reduced towards oxalato-VO?** complexes by free oxalate
ions. After the complete reduction process, ' V-NMR silent oxalato-VO** complexes
remain in the aqueous solution.

2.2.4 VO citrate complexation

At this stage, all aqueous vanadium species are successfully converted into VO**
species in which the oxidation state of vanadium equals +1V, as aimed for. To prevent
the undesired formation of an insoluble hydroxide, i.e. VO(OH),[80], the VO** ion
must be stabilized in an a-hydroxy-carboxylato-VO?** complex (see objectives). These
complexes allow the formation of a cross-linked, amorphous gel. This cross-linked
gel emerges by intermolecular H-bridge formation upon the evaporation of water
during the chemical solution deposition process.[21} 33} [84] However, the bidentate
oxalate ligands lack this cross-linking nature. Thus, oxalate ligands are not adequate
for this purpose. A cross-linkable a-hydroxy-carboxylato complexing agent must be
added to the solution. Since citrate is successfully used for the formation of stable
a-hydroxy-carboxylato complexes with other metal ions such as Ti**, Zr**, Nb°’*,
Ta>", Gd**, Ln** and Zn**[61) 62} 185-87], citrate is chosen for this purpose.
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In the third step of the synthesis of the aqueous citrato-oxalato-VO?** solution, citric
acid is added in a 2:1 molar ratio (citric acid : vanadium) and the pH is subsequently
increased using NHj; to a value of 7, which is sufficient for the deprotonation of the
carboxylic acid groups of citric acid (pK_; = 6.4 [72]), thus ensuring the formation of
an ammonium bridged network of citrato-oxalato-oxovanadate(IV) complexes. The
evolution of these complexes as function of the pH value of the solution is studied by
UV-Vis, EPR and FTIR spectroscopy on the solution at Treem , o0 the frozen solution
and on the powder, obtained by evaporation of the solvent at 60 °C.

UV-Vis study on solutions at Treo

Figure[2.8shows the UV-Vis spectra of the aqueous citrato-oxalato solution at various
pH values. At all pH values, the following electronic transitions can be observed:
b, — e’, b, — b; and b, —> a, (see section . The latter one coincides with a
high intensity charge-transfer band, is not resolved and will not be considered in the
following discussion. As function of the pH three situations can be distinguished:
(i) At a more acidic pH value (i.e. below 4.8), two transitions are observed at ~ 780
(high absorbance peak) and at ~ 602 nm (less intense peak). (ii) As the pH increases
(from 4.8 to 6.5), both peaks shift towards higher energy (or lower wavelength). This
blueshift is almost negligible at ~ 780 nm, but strongly pronounced at ~ 602 nm.
In addition to the blueshift, the intensity of the low energy peak lowers, while the
intensity of the high energy peak grows. (iii) If the pH further increases (to ~ 7 or 8),
only a shoulder corresponding to the low energy peak remains at ~ 755 nm, while
the absorbance at the high energy peak continues to increase. The peak position of
this high energy peak at a pH value of 7 to 8 amounts ~ 560 nm.

Similar, pH-dependent changes in a UV-Vis spectrum are reported by lannuzzi et
al. They compared the geometrical and electronic structure of the [VO(H,O)s]**
complex, formed at pH 2, with those of the [VO(OH);(H,0),]” complex, formed
at pH 14 (see section . The blueshift of the b, — b, band is explained by
a destabilization of the d._,» orbital. This destabilization is caused by a stronger
interaction of the ligands at the equatorial positions with respect to the V=0 bond in
VO?* unit. The orientation of the d_ 2 orbital coincides with the axis of approach
of the ligands at the equatorial positions. In the situation of lannuzzi et al., the H,O
ligands at the equatorial positions are exchanged with charged OH" ligands.[52]
Here, the ligands at a low pH value are either H,O or protonated carboxylic acid
groups R—CO,H, associated with oxalic acid or citric acid. As the pH increases, each
acidic group is systematically deprotonated (the pK, values of citric acid amount
3.1, 4.8 and 6.4) and the destabilization of the d,>_,» orbital commences. As the pH
value exceeds pK,3 (e.g. at a pH value of 7), all the acidic groups are deprotonated.
The ligands at the equatorial positions consist of R—CO), groups which interact more
strongly with the VO**, in comparison with R—~CO,H or H,O. Thus, the blueshift in
the UV-Vis spectra as function of the pH value is associated with the deprotonation
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Figure 2.8: UV-Vis spectra of the aqueous citrato-oxalato-VO** solution at various pH values,
ranging from 1.1 to 8.6.

of the carboxylic acid groups at the equatorial positions.

EPR study on frozen solutions and solutions at Treom

CW-EPR

Figure (left) shows the X-band CW-EPR spectra recorded at 100 K for different
stages during the synthesis of the aqueous citrato-oxalato-oxovanadate(IV) precur-
sor: without citric acid, with citric acid at a pH value of 1.4 (no NH,), with citric
acid at a pH value of 5.0 (increased by NH,) and with citric acid at a pH value of
7.0 (increased by NHS)H The CW-EPR spectrum of the sample without citric acid
reveals one broad feature, characteristic for dipolarly interacting oxovanadate(IV)
centers (clusters). Upon addition of citric acid, a clear multi-line spectrum becomes
visible, which is typical for mononuclear oxovanadate(IV) complexes.[46, [88] The
spectrum is superimposed on a broad feature stemming from dipolarly coupled ox-
ovanadate(IV) centers. Room-temperature CW-EPR (Figure 2.9} right) indicates that
the cluster formation in the sample without citric acid and the sample with citric
acid at a pH value of 1.4 could be induced by freezing: at room temperature both
samples exhibit the same isotropic spectrum due to fast tumbling of the mononuclear
oxovanadate(IV) complexes. The spectral features of the room- and low-temperature

2All CW- and Pulsed-EPR results are listed in Appendix [B} sample without citric acid (EPR A), with
citric acid at a pH value of 1.4 (EPR B), with citric acid at a pH value of 5.0 (EPR F) and with citric acid at
a pH value of 7.0 (EPR I)
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EPR spectra further change upon addition of NH; and depend on the pH value of
the solution (samples with citric acid at a pH value of 5.0 and 7.0 in Figure[2.9).
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Figure 2.9: X-band CW-EPR spectra taken at 10 K of frozen solutions (left) and at Troon (right):
experimental (black) and simulated (blue) spectra. The presented CW-EPR spec-
tra were either measured at 100 K using a modulation amplitude of 0.5 mT, a
microwave power of 1 mW and a modulation frequency of 100 kHz or at room
temperature using a modulation amplitude of 0.2 mT, a microwave power of 0.46
mW and a modulation frequency of 9.725 GHz.

The room-temperature CW-EPR spectra of samples with citricacid ata pH value of 1.4
and 5.0 could be simulated, assuming a fast motion of the molecule with correlation
times of 4 - 10! s (sample with citric acid at pH 1.4) and 9 - 10 !! s (sample with
citric acid at pH 5.0), confirming that the isolated vanadyl species observed at low
temperature persist at room temperature. No broad signal of vanadyl clusters was
observed for these samples at room temperature, strongly suggesting that the broad
feature found at low temperature is due to freezing-induced clustering. This is
corroborated by the fact that the room-temperature CW-EPR spectrum of the sample
without citric acid is identical to that of the sample with citric acid at pH 1.4. This
not only indicates that the same vanadyl ligation modes are present in both samples,
it also shows that the dominant broad signal found for the sample without citric acid
at low temperature is most likely due to freezing-induced clusters. Apparently, the
presence of carboxylate groups in citrate prevents freezing-induced clustering of the
vanadyl species.

Table gives the principal g and >'V hyperfine values for the different mononuclear
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Sample Sy gy g2 Ay (MHz, £5) A, (MHz, £5) A, (MHz, £ 5)
Citricacid, pH14 1978 1978 1.940 192 192 524
Citricacid, pH5.0 1978 1979 1.941 184 174 510
Citricacid, pH7.0 1976 1976 1.944 179 179 500
Citricacid, pH7.0 1978 1978 1.950 174 174 455

Table 2.3: Principal g and >V hyperfine values of the oxovanadate(IV) complexes observed in
samples with citric acid at a pH of 1.4, 5.0 and 7.0.

oxovanadate(IV) complexes determined by simulation. These values are sensitive
to the direct environment of the oxovanadate(IV) ion.[46} [88] An increase in the
value of g, is observed as the pH increases from 1.4 to 7.0, while the g, and g,
values are invariant. In section (Equations and [1.17), the values for g
(here g;) and g, (here g, and g,) are related to the following electronic transitions
respectively: b, — b and b, — e". An increase in g, is associated with an increase
in the transition energy of b, — b] as function of the pH. However, the transition
energy of b, — e stays the same. This is consistent with the results from the
UV-Vis analysis studied above and further supports the hypothesis that the d,._,
orbital is destabilized as the pH increases and the carboxylic acid (R-CO,H) groups
deprotonate.

The additivity relationship, proposed by Chasteen et al.[46] and given in Equation
allows a prediction of the equatorial ligation types to the oxovanadate(IV) ion
(see Appendix[A). Table lists some partial parallel hyperfine coupling constants,
Ay, for various ligand types.[36, 46]. The principal g and 'V hyperfine values of
[VO(H20)5]2+, 1.933 (g.) and 547 MHz (A,)[46], differ from those observed in the
samples with citric acid at pH values 1.4, 5.0 and 7.0. Theoretically, the consecutive
replacement of H,O molecules present in an equatorial position by R—COj ligands
decreases the A, value[46, 88]: (i) 539 MHz for three H,O molecules and one R—-CO;
ligand, (ii) 530 MHz for two H,O molecules and two R—-CO; ligands, (iii) 521 MHz
for one H,O molecule and three R—CQOj ligands and (iv) 512 MHz for an all R—CO,
ligation. In addition, a full equatorial ligation by R—~NH, groups gives a theoretical
A; value of 480 MHz and a ligation by two RO™ and two R—CO;, leads to 466 MHz.
Inspection of Table [2.3|shows that the mononuclear oxovanadate(IV) complex in the
sample with citric acid at a pH of 1.4 most likely involves an equatorial interaction
with one or two water molecules and three or four carboxylate groups. The CW-EPR
spectrum of the sample with citric acid at a pH of 5.0 stems from oxovanadate(IV)
ions, equatorially ligated to four R—CO, groups. Since two sets of principal g and 'V
hyperfine values are simulated from the CW-EPR spectrum of the sample with citric
acid at a pH of 7.0, this solution contains two oxovanadate(IV) components. The
first component corresponds to oxovanadate(IV) ions, equatorially ligated to four
R-COj groups. The small differences between the EPR parameters of this form and
the sample with citric acid at a pH of 5.0 are presumably due to differences in the
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axial (sixth) coordination to V(IV).
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Figure 2.10: Experimental HYSCORE spectrum of the sample with citric acid at a pH value of
7.0, taken at observer position B, = 348 mT. More experimental details are given
in Appendix[B] sample EPRI

HYSCORE

To elucidate on this, pulsed EPR experiments are performed on the aforementioned
samples. For the first three samples (i.e. without citric acid, with citric acid at pH
1.4 and with citric acid at pH 5.0) no electron spin echo could be detected, indicating
a very fast spin-spin relaxation. This very fast spin-spin relaxation is in line with
the observed broad features and large line-widths in the CW-EPR spectra. The sam-
ple with citric acid at pH 7.0 gives an appreciable spin echo (see Appendix [B) and
HYSCORE experiments could be performed (Figure 2.10). The HYSCORE data re-
veals proton hyperfine couplings of maximum 2.5 MHz in magnitude. Furthermore,
no echo modulations stemming from interactions with "N nuclei could be detected.
This indicates that neither —~OH, H,O nor ammonia are equatorially ligating to the ox-
ovanadate(IV) ion. Indeed, the protons of equatorially bound water or —OH groups
have hyperfine values that are far larger than 2.5 MHz.[89, [90] In fact, the maximum
hyperfine values of axially ligated water are expected to be higher[89] as well, ruling
out that water is axially ligating V(IV) in the sample with citric acid at pH 7.0. The
lack of clear cross peaks due to interactions with N nuclei also excludes ammonia
ligation.[89, 91] The small proton hyperfine value is consistent with proton nuclei
further away from the oxovanadate(IV) center, as is expected in the case of R—-CO;
ligation.

FTIR study on powders obtained after water evaporation at 60 °C

In a further investigation of the structure of the citrato(-oxalato)-oxovanadate(IV)
complexes, FTIR spectra (recorded on powders obtained after water evaporation at
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60 °C) are investigated as a function of the pH value of the solution. Figure[2.1T|shows
these spectra for the pH of the solution equal to 1.1, 3.7, 5.3 and 6.9. An assignment of
the main vibrations is listed in Table[2.4] All assignments in the following discussion
are based on references [75] [92H95].

pH 1.1
~
=3
©
N—r
() pH 3.7
(&)
c
‘U -
= pH 5.3
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(%))
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@®
= pH 6.9
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Wavenumber (cm'l)

Figure 2.11: FTIR spectra of powders obtained by evaporation of water at 60 °C of the solutions
with citric acid at a pH value of 1.1, 3.7, 5.3 and 6.9.

At all pH values, a strong absorbance in the area covering 3200 cm™ to 2800 cm™

is visible. In this area, the typically O-H, N-H and C-H stretch vibrations; orig-
inating from remaining H,O molecules, from the NH; group and from the citric
acid’s or citrate’s CH, group; are positioned. The width of the absorbance band is
largely broadened by intermolecular hydrogen bridge formation between the hy-
droxyl groups, the ammonium ions and the carboxylic acid or carboxylate groups.
Secondly, at all pH values, an intense absorbance peak is observed at 1400 cm™.
At acidic pH values, this absorbance peak can be assigned to the ammonium defor-
mation. At higher pH values (i.e. 5.3 and 6.9), this absorbance peak could also be
assigned to a symmetric COj stretch vibration. Since the pKa value of ammonium
equals 9.25[72], it is plausible to assign this absorbance peak to the ammonium de-
formation, possibly complemented by a symmetric CO, stretch vibration at higher
pH values. Thirdly, at all pH values, the vanadyl stretch vibration v(V4* = O) is
observed at ~ 965 cm™! originating from the VO** ion.

Besides a few fixed vibrations, differences in the pH dependent FTIR spectra can be
observed. The differences can be ascribed to the appearance of ammonium oxalate
(NH,),C,0, at a pH value of 5.3 and the deprotonation of the citric acid’s COOH
groups with increasing pH.
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1. The onset of ammonium oxalate is seen by the rise of absorbance peaks start-
ing from a pH value of 5.3, associated with a N—H stretching vibration in a
(NH,),C,0, molecule at ~ 2150 and ~ 1900 cm™. A second indication for the
presence of (NH,),C,0, starting at a pH value of 5.3 is its symmetric COO™
stretching vibration at ~ 1465 cm™' and ~ 1440 cm™.

2. Atalow pH value (i.e. 1.1 and 3.7), the C=0 stretching vibration in a COOH
group is found by the absorbance peak at ~ 1725 cm™. This suggests that at
least one of the citric acid’s carboxylic acid groups is still protonated. As the
pH exceeds 5.3, the majority of the acid groups is deprotonated (COO~) and
interacts with either VO** or NH] as observed by the absorbance peak at ~ 1600
cm™!, associated with the asymmetric v(COO™) in NH}/COO™ or VO**/COO".
In the region between 1110 cm™! and 1040 cm™! absorbance peaks assigned to
the C—O stretch vibration are present. Starting from pH 1.1 towards pH 6.9, the
two absorbance peaks shift from ~ 1110 cm™ and ~ 1075 cm™ to ~ 1085 cm™!
and ~ 1045 cm™!. This might indicate the deprotonation of the citric acid’s
a-hydroxyl functionality. At a pH value of 1.1 these vibrations are clearly
visible in the spectrum. However, as the pH value increases, they seem to
disappear in the background of the spectrum. Thus, some caution concerning
the a-hydroxyl functionality and its stretching vibrations is required.
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Conclusion on the structure of the citrato-oxalato-VO** complexes

Despite the state differences for the sample analyzed by UV-Vis spectroscopy (so-
lution at Treem ), EPR spectroscopy (frozen solution) and FTIR spectroscopy (dried
solution), structural similarities are clearly present as a function of the solution’s pH
value. At a low pH value (i.e. below 5), the VO** ion is surrounded by weakly
interacting H,O or R—~CO,H ligands. At this point, no traces of (NH,),C,O, are ob-
servable, probably due to the protonated state of the oxalic acid’s second carboxylic
acid group (C,0O,H"). As the pH increases (i.e. above 5), the carboxylic acid groups
of both oxalic acid and citrate deprotonate and form carboxylate groups (R—CO5).
These carboxylate groups interact either with NHj or with VO**, forming an am-
monium bridged network of carboxylato-VO** complexes. The VO** species are
identified as mononuclear citrato-oxovanadate(IV) complexes in a square bipyrami-
dal geometry with a four R—CQO; ligation at the equatorial positions and likely a fifth,
more weakly interacting, R—CO;, ligation at the axial position. Similar to the depro-
tonation of the citric acid, oxalic acid completely deprotonates at a pH value above
5. The resulting oxalate interacts either with ammonium to form the ammonium
oxalate ((NH,),C,0,) or, possibly, with the VO** ion as one of the R—CO, ligands.

2.3 Aqueous citrato-VO?** solution

From the previous section it is clear that ammonium oxalate residues remain in the
final citrato-oxalato-oxovanadate(IV) solution. These oxalate residues originate from
the VO3 /VO?* reduction. Hence, oxalate residues are inevitable in the synthesis of
an aqueous VO** solution. However, this ammonium oxalate will, probably, influ-
ence the thermal decomposition pathway of the precursor gel and the VO, phase
formation. E.g. during the thermal treatment all organic fragments of the solution,
including oxalate residues and citrate ligands, must be decomposed. Thus, in a
solution with fewer oxalate residues, fewer organics must be, thermally, removed.
Therefore, in this section a procedure is proposed for the removal of ammonium ox-
alate, without corrupting the ammonium bridged network of citrato-VO** complexes
or their square bipyramidal structure with a four R—CQO; ligation at the equatorial
positions and likely a fifth R—COj, ligation at the axial position.

In the synthesis of the aqueous citrato-oxalato-VO** solution (see Figure , citric
acid is directly added to the aqueous oxalato-VO** solution in a 2:1 molar ratio of
citric acid to VO**. Next, the pH is increased by adding NH, until a value of 7 is
obtained. In the synthesis of the aqueous citrato-oxalato-VO?** precursor solution,
the superfluous oxalate is thus retained. Alternatively, the removal of superfluous
oxalate ions is aimed for in the synthesis of the aqueous, oxalate-free citrato-VO**
solution (see Figure[2.2). For this purpose, the pH of the oxalate solution is adjusted
to 7 by adding NH, and the vanadium concentration is set to 1.5 M by dilution with
water. This solution is then mixed with a 3 M citrate solution having a pH of 7, in
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a 1:1 volume ratio to maintain the 2:1 molar ratio of citrate ions to the VO?** species.
Precipitation occurs immediately after mixing and the solution is aged for 7 days at 4
°C to settle the precipitate. Next, the precipitate is filtrated from the solution and the
synthesis of the citrato-VO?* solution is finalized by adding NH, to re-adjust the pH
to a value of 7. This pH is sufficient to guarantee the deprotonation of citric acid’s
carboxylic acid groups and thus the formation of citrato-oxovanadate(IV) complexes.

2.3.1 Removal of (NH,),CO,

During precipitation from the mixed oxalato-VO®" and citrate solution, large needle-
like crystals are formed. This precipitate is analyzed by XRD and FTIR spectroscopy
and compared to either reference data or a powder obtained from the vanadium
free ammonium oxalate solution. According to the X-Ray diffractogram in Figure
the precipitate consists of orthorhombic ammonium oxalate, (NH,),C,0,, and
orthorhombic ammonium oxalate hydrate, (NH,),C,0, - H,O, as indicated by the
JCPDS 44-0724 and JCPDS 14-0801 reference patterns, respectively.[96]

500

| ¢ ° B(NH,)5C50,
4004 ®(NHy)5Cp04.Hy0
s ©® ° .
= 300
< ’e m
\; ® » ° [ 4 ““ "
2200+
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Figure 2.12: XRD pattern of the precipitate originating from the synthesis of the citrato-VO**
solution. The assignments are based on JCPDS 44-0724 for (NH,),C,0, and JCPDS
14-0801 for (NH,),C,0O, - H,0.[96]

The FTIR spectra of the precipitate and the powder, obtained from the vanadium
free ammonium oxalate solution, and the assignment of their main vibrations are
given in Figure and Table Both infrared spectra show a strong absorption
band between 3200 and 2800 cm™! due to the O—H stretching mode of the hydrate
molecules and the N-H stretching mode of the ammonium ion, broadened by H-
bridge formation. Additional N—H stretching modes of the ammonium ion can be
observed in both spectra at about 2150 and 1900 cm™!. Typical carboxylate stretch
vibrations in (NH,),C,0, appear at 1710, 1655 and 1605 cm™ for v,5(COO~) and at
1450 and 1410 cm™! for v5(COO").[75,[92-94] Frost et al. explain the multiplicity of
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Figure 2.13: FTIR spectra of the precipitate, originating from the synthesis of the aqueous
citrato-VO?* solution, and the powder obtained from the vanadium free, ammo-
nium oxalate solution.

bands by the structural variety of oxalate species in ammonium oxalate (i.e. mono-
, di- and poly-oxalates).[92] Furthermore, the band at 1410 cm™! coincides with
the ammonium deformation. The intense absorption peak observed at 1315 cm™
corresponds to the O—C=0 deformation.[75] [92H94] No vanadyl stretching mode,
corresponding to v(V4" = O) or v(V°>* = O), is observed between 900 cm™ and 1100
cm~L.[95] Based on both the XRD and FTIR data, the precipitate is unambiguously
identified as vanadium free, crystalline ammonium oxalate (possibly present as a
monohydrate).

In conclusion, the precipitation of vanadium free ammonium oxalate indicates that
oxalate residues, originating from the VO}; /VO** reduction, can be isolated from the
citrato-VO?®* solution. Additionally, the incorporation of ammonium into the oxalate
crystals explains the pH drop of the filtrate and hence the necessity to add ammonia
to the citrato-VO?** solution in order to re-obtain a solution with a pH value of 7.

2.3.2 Structural investigation of the citrato-VO®* complexes

The complexation of citric acid and its pH-dependent derivatives with the VO3 ion is
previously studied both in the solid state[26H29]] and in the solution[26) 30, 31]]. The
formation of dimeric structures with composition [(VO),(C,H,0,),]* is generally
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Precipitate Powder Assignment

3200-2800 (br)  3200-2800 (br) v(O - H) O-H stretching in hydrated H,O

3200-2800 (br)  3200-2800 (br) v(N — H) N-H stretching in NH}
2151 2160 V(N — H) N-H stretching in (NH,),C,0,
1904 1900 v(N — H) N-H stretching in (NH,),C,0,
1710 1702 145(COO7) Asymmetric COO" stretching in (NH,),C,0,
1655 1660 145(COO7) Asymmetric COO stretching in (NH,),C,0,
1607 1605 125(COO7) Asymmetric COO™ stretching in (NH,),C,0,
1450 1460 15(COO™) Symmetric COO™ stretching in (NH,),C,0,
1400 1410 v5(COO7) Symmetric COO" stretching in (NH,),C,0,
1400 1410 6(NHy) NH; deformation
1315 1313 6(0-C=0) O-C=0 deformation

Table 2.5: Band assignments of the main vibrations (expressed in cm™) of the FTIR spectra of
the precipitate, originated from the synthesis of the aqueous citrato-VO** solution,
and the powder obtained from the vanadium free, ammonium oxalate solution. The
assignments are based on references [75][92194].

accepted in or from solutions with, approximately, an equimolar ligand:VO?** ratio
and a neutral pH value.[26-31] Note that (i) the VO** coupling into a dimeric structure
is realized by two deprotonated a-hydroxyl groups each originating from one citrate
ligand in the dimeric composition and (ii) each citrate ligand chelates a first VO**
ion by two carboxylate groups and a second VO** ion with one carboxylate group
which leads to a hexagonal chelating of each V center in a secluded dimeric structure
without free available carboxylate groups. In aforementioned solution studies, the
formation of this secluded, dimeric structure is intended by limiting the vanadium
and ligand concentration (~ 10~ M)[30, B1] and by aversion or active removal of
ammonium([26} 30, 31] which is well known as bridging ion between two or more
citrato complexes[61, [85H87, 97, [08]]. In this work, the annihilation of the secluded
structure and the formation of ammonium carboxylate interactions, bridging two
or more citrato-VO*" complexes into a network is aimed for. For this purpose, a
higher vanadium concentration (two orders in magnitude) is set and ammonium
is, deliberately, added to the solution. This network of citrato-VO?** complexes will
allow the formation of an amorphous gel by its cross-linking nature upon evaporation
of water during a chemical solution deposition process.[21]

Gels of both solutions, obtained by drying at 60 °C, are analyzed by FTIR spec-
troscopy and compared with spectra of the VO**-free ammonium citrat in Figure
A full assignment of the measured absorption bands is reported in Table
The infrared spectra of the citrato-oxalato-VO?*, citrato-VO?** and the VO**-free am-
monium citrate gel all show a strong absorption band between 3400 and 2800 cm ™
due to[75, 94, [95]:

3This ammonium citrate gel is obtained from a solution with a pH of 7 and is assumed to have the
following chemical formula (NH,),C,H;O,.
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Figure 2.14: FTIR spectra of gels of the aqueous citrato-oxalato-VO*", citrato-VO*" and am-
monium citrate solutions obtained by drying at 60 °C.

o the O-H stretching mode of hydroxyl groups and absorbed H,O molecules,
o the N-H stretching mode of the ammonium ions and
o the C-H stretching mode of the citrate’s methylene bridges.

These absorption bands are broadened by H-bridge formation. For the typical
asymmetric and symmetric carboxylate stretch vibrations, differences in the citrato-
oxalato-VO?** and the citrato-VO** precursor gels are observed. In the presence of
oxalate, a first vas(COE ) appears at 1710 cm™! and is associated with the ammonium
oxalate present in the citrato-oxalato-VO?*" precursor.[92] Both the citrato-VO** pre-
cursor gel and the gel of the VO**-free ammonium citrate solution have no clear vi-
bration peak at this position. However, in all spectra a similar v,5(CO, ) arises around
1590 cm ™! and is assigned to asymmetric stretch vibrations in the carboxylate groups
interacting with (i) VO** in the citrato-oxalato-VO?* and the citrato-VO** precursor
gel and (ii) the ammonium ion in all the studied gels.[75,194] 95] Again in the presence
of oxalate, a first v;(CO,) appears at 1441 cm™" and is associated with the ammonium
oxalate present in the citrato-oxalato-VO?®* precursor solution.[92] In the spectra a
clear v5(CO;) appears around 1400 cm™ and is assigned to a symmetric stretch vi-
bration of the carboxylate groups interacting with VO** in the citrato-oxalato-VO**
and the citrato-VO** precursor gel. [75]94}95] The peak at 1400 cm™" coincides with
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that of the ammonium deformation, which explains its presence in the spectrum of
the VO**-free ammonium citrate gel. In all spectra, a doublet assigned to the C-O
stretching mode is observed between 1120 and 1070 cm™.[75} 94, 95]
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The vanadyl stretching mode, v(V*4* = 0), is observed in the gels associated with the
citrato-oxalato-VO?* and the citrato-VO** precursor solution at 960 cm~!, indicating
the presence of the oxovanadate species in each precursor solution.[97] Moreover,
the absence of VOJ} species is supported by the absence of the v(V°>* = O) stretching
mode around 1020 cm™.[95] In conclusion, the presence of the citrato-VO** com-
plexes and the ammonium groups linking the excess citrate, is suggested by the FTIR
spectra of the citrato-oxalato-VO?** and citrato-VO?** precursor gels. Vibrations ow-
ing to the ammonium oxalate are observed in the spectra of the citrato-oxalato-VO**
precursor gel, but not in the citrato-VO** precursor gel, which indicates the removal
of (NH,),C,0, in the precipitation step during the synthesis of the citrato-VO** pre-
cursor solution. To elucidate the direct environment of the VO** cation, EPR studies
are analyzed in the next section.

Figure shows the experimental and simulated X-band CW-EPR spectra recorded
at 100 K for the oxalate-free citrato-VO** precursor solution.

1. The anistropic spectrum exhibits a multiline pattern, corresponding to a chela-
ted VO** system with an axial symmetry[46], with a well resolved hyperfine
structure and without a superimposed broad feature. However, Kiss et al. and
Velayutham et al. report X-band EPR spectra recorded on frozen solutions with
such a broad feature and ascribe this broad feature to the presence of param-
agnetic dimeric structures.[27, 30] According to Chasteen et al. and Smith et
al., a broad feature, superimposed on a multiline spectrum, is characteristic for
dipolarly interacting VO** centers (clusters).[46, 88] The absence of this broad
feature in the X-band EPR spectrum, shown in Figure indicates the pre-
sence of mononuclear VO®* entities in the frozen citrato-VO** solution similar
to the observations of Garriba et al. and Buglyo et al. in the case of mononuclear
VO?* complexes with alternative carboxylate based ligands[99, 100]. Note that
dimeric citrato-VO** complexes could be present without exhibiting a feature
in the EPR spectrum if they would be antiferromagnetically coupled. This
contradicts the observations of Kiss et al.[30] and Velayutham et al.[27], and is
considered unlikely. Thus, the X-band spectrum, shown in Figure stems
from mononuclear VO** complexes present in the citrato-VO?** solution.

2. The principal g and >'V hyperfine values are determined for this mononuclear
VO** complex by simulation of the experimental CW-EPR spectrum: g, =
1.976, g, = 1.944 and A,, = 179 + 5 MHz and A, = 500 + 5 MHz. The g, and
A, values are sensitive to the direct environment of the oxovanadate(IV) ion
and allow, in combination with the additivity relationship, a prediction of the
equatorial ligation types to the oxovanadate(IV) ion.[46, [88] The principal g
and °'V hyperfine values of [VO(H,0)s]**, 1.933 (g.) and 547 MHz (A,)[46],
differ from those observed for the citrato-VO?** solution. Theoretically, the
consecutive replacement of H,O molecules present in an equatorial position by
R-CO; ligands decreases the A, value[46, [88]:
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e 539 MHz for three H,O molecules and one R-CO; ligand,

e 530 MHz for two H,O molecules and two R-COj ligands,

e 521 MHz for one H,O molecule and three R-CO;, ligands and
e 512 MHz for an all R-COj ligation.

A full equatorial ligation by R-NH, groups gives a theoretical A, value of
480 MHz and a ligation by two RO~ and two R-COj leads to 466 MHz. The
theoretical value for an all R-CO; ligation best fits the simulated >'V hyperfine
value. Additionally, the simulated principal g and °!'V hyperfine values differ
significantly from those obtained by Kiss et al. in the case of dimeric citrato-
VO* complexes (ie. g, = 1.953 and A, = 231 MHz)[30] which stresses the
different structure of the citrato-VO** complexes in this work. Contrarily, the
simulated values correspond well to those of mononuclear carboxylato-VO?**
complexes with an axial symmetry such as the glycolato-VO** reported by
Garribba et al. (g, =1.980, g, =1.941, A, , =180 MHz and A, = 505 MHz).[100]

Summarizing, the observed X-band EPR spectrum and its simulated principal g and
51V hyperfine values are ascribed to the presence of mononuclear VO** complexes,
with an axial symmetry and a four R—CO; ligation at the equatorial positions, present
in the citrato-VO®" solution. Note that the presence of oxalato-VO?** complexes
would result in g, , = 1.966, g, = 1.939, A, , = 295 MHz and A, = 515 MHz[99], and
is therefore excluded.

X band - low temperature
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Figure 2.15: Experimental (black) and simulated (red) CW-EPR spectrum of the frozen citrato-
VO?* solution. The CW-EPR spectrum is measured at 100 K using a modulation
amplitude of 0.5 mT, a microwave power of 1 mW and a modulation frequency
of 100 kHz.
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To elucidate the structure of these mononuclear VO** complexes in more detail,
pulsed EPR experiments are performed on the citrato-VO** solution. HYSCORE
experiments are performed at a magnetic-field setting known to excite all molecular
orientations. The HYSCORE spectrum, depicted in Figure reveals only a weak
hyperfine coupling with protons (maximum coupling 2.5 MHz in magnitude). The
hyperfine coupling of protons present in equatorially or axially ligated water or
hydroxyl groups is expected to be much larger.[90] The small proton hyperfine value
is consistent with proton nuclei further away from the oxovanadate(IV) center, as
is expected in the case of R-COj ligation. In addition, the lack of clear cross peaks
due to interactions with N nuclei excludes ammonia ligation. Thus, the HYSCORE
data indicates that neither water, nor hydroxyl groups or ammonia are involved in
the ligation of the oxovanadate(IV) ion and thus this data supports the all equatorial,
R-CO; ligation.
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Figure 2.16: HYSCORE spectrum of the frozen citrato-VO?** solution, recorded at 10 K and
taken at observer position B, = 348 mT. More experimental details are given in
Appendix[B} sample EPR K

In conclusion, the EPR and HYSCORE results of the citrato-VO?** precursor solution
are in agreement with the FTIR characteristics of the dried precursor. The present
VO?* species are structurally identified as mononuclear citrato-VO?** complexes with
a four R-CQO;, ligation at the equatorial positions, each originating from citrate species
present in the solution. In contrast to the reported dimeric and secluded structures,
the citrato-VO?** complexes, studied in this work, are cross-linked by ammonium
carboxylate interactions.
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2.4 Conclusion

A new synthesis for an aqueous citrato-oxovanadate(IV) solution is proposed and
each step in it is studied in detail by various spectroscopic techniques. During
synthesis, cyclic tetravanadate(V) is converted into VO** using oxalic acid as an
acidifier and reducing agent. The subsequent complexation of the VO** ion with
citrato complexing agents and the differentiation between a citrato-oxalato-VO** and
a citrato-VO?* solution is studied by Electron Paramagnetic Resonance and Fourier
Transform Infra-Red Spectroscopy:

o A successful procedure based on the limited solubility of (NH,),C,0, in water,
is developed for the removal of the oxalate excess (which was necessary for a
complete VO /VO** reduction).

e In both solutions, the VO?** ion is anchored in a mononuclear complex with
a square bipyramidal geometry and a four R—COj ligation at the equatorial
positions and likely a fifth R—CQOj ligation at the axial position.
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Chapter 3

Oxalato- and citrato-VO?*
complexes: structure and
reactivity

In the previous chapter, a procedure for the synthesis of an aqueous solution - con-
taining mononuclear, citrato-VO** complexes with a distorted octahedral geometry -
is proposed. In this procedure, a fixed molar ratio of citrate versus VO** is chosen and
maintained (i.e. citrato:VO** = 2:1). This chapter focuses on the complexation of the
oxovanadate(IV) ion by oxalate and/or citrate ligands into mononuclear complexes
and on their ligand exchange reaction. The content of this chapter is submitted for
publication.

The complexation of citric acid and its pH-dependent derivatives with the VO** ion
is previously studied both in the solid state[26-29] and in the aqueous solution[26,[30,
31]. The formation of dimeric structures with composition [(VO)z(C6H4O7)2]4_ is gen-
erally accepted in or from solutions with, approximately, an equimolar ligand:VO**
ratio and a neutral pH value.[26H31] Note that in this dimeric structure, all chelat-
ing groups interact with the coupled VO** centers leading to a hexagonal chelation
of each V center in a secluded dimeric structure without free available carboxylate
groups. Only for very high citrate excesses (citrate:VO*" + 100:1), pH-dependent
mononuclear citrato-VO?* complexes are observed by Lodyga-Chruscinska et al.[32]
Our work aims to synthesize mononuclear citrate-VO** complexes without inserting
a high amount of citrate. Alternatively, the prevention of the secluded, dimeric struc-
ture — by the formation of ammonium carboxylate interactions, bridging two or more
citrato-VO?** complexes into a network - is targeted. This network of citrato-VO**
complexes allows the formation of an amorphous gel by its cross-linking nature upon
evaporation of water during a chemical solution deposition process.[21} 33] A low
amount of citrate is preferred since this limits the amount of carbon atoms that must
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be, thermally, removed during the film processing and the vanadium oxide phase
formation.[21,33] Additionally, the time-dependent reactivity of the VO** complexes
present in the aqueous solution, towards the dissolved O, is analyzed. This reactivity
could change the structure and oxidation state of the complexes and hence drastically
alter the vanadium oxide phase formation.

3.1 Solution synthesis

Firstly, an aqueous VO?** solution was synthesized by the consecutive dissolution of
ammonium metavanadate and oxalic acid dihydrate in water under reflux conditions
(90 °C, 10 min.) in a molar ratio of 3:1 (oxalic acid : ammonium metavanadate).
Secondly, a separate solution of ammonium citrate was prepared by dissolving di-
ammonium hydrogen citrate in water and by adding ammonia to this solution. A
nominal citrate concentration of 3 M and a pH value of 7 were experimentally set.
Before mixing the VO?* solution with the ammonium citrate solution, the pH of the
VO?®* solution was increased to a value of 7 by adding ammonia and the volume was
adjusted by adding Milli-Q water to achieve a nominal VO?** concentration of 1.5 M.
Next, both solutions (1.5 M VO** solution with a pH value of 7 and 3 M citrate solution
with a pH value of 7) were mixed in a volume ratio ranging between 2.67:1 and 0.44:1.
All solutions were aged for 7 days at 4 °C to induce (NH,),C,0O, precipitation, which
was subsequently removed by filtration. Finally, the pH and volume of each filtrate
was adjusted by NH, and H,O to obtain aqueous VO?** solutions with a pH value of
7 and a vanadium concentration of 0.1 M. In this study, the molar ratio of citrate to
VO?" is varied between 0.75:1 and 4.5:1 by varying the aforementioned volume. All
nominal vanadium concentrations were experimentally confirmed by Inductively
Coupled Plasma-Atomic Emission Spectrometry.

3.2 Structural investigation

3.2.1 X-band CW-EPR and HYSCORE

The experimental X-band CW-EPR spectra, recorded at 10 K, of the solutions with a
molar ratio (citrate:VO?*) ranging between 0.75:1 and 4.5:1 are shown in Figure
Firstly, all solutions exhibit an anistropic, multiline spectrum — corresponding to a
chelated VO** system with an axial symmetry[46] — with a well resolved hyperfine
structure. However, not only are the lines of the multiline pattern in the spectrum
of the solution with a molar ratio of 0.75:1 broader, the pattern is also superimposed
onto a broad feature. Such a line-broadening and broad background feature is
characteristic of oxovanadate(IV) clusters or dipolarly interacting oxovanadate(IV)
centers.[46) [88]

Room-temperature CW EPR does not show this broad feature and indicates that
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Figure 3.1: X-band CW-EPR spectra recorded at 10 K of frozen solutions with a molar ratio
(citrate:VO?*) of 0.75:1, 1.50:1, 2.00:1, 3.00:1 and 4.50:1. The spectra are recorded
with a microwave power of 0.15 mW. Each solution has a vanadium concentration
of 5 mM and a pH value of 7. The asterisk indicates a cavity background signal.
The simulations are shown in Appendix

the cluster formation is induced by freezing, as is corroborated by the temperature-
dependent EPR measurements (Figure . As more citrate is added to the solution,
the broad feature disappears in the low-temperature EPR spectra and the freezing-
induced clustering does no longer occur. The lack of freezing-induced clustering
as the amount of citrate increases, suggests that citrate aids in the glass formation
during freezing as corroborated earlier (Chapter [2). Although the EPR spectra of
the solutions with higher citrate concentration are all dominated by the character-
istic features of mononuclear VO?* complexes, low-intensity lines can be found in
between these features as indicated by the dashed lines in Figure[3.1} These lines are
part of a multi-line pattern (Figure B.3), characteristic of ferromagnetically coupled
dinuclear citrate-VO** complexes.[27] Thus, under the conditions used here, all so-
lutions contain predominantly mononuclear oxovanadate(IV) species, similar to the
observations of Garribba et al. and Buglyo et al. in the case of mononuclear VO**
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Figure 3.2: Experimental CW-EPR spectra of the solution with a molar ratio (citrate:VO?*) of
0.75:1 recorded at different temperatures. The asterisks indicate cavity background
signals.

complexes with alternative carboxylate-based ligands[99}[100]. Dimeric citrate-VO**
complexes are also present in a smaller amount (< 20 %).

The principal g and >'V hyperfine values (Table are determined for the mononu-
clear VO?* complexes by simulation of the experimental CW-EPR spectra in Figure

B.7] (see also Figures [B.14} [B.15/and [B.16). The g, and A, value are known to vary
strongly depending on the type of equatorial coordination to the VO?* ion.[46) 88|

Complex Molar ratio 2y g Ay(MHz) A, (MHz) A, (MHz)

1 0.75:1 1975 1.938 180 180 514
2 1.50:1 1975  1.940 175 180 500
3 2.00:1t04.50:1 1975 1.943 165 170 496

Table 3.1: Principal g and 'V hyperfine values of the dominating mononuclear oxovana-
date(IV) species observed in the samples with a molar ratio (citrate:VO?*) of 0.75:1,
1.50:1, 2.00:1, 3.50:1 and 4.50:1. The g and A values are determined with an error of
+ 0.003 and + 5. The simulations are shown in Appendix@ (samples L, M and N).

The spectral features of the EPR spectrum at a molar ratio of 2.00:1 and upwards
(Figure are very similar and stem essentially from two contributions: a dimeric
species and the monomeric complex 3. The EPR spectrum of oxovanadium(IV)
complexes formed at pH 7.1 by citrate in aqueous solution at high ligand to metal
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Figure 3.3: Enlargement of the experimental CW-EPR spectrum of the solution with a molar
ratio (citrate:VO?*) of 4.5:1 recorded at 10 K. The lines indicate part of the multi-line
spectrum stemming from dimeric vanadyl species.

molar ratios show a similar heterogeneity, albeit with a significantly larger relative
contribution from the dimeric species.[32] The spin Hamiltonian values of complex 3
(Table[3.1) are assigned by Lodyga-Chruscinska et al.[32] to a VOLH_;-type complex
in which the VO?* ion is coordinated to two water molecules and one citrate via
a (RCO;, RO™) coordination mode. In order to verify this assignment, HYSCORE
spectra were recorded for the sample with the 3:1 ratio (citrate:VO?**) (Figure .
The electron-spin-echo-detected EPR spectrum was first recorded to ascertain that the
observed electron spin echo stemmed from the monomeric oxovanadate species. The
HYSCORE experiments in Figure (3.4 were recorded at the magnetic field position
at which almost all spatial orientations are selected. The low-frequency part of
the spectrum (Figure [3.4p) shows different peaks. One peak is centered around
the N Larmor frequency vy and indicates the presence of nitrogen nuclei at non-
coordinating distances from the vanadium center. Furthermore, a ridge with maximal
width of 2.8 MHz is centered around (v¢, v¢) and (vy, vy) with ve and vy the Larmor
frequencies of 1*C and 'V, respectively. Although both types of nuclei may contribute
to the signal, the ridge seems somewhat better centered around (vy, vv), indicating the
presence of diamagnetic vanadium ions (i.e. V(V)) in the vicinity of the VO?* center.
Similar signals have been found in vanadyl-containing systems and been ascribed
to oxidation of the V(IV) ions.[101] Note that these signals do not stem from the
dimeric (VO?*); species, where the °'V nuclei have hyperfine couplings in the order
of those of the mononuclear complexes. Figure shows the HYSCORE spectrum
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in the area where weak proton hyperfine couplings are expected. A ridge around the
(vy, vi) (va = proton Larmor frequency) can be observed. The maximum extent of
this ridge is 6.5 MHz, which agrees with the maximum 'H hyperfine coupling. No
stronger hyperfine couplings could be detected. Furthermore, a slight shift of the
proton ridge with respect to the anti-diagonal through (v, vy) can be seen (Figure
B.4b). This shift can be interpreted in terms of the dipolar hyperfine coupling.[102]
The observed shift (0.15 MHz) relates to a dipolar part of the hyperfine tensor of the
form [-2.85 -2.85 5.7] MHz. Since the maximum hyperfine component is (in absolute
value) 6.5 MHz, the isotropic (Fermi contact) hyperfine coupling is then either 0.7
MHz or -3.65 MHz. The 'H HYSCORE experiment was repeated in deuterated water
(Figure ). The 'H ridge has now significantly reduced in size showing that the
largest hyperfine coupling stems from exchangeable protons. The maximum spread
of the 'H feature in Figure agrees with a maximum coupling of 2.45 MHz for
the non-exchangeable CH protons. The 'H hyperfine tensors for the protons of
equatorially and axially coordinating water molecules of [VO(H,0)s]*" have been
reported[89] 90, 103]. The dipolar part of the equatorial water protons is in the order
of [-5 -4 9] MHz, while that of the axial protons is [-3 -3 6] MHz. The hyperfine
contribution observed here for the closest exchangeable protons resembles more the
latter condition. Moreover, the maximum couplings of the equatorial water protons
range from 8 to 16 MHz depending on the orientation of the protons with respect to
the V=0 part. This strongly argues against the assignment of Lodyga-Chruscinska
et al.[32]], who interpreted the g and >'V hyperfine values of complex 3 in terms
of a (RCO;, RO7) + 2 H,0 equatorial coordination mode. Using the additivity
relationship proposed by Chasteen[46], a coordination mode involving three RCO;
and one RO~ would lead to °'V A; value of 489 MHz, while an all R-CO; ligation
would give 512 MHz. The observed A, value of 496 MHz of complex 3 could point
to the former coordination mode with an additional water or ROH axial ligation
explaining the HYSCORE observed contribution of exchangeable protons.

For the low molar ratio (0.75:1), the EPR features (Figure and the spin Hamiltonian
parameters of the contributing monomeric complex 1 (Table [3.1) are similar to what
we observed previously for a solution of NH, VO, with oxalic acid (3:1) and citric acid
(2:1) at pH 5 (Chapter [2).[74] In that chapter, we also showed that the EPR spectrum
of a solution of NH,VO,; with oxalic acid (3:1) alone is essentially a broad line
due to dipolarly interacting vanadyl centers, explaining also the broad background
when only a small molar ratio of citric acid is added. According to the additivity
relationship proposed by Chasteen[46], the >'V hyperfine values of complex 1 can
be interpreted in terms of ligation of VO** to four R-CO;,. According to Buglyo
et al. the cis-oxalato-VO?*, [VO(C,0,),(H,0)]*", complex with an axial symmetry
dominates in an aqueous solution with pH 7. Its anisotropy CW-EPR spectrum and
the associated principle g and >!'V hyperfine values are determined[99]: g, = g, =
1.979, g. = 1.939, A, = A, =184 MHz and A, = 515 MHz. The g, and A; values are
identical to those observed for the solution with a molar ratio of 0.75:1, suggesting that
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Figure 3.4: Experimental HYSCORE spectra of the frozen solutions with a molar ratio
(citrate:VO?*) of 3.00:1 in H,O (a,b) and 2H,O (c) recorded at 4 K at observer
position By = 346 mT. (a) Low-frequency area. The anti-diagonals through the Lar-
mor frequency positions of N, 3C and %'V are indicated with dashed lines. (b,c)
'H HYSCORE spectra. The anti-diagonal through the proton Larmor frequency
is indicated with a dashed line. In (b) the shift of the proton ridge versus this
diagonal is indicated. The HYSCORE spectra are the sum of experiments recorded
for interpulse distances T = 104, 136 and 152 ns.

oxalate is indeed chelating the VO** unit at the equatorial positions. Thus, complex
1 is probably a cis-oxalato-VO**, [VO(C,0,),]*, complex. In order to determine
whether axial water ligation is occurring or whether the complex has a distorted
square pyramidal geometry, pulsed EPR experiments were performed. However,
no electron spin echo could be detected, indicating a very fast spin-spin relaxation.
This very fast spin-spin relaxation is in line with the observed broad feature and
corroborates the close proximity of VO** centers. The spin Hamiltonian parameters
of monomeric complex 2 found in the solution with the 1.5:1 citrate:VO?* ratio lie
between those of complex 1 and complex 3 and may indicate a mixed oxalate/citrate
ligation.

To explain the occurrence of mononuclear oxalato-VO?" and mononuclear citrato-
VO?* complexes at a molar ratio of 0.75:1 — 1.50:1 and 2.00:1 - 4.50:1, respectively,
their ligand exchange equilibrium is examined (Equation [3.I). The formation of
citrato-VO?* complexes is favored if (i) oxalate is actively removed from the solution,
which is pursued in this work by its precipitation as (NH,),C,0, with an estimated
solubility product of 1.85 10~* (Equation and (ii) a significant amount of citrate
is present in the solution (> 2:1).

[VO(C,0,),]*” +3R,CO; + ROH == [VO(R,CO,);,(ROH)]” +2C,02"  (3.1)

(NH,),C,0,(s) = C,0;” +2NHj (3.2)
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Figure 3.5: FTIR spectra of gels, obtained after drying at 60 °C, from the aqueous solutions
with a molar ratio (citrate:VO?**) ranging between 0.75:1 and 4.50:1.

To support the structure of the observed oxalato-VO?** and citrato-VO?** complexes,
gels of the solution with a molar ratio ranging between 0.75:1 and 4.50:1 were pre-
pared by drying at 60 °C and analyzed by FTIR spectroscopy (Figure[3.5). All spectra
exhibit the typical vibrations associated with an ammonium bridged network of
carboxylato-VO?** complexes.[75,092] 94, 95] Firstly, all spectra show a strong absorp-
tion band between 3400 and 2800 cm™! (not shown) due to (i) the O-H stretching mode
of H-bonded hydroxyl groups and absorbed H,O molecules, (ii) the N-H stretching
mode of the ammonium ions and (iii) the C-H stretching mode of the citrate’s methy-
lene groups. The absorption bands, corresponding to the O-H and N-H stretching
modes, are broadened by H-bridge formation and the individual stretching modes
are not resolved. At 1715 cm™!, the C=0 stretching mode, v(C = O), associated with
carboxylic acid groups (-COOH) is present, indicating that in all gels a minor fraction
of the acidic groups is still protonated. Between 1670 and 1585 cm™! the asymmetric
carboxylate stretch vibrations v,,(COO~), for metal-carboxylates and ammonium-
carboxylates, is detected. In this region, the only variation in the FTIR spectra of the
different gels occurs. The gels originating from the solutions with a molar ratio <
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1.75:1 demonstrate a local absorbance maximum at 1670 cm™!, while those with a
molar ratio > 3.00:1 exhibit this local maximum at 1585 cm™!. The FTIR spectra of
gels obtained from the solutions with a molar ratio between 1.75:1 and 3.00:1 rather
show a plateau with an equal absorbance at 1670 and 1585 cm™. Thus as the mo-
lar ratio increases, and the oxalato-VO?* complexes are exchanged for citrato-VO**
complexes, the position of the v,,(COO~) for VO**-carboxylates shifts. In the case
of oxalate, Baruah et al. and Mohamed et al. report the v,,(COO™) around 1670
cm™1.[104,[105] In the case of citrate, though, Kaliva et al. and Djordjevic et al. report
the v,,(COO™) around 1585 cm™!.[65, 95] Around 1400 cm™!, all gels show a strong
absorbance peak which is assigned to the symmetric carboxylate stretch vibrations,
v5(COO7), for metal-carboxylates and to the ammonium deformation, 6(NHZ). Note
that no significant shift in the position of this v;(COO~) is observed as a function of
the molar ratio or depending on the dominating VO?* chelating ligand. At 960 cm™!,
the vanadyl stretching mode, v(V* = 0), is observed in all the gels.

In conclusion, CW-EPR, pulsed EPR and FTIR spectra indicate three situations, de-
pending on the molar ratio (citrate:VO**). (i) At a low molar ratio (i.e. 0.75:1),
monomeric cis-oxalato-VO** complexes occur with a distorted square pyramidal ge-
ometry. (ii) At high molar ratio (i.e. 2:1 and up), mono- and dimeric citrato complexes
are observed. The monomeric citrato complex dominates (abundance > 80 %) and
is characterized by sixfold chelation of the vanadium(IV) ion by a RCO; ligation at
the equatorial positions and a H,O/R-OH ligation at the axial position. (iii) At a mo-
lar ratio of 1.5:1, the spin Hamiltonian parameters lie between those of monomeric
complex 1 and monomeric complex 3 and indicate a mixed oxalate/citrate ligation.

3.3 Reactivity

For all solutions, no ' V-NMR signals could be detected immediately after the syn-
thesis, suggesting that the vanadium species are paramagnetic with a +IV oxidation
state for the vanadium ion.[58] However, as a function of time (in days), peaks in the
>1V-NMR spectra appear, indicating that the vanadium ion oxidizes from a +IV to
a +V oxidation state. Note that the HYSCORE spectrum (Figure [3.4p) already indi-
cated the presence of diamagnetic vanadium ions (i.e. V(V)) in the vicinity of a VO**
center. In this section, the reactivity of the oxalato-VO?* and citrato-VO?* complexes
is studied as a function of time (age) for the aqueous solutions with a molar ratio
of 0.75:1, 2.00:1 and 3.00:1. The >'V-NMR spectra of the considered solutions are
presented in Figure The solution with a molar ratio of 0.75:1 already shows the
onset of a peak at -535 ppm after 1 day. For the solutions with a molar ratio of 2.00:1
and 3.00:1 appearance of such a peak is delayed till 3 days after synthesis. In case of
the 2.00:1 solution a peak is observed at -535 ppm and at -546 ppm, while the 3.00:1
solution only exhibits a peak at -546 ppm. For all solutions, the observed peak onsets
evolve to clear signals within 10 days. From this point on, the peaks continuously
grow and no retardation is observed up to 136 days after synthesis. Note that for the
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0.75:1 solution, a second peak appears 17 days after synthesis at -545 ppm. Thus, the
V(IV) species present in the solutions significantly oxidize to V(V) as a function of
time ageing (days).
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Figure 3.6: "' V-NMR spectra of the solutions with a molar ratio of 0.75:1 (left, vertical scale =
2500), 2.00:1 (middle, vertical scale = 5000) and 3.00:1 (right, vertical scale = 7500).
The spectra are plotted with an increasing age after synthesis (1, 2, 3, 6, 10, 17, 31,
73 and 136 days).

The signal evolution of the two chemical shifts observed differs for each solution, for
example after a time ageing of 136 days:

1. The >'V-NMR spectra of the 0.75:1 solution is dominated by the peak at -535
ppm which can be assigned, according to Ehde et al., to oxalato-VO; (i.e.
[VOz(CZO4)2]3_)[106]. In this complex, the vanadium(V) ion is chelated by
two bidentate oxalate ligands and two oxygen atoms forming the dioxovana-
date(V) center. An alternative assignment could be HVO?™ but this species
is typically observed in other solution circumstances (i.e. 8.5 < pH <11 and
[V] < 10 mM).[58] 80] The second peak at -545 ppm manifests as a shoul-
der of the oxalato-VOj peak and can be assigned to a dinuclear citrato-VO}
complex (either as [V,0,(C,H;0,),]* or as [V,0,(H,0),(OH)(C,H;0,)]*).[70]
Both citrato-VO; complexes are featured by two VO centers allied by a double
V-O-V bridge into a [O,V<O,0>VO,] unit.[29}65] 70, [71] The bridging oxygen
originates from citrate’s a-hydroxyl functionality or from the hydroxo ligand.
Thus, the oxidized vanadium(V) species in the 0.75:1 solution are dominated
by the presence of oxalato-VO;. Based on the peak height, its molar excess
with respect to the citrato-VO; is about 2.5:1.

2. In the >'V-NMR spectra of the aged 2.00:1 solution, the opposite holds true. The
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peak at -546 ppm, assigned to the dinuclear citrato-VO;, dominates while the
peak at -535 ppm, assigned to oxalato-VO}, appears as a shoulder. Here, the
oxidized vanadium(V) species are mainly citrato-VO; with an estimated molar
excess of 3.0:1.

3. The °'V-NMR spectra of the aged 3.00:1 solution do not show a peak associated
with oxalato-VOj species. The only peak observed corresponds to dinuclear
citrato-VO; at a chemical shift of -546 ppm.

Thus, so far it seems that all solutions exhibit a vanadium(IV) to vanadium(V) oxida-
tion and that the initial dominating chelation in the VO3 complexes (observed by EPR
in the previous paragraph) remains also the dominating chelation in the VO, com-
plexes upon time ageing. The 0.75:1 solution shows oxalato-VO; complexes as the
dominating species shortly after its synthesis (EPR) and the dominating presence of
oxalato-VOj complexes after 136 days of time ageing (> V-NMR). On the other hand,
the 3.00:1 solution exhibits only citrato-VO; complexes shortly after its synthesis and
only citrato-VO; complexes after 136 days of time aging.
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Figure 3.7: Evolution of the peak height (at -535 ppm, -546 ppm and their sum) in the V-
NMR spectra (plotted with a vertical scale of 1000) recorded on the solutions with
a molar ratio (citrate:VO?*) of 0.75:1, 2.00:1 and 3.50:1 as a function of ageing time.
All solutions were stored in closed NMR tubes filled with air. Note that for the
3.50:1 solution, no signal is observed at -535 ppm which leads to the coincidence
of the sum and -546 ppm data points.

To compare the oxidation rates of the above described solutions, the peak heights are
plotted as a function of ageing time in Figure[3.7] As mentioned earlier, during the first
17 days, the vanadium(IV) oxidation is rather limited and comparing the oxidation
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rates is rather speculative. However between an age of 17 and 136 days, clear
differences can be observed in the oxidation rate between the studied solutions. The
total oxidation rate (indicated by the sum) is clearly the highest for the 0.75:1 solution
with the dominating presence of oxalato-VO** complexes. The total oxidation rate
for the 2.00:1 and 3.00:1 solution is rather similar with a slightly higher oxidation
rate for the 2.00:1 solution. Interestingly, comparing the three solutions at a certain
age (i) a large difference can be observed for the peak height associated with the
oxalato-VO; complex (-535 ppm) and (ii) a quite similar height is observed for the
peak associated with the citrato-VO; complex (-546 ppm). Thus difference in the total
oxidation rate (i.e. highest for the 0.75:1 solution and lowest for the 3.00:1 solution)
is only determined by the oxidation rate of the oxalato-VO; complexes which has
the highest concentration in the 0.75:1 solution and the lowest concentration in the
3.00:1 solution. The citrato-VO?* oxidation rate is independent of its concentration
and has a marginal effect on the difference in the total oxidation rate.
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Figure 3.8: 5'V-NMR spectra of a 2.00:1 citrate:VO?** solution after 1, 2, 3, 6, 10 and 17 days of
synthesis. Left: spectra of a solution conserved in a closed NMR tube under air.
Right: spectra of an identical solution but for which the dissolved O, was removed
by intensive N, bubbling, followed by conservation in a closed NMR tube filled
with N,.

To identify the oxidizing agent, the aging of the 2.00:1 solution is studied (i) as con-
served in a closed NMR tube filled with air and (ii) after evacuation of the dissolved
O, by intensive N, bubbling and conservation in a closed NMR tube filled with N,.
The >'V-NMR spectra of the 2.00:1 solution kept under air and N, are given in Figure
From these spectra it is clear that the peaks associated with oxalato-VO; and
citrato-VO; complexes appear earlier under air and that their rate of growth is higher
under air. This suggests that the dissolved O, — which is either present directly after
the synthesis or replenished from the ambient — causes the vanadium(IV) oxidation.
A possible reduction mechanism of dissolved O, into H,0, is suggested by Pourbaix
etal. and is characterized by a reduction potential between 0.1 V and 0.5V (vs. SHE)
depending on the po,:[H,0,] ratio.[43]

In summary, the stability of oxalato-VO?** and citrato-VO?** complexes, present as
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dominating species in aqueous solutions with low (0.75:1) and higher (2.00:1 to
3.00:1) citrate:VO*" molar ratio is studied. All complexes react with the dissolved O,
in a redox reaction causing the oxidation of the vanadium(IV) into the vanadium(V).
The onset of oxidation is observed during the first week, but no resolved difference is
observed between both complexes. After 17 days, the oxidation rate is the highest for
the solution with the oxalato-VO?®* complexes as dominating species. For solutions in
which the citrato-VO** complexes dominate (2.00:1 and 3.00:1), no further difference
in oxidation rate is detected. After a significant ageing time (e.g. 136 days) the ratio
of the VOJ complexes present in the aged solution (i.e. oxalato-VO; versus citrato-
VO3), as observed by >'V-NMR, reflects the initial VO** complexes (i.e. oxalato-
VO?* versus citrato-VO?*), as observed by EPR, present shortly after their synthesis.
Finally, the reactivity of VO** complexes can be drastically retarded by evacuation
of dissolved O, and subsequent storage under a N, ambient.

3.4 Conclusions

Aqueous solutions of oxalato- and citrato-VO** complexes are successfully prepared
and the ligand exchange reaction is investigated as a function of the molar ratio
of citrate to [VO(CZO4)2]2+ via EPR (CW and HYSCORE) and FTIR spectroscopy.
At a low molar ratio (i.e. 0.75:1), monomeric cis-oxalato-VO** complexes occur
with a distorted square pyramidal geometry. As the amount of citrate increases,
oxalate is gradually exchanged for citrate leading to a VO** complex with a mixed
oxalate/citrate ligation (1.5:1) or an exclusive citrato ligation (2:1 or higher). In the
latter case, both mono- and dimeric citrato complexes are observed. However, the
monomeric citrato complex dominates (abundance > 80 %) and is characterized
by sixfold chelation of the vanadium(IV) ion by a RCO; ligation at the equatorial
positions and a H,O/R-OH ligation at the axial position. The oxalato-VO** and
citrato-VO?* complexes show a different redox reactivity towards the dissolved O,
in the aqueous solution. During the first week after synthesis, a non-resolved onset
of oxidation is observed for both complexes. After 17 days, the oxidation rate is the
highest for the oxalato-VO?* complexes. If citrato-VO?** complexes dominate, no
further difference between the oxidation rates is detected as more citrate is present
in the solution. The reactivity of the VO** complexes can be drastically retarded by
evacuation of the dissolved O, and subsequent storage in a N, ambient.
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Chapter 4

Thermal decomposition of the
solution’s constituents

In this part the thermal decomposition pathway of the ammonium-citrato/oxalato-
VO?* gel, obtained by drying of the associated aqueous solution at 60 °C, is dis-
cussed. As stated in the objectives and targeted to state a relation between the
composition of the VO** complexes and the vanadium oxide stoichiometry/phase
formation, it is important to understand these thermally-induced transformations.
The thermal decomposition pathway of the ammonium-citrato/oxalato-VO?** gel, ob-
tained by evaporation of the precursor solution, will be studied via (i) simultaneous
Thermogravimetric - Differential Scanning Calorimetry (TG-DSC), (ii) hyphenated
Thermogravimetric - Mass Spectrometry (TG-MS) and (iii) ex-situ analysis of the
remaining product by Fourier Transform Infrared (FTIR) spectroscopy. For conve-
nience, this part is divided in three chapters with to goal the understand the thermal
decomposition pathway:

e Constituents of the aqueous citrato/oxalato-VO?** solutions
e Ammonium-oxalato-VO?** gel

e Ammonium-citrato-VO?* gel

This chapter will focus on the analysis of the thermal decomposition pathway of the
solution’s constituents: citric acid, oxalic acid, the metal-free ammonium citrate and
the metal free ammonium oxalate.

4.1 Citric acid

Figure shows the thermal decomposition profile of citric acid in air, studied at

a heating rate of 10 °C min~!. Citric acid’s weight loss can be divided into two

81
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regions: (i) between 100 °C and 288 °C and (ii) between 300 °C and 450 °C. The first
decomposition step accounts for a weight loss of about 93 % and is associated with
a decrease in the heat flow with respect to its background value. The decreased heat
flow suggests a sequence of decomposition reactions with an overall endothermic
nature. The maximum decomposition rate is observed at 228 °C. In the second step,
the remaining 7 % is decomposed in an exothermic reaction, as evidenced by the
increased heat flow. This final weight loss is more gradual and has a maximum
decomposition rate at about 425 °C.
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Figure 4.1: TGA (Mass %), DTA (Der. Mass) and DSC (Heat Flow) analysis of citric acid
studied in dry air at a heating rate of 10 °C min™'.

Citric acid’s decomposition mechanism is detailed studied by Rajendran et al. and
Van Werde et al. via HT-DRIFT (High Temperature - Diffuse Reflectance Infrared
Fourier Transform) spectroscopy and on-line coupled TG-EG (ThermoGravimetric -
Evolved Gas) analysis.[86}[107,108] Figure[.2Jshows citric acid’s endothermic decom-
position mechanism. This decomposition occurs through a sequence of endothermic
dehydroxylation and decarboxylation reactions sequentially forming aconitic acid,
itaconic acid, itaconic anhydride and citraconic anhydride.[86, [108] The first dehy-
droxylation, i.e. citric acid’s transformation to the unsaturated aconitic acid, already
occurs at 150 °C and corresponds to the sharp decrease in the heat flow, emphasizing
the strong endothermic nature of thus dehydroxylation. This aconitic acid is next
subjected to a decarboxylation and a second dehydroxylation reaction forming the
itaconic anhydride. This transformation is expected at about 165 °C. As the temper-
ature increases to 180 °C, the double bound rearranges and the citraconic anhydride
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is formed. Both anhydride compounds evaporate above 210 °C in dry air which
ends the sequence of citric acid’s endothermic decomposition reactions. Finally,
between 300 °C and 450 °C, with a decomposition rate maximum at 425 °C, the re-
maining thermo stable compounds (i.e. 7 %) exothermally decompose into H,O and
CO,.[86,11074109]

HO. o HO. o
0 0 0 0
HO. ,
“H,0
HO OH 2" HO 7 OH

Citric acid Aconitic acid
HO o) ¢} o o o
o
—_— —_— o — 0
-CO, -H,0 =
OH
Itaconic acid Itaconic anhydride Citraconic anhydride

Figure 4.2: Schematic representation of the thermal, endothermic decomposition of citric acid
at a heating rate of ~ 10 °C min™!. The mechanism is based on references [86} [108].

4.2 Metal ion free ammonium citrate gel

As evident from the thermal profile in Figure the metal ion free ammonium
citrate is thermally more stable and the final oxidative decomposition step occurs at
a higher temperature (~ 515 °C).[108] Similar to the thermal decomposition of the
citric acid, the first set of decomposition reactions (i.e. < 350 °C) are endothermic
and non-oxidative while the second set of decomposition reactions (i.e. > 350 °C) are
exothermic and oxidative.

Below 100 °C, a small weight loss is sometimes observed and is ascribed to the evap-
oration of residual water remaining after the drying of the aqueous solution. At 155
°C, the dehydroxylation of the a-hydroxyl functionality occurs, forming ammonium
aconitate from the ammonium citrate. Simultaneously, the ammonium carboxylate
groups present in the gel convert to carboxylic acid and NH; (Equation[4.1), forming
citric acid and aconitic acid.[86]

R-CO;---H*-NH,; — R—CO,H + NH, (4.1)

Between 160 °C and 220 °C, the largest weight loss is observed with its maximum
decomposition rate at 180 °C. In this step, CO, is released during the endothermic
and non-oxidative decarboxylation of the formed carboxylic acid groups resulting
in the itaconic acid. Additionally the second, non-oxidative and endothermic de-
hydroxylation reactions occurs in this temperature interval forming the itaconic and
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Figure 4.3: TGA (Mass %), DTA (Der. Mass) and DSC (Heat Flow) analysis of the metal ion
free ammonium citrate gel studied in dry air.

citraconic anhydride. These anhydrides evaporate at ~ 235 °C and result in a small
weight loss.

Besides these dehydroxylation and decarboxylation reactions, also solid primary
amides are formed (around 170 °C) probably originating from the reaction between
NH, and carboxylic acid groups. These amides evaporate around 260 °C and are
typically detected as the NH,—C(OH)=CHj; fragment.[110] Between 270 °C and
400 °C a continuous, small weight loss, assigned to a further decarboxylation or
evaporation of the few remaining carboxylic acid groups or amides, is observed.

In an oxidative ambient, several exothermic decomposition reactions appear starting
from 400 °C. These exothermic oxidation reactions coincide and are characterized by
a maximum decomposition rate at 510 °C. As a temperature of 600 °C is reached,
all organic fragments are decomposed and no further weight loss is observed. A
first reaction is the dehydration of an amide to an aliphatic nitrile which either
evaporates or further reacts to hydrogen cyanide (HCN). Besides the evaporation of
the aliphatic nitrile, HCN and NHj, also NO, is formed by oxidation of the remaining
nitrogen-containing compounds. In a second reaction all residual organics burn and
a significant amount of CO, is released.
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4.3 Oxalic acid dihydrate

Figureshows the weight loss, its derivative and the associated heat flow of oxalic
acid dehydrate upon heating at 10 °C min™!. Note that the entire decomposition
pathway is associated with a decreased heat flow, suggesting that the pathway is
entirely endothermic. The thermal decomposition proceeds through two steps. (i)
The first weight loss occurs between room temperature and 110 °C with its maximum
decomposition rate around 92 °C. In this step a weight loss of 29 % is observed.
Assuming that the first step is only associated with the evaporation of the hydrate
molecules, its number per formula unit corresponds to 2. (ii) The second weight loss
proceeds between 110 °C and 200 °C and corresponds to the decomposition of the
remaining product with a weight percentage 71 %. The maximum decomposition
rate occurs around 190 °C. Muraishi et al have studied the thermal behavior of
various dicarboxylic acids and confirm the one step decomposition of hydrate-free
oxalic acid between 110 °C and 200 °C.[111] In this temperature range, oxalic acid
is transformed to formic acid (HCO,H) with the release of CO,. This formic acid
subsequently decomposes into CO and H,O. In an oxidative atmosphere, the CO is
further oxidized to CO,, resulting in the following over-all, oxidative decomposition
reaction of oxalic acid (Equation[4.2).

2C,H,0, + 0, — 4CO,(g) + 2H,0(g) (4.2)
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Figure 4.4: TGA (Mass %), DTA (Der. Mass) and DSC (Heat Flow) analysis of oxalic acid
dihydrate studied in dry air at a heating rate of 10 °C min™".
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44 (NH,),C,0O, precipitate

In the synthesis of the aqueous, oxalate-poor citrato-VO** solution, (NH,),C,0,
crystals precipitate (section . FTIR analysis showed that these crystals are VO**-
free (Figure 2.13). In this section, these dried crystals are grinded and used in the
thermal decomposition study of the VO**-free ammonium oxalate.

The thermal decomposition pathway of (NH,),C,0, - xH,O is studied in dry air
and in N,. Figure shows its weight loss, the derivative of its weight loss and
the associated heat flow as a function of temperature. All the curves (i.e. weight
loss, derivative of the weight loss and the heat flow) are identical for the analysis
of (NH,),C,0O, - xH,O in dry air and in N,. This suggests that the entire thermal
decomposition pathway is non-oxidative. Also note that the final weight (e.g. at 500
°C)is 0 % which indicates that the (NH,),C,0, - xH,O is completely transformed into
gaseous species during the thermal decomposition. The decomposition pathway
itself consist of two dominating steps. A first weight loss (of 12.9 %) is observed
between 60 °C and 110 °C with its its maximum decomposition rate at 95 °C. The
second weight loss is observed between 160 °C and 240 °C and accounts for a weight
loss of 85.1 %. The maximum decomposition rate of this step is observed at 230 °C.

The remaining mass (i.e. 2.0 %) is gradually removed from the sample between 240
°C and 500 °C.
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Figure 4.5: TGA (Mass %), DTA (Der. Mass) and DSC (Heat Flow) analysis of the dried

(NH,),C,0, precipitate, originated from the synthesis of the citrato-VO** solution.
The analysis is performed in dry air and in N, at a heating rate of 10 °C min™!.
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To elucidate the exact decomposition pathway of the (NH,),C,0, precipitate in both
dry air and N,, mass fragments of the evolved gasses are followed as a function of
the temperature. Figures@4.6{and @ show the significant mass fragmentﬂ evolved
during the thermal decomposition of the (NH,),C,0O, in dry air and in N, respectively.
A tentative assignment of these mass fragments is given in Table
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Figure 4.6: TGA-MS profile in dry air of (NH,),C,0, - xH,O at a heating rate of 10 °C min':
fragments related to the carboxylate groups (a.), to H,O and/or NHj (b.) and to
the interaction between carboxylic acid groups and NHj; (c.). Only the relevant
fragments in the m/e = 5-70 region are shown (Ion currents). Note that each
sub-figure has its own Ion current scale.

In dry air, the first weight loss with its maximum decomposition rate at 95 °C results
in the increase of the mass fragments m/e = 17 (OH" or NH;") and m/e = 18 (H,O™
or NHj). These mass fragments originate from water molecules. Assuming that

!The mass fragments labeled as significant are the only mass fragments which exhibit a significant
temperature-dependent ion current. The other fragments in the indicate region are detected as well, but
no significant temperature-dependence is observed. This expression will be, systematical, used in this
work.
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Figure 4.7: TGA-MS profile in N, of (NH,),C,0, - xH,O at a heating rate of 10 °C min™:
fragments related to the carboxylate groups (a.), to H,O and/or NHj (b.) and to
the interaction between carboxylic acid groups and NH; (c.). Only the relevant
fragments in the m/e = 5-70 region are shown (lon currents). Note that each
sub-figure has its own Ion current scale.

the first and second weight loss corresponds to the volatilization of water molecules
(with a molar mass of x 18.02 g mol™) and the non-hydrated ammonium oxalate
(with a molar mass of 124.12 g mol™) respectively, the average number of hydrate
molecules per (NH,),C,0O, - xH,O molecule is calculated: x = 1.04.

During the second, dominating decomposition step between 160 °C and 240 °C in dry
air and N,, the mass fragments associated with the release of H,0O and NH, remain
(i.e. m/e=17,18indry airand m/e = 16,17, 18 in N,). Additionally, a strong increase
in the mass fragment m/e = 44 (CO;") can be observed in both dry air and N,. This
mass fragments is unambiguously related to the emission of CO,. The increase in its
ion current with respect to the background value is four times higher in dry air than
in N, (0.103 nA in dry air and 0.024 nA in N,). Besides the dominating CO, mass
fragment (i.e. COj’), also the mass fragments m/e = 22 and 45 are observed and
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m/e Fragments
12 c*
14 co**
16 O*, 0%, NH}
17 OH*, NH}"
18 H,0™, NHj
22 cog*
26 CN*
27 HCN*
28 co*
29 Bco*™
43 HNCO", C,H/N*
44 CO;*
45 B3coy
46 NOj

Table 4.1: Significant mass fragments in the TGA-MS of the dried (NH,),C,0, - xH,O precip-
itate. The tentative assignments are based on reference [86) 94} 108, 110} [112].

ascribed to the evolution of CO, by its assignment to CO;* and *COj" respectively.
In addition, a small increase in the mass fragment m/e = 12 (C™") is observed. Only
in N, the mass fragments m/e = 14, 28 and 29, assigned to CO**, CO™" and *CO™*
respectively, arise. These fragments originate from the release of CO between 160
°C and 240 °C. Also, little amounts of the mass fragments m/e = 27, 43 and 44 are
formed and are possibly due to gaseous species originated from the rearrangement
of the ammonium carboxylate groups in the (NH,),C,0O, - xH,O.

In conclusion, the two-step thermal decomposition pathway of the (NH,),C,0,-xH,O
can be ascribed as follows:

1. Evaporation of the water ligands or a further drying of the precipitate at ~ 95
°C with the release of H,O and NH,.

2. The actual (NH,),C,0, is transformed into gaseous species with its maximum
decomposition rate at 225 °C. Based on the evolved mass fragments the follow-
ing sequence of non-oxidative reactions can be suggested[92]:

e The transformation of (NH,),C,0, to H,C,0, and gaseous NH,,

e The decomposition of H,C,0, to H,CO; and gaseous CO,
e The disintegration of H,CO, into gaseous H,O and gaseous CO,.

In N,, all the gaseous species are observed by the presence of the mass fragments
m/e =14 (CO*™™), 16 (NH;), 17 (OH" and NHj"), 18 (H,O"" and NHj), 22 (CO; "), 28
(CO™), 29 (BCO™), 44 (CO5") and 45 (3CO;). However, in dry air, the fragments
associated with the release of CO are not observed, but the ion currents of the mass
fragments associated with CO, are quadrupled. By the abundant presence of O, in
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dry air, the CO might be further oxidized towards CO, explaining the absence of CO
and the increase in the emission of CO,.

4.5 Conclusion

In this chapter, the thermal decomposition pathway of the major solution’s con-
stituents are described. These insights are of importance during the elaboration on
the thermal decomposition pathway of the ammonium-citrato-VO?** or ammonium-
oxalato-VO?* gel in the following chapters.



Chapter 5

Thermal decomposition of
ammonium-oxalato-VO?*

Before elaborating on the thermal decomposition pathway of the ammonium-oxalato-
VO?* gel, the species, possibly present in the gel are listed. As indicated in Figure
and in the experimental section (section , the pH value of the ammonium-
oxalato-VO?** solution equals 7. Sine this value largely exceeds oxalic acid’s pKay
value (i.e. 4.2[72]), all carboxylic acid groups are assumed deprotonated into car-
boxylate groups. These carboxylate groups interact, electrostatically, with the present
VO?* or NH] cations. This yields the following chelating possibilities for the oxalate
ion:

e a bidentate chelation with one VO** ion: oxalato-VO?*,
e abidentate chelation with one NHj ion: oxalato-NH,,
e abridging between two VO** ions: y-oxalato-(VO**),,
e abridging between two NHj ions: p-oxalato-(NHjy),,

e abridging between one VO** ion and one NH} ion: y-oxalato-(NHj,VO*).

5.1 Weight loss and heat flow

Figureshows the thermal decomposition profile of the ammonium-oxalato-VO**
gel heated at 10 °C min™! in a dry air and N,. In both conditions, the weight
loss occurs through a sequence of steps. Up to 250 °C, the thermal decomposition
pathway consists of two steps with its maximum decomposition rate around 153
°C and 235 °C, respectively. Both steps are characterized by a decrease in the heat
flow with respect to its background level. Therefore, both steps are considered as
non-oxidative and endothermic. Besides, a slightly higher weight loss in dry air, the
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Figure 5.1: TGA (mass %), DTA (mass derivative) and DSC (heat flow) analysis of the
ammonium-oxalato- VO** gel in dry air and N,.

thermal decomposition pathway in dry air and N, is similar. The characteristics of
the second weight loss (maximum decomposition rate at 235 °C, endothermic and
non-oxidative) are identical to those of the hydrate-free (NH,),C,0, species (Figure
. This suggests that the p-oxalato-(NHj), species, present in the ammonium-
oxalato-VO** gel, are stable during the first decomposition step and decompose in
a single step around 235 °C. As the temperature increases (i.e. above 250 °C), a
significant diversification is observed between the thermal decomposition pathway
in dry air and N,.

e In dry air, exothermic and oxidative weight losses are observed between 250
°C and 300 °C. This region is characterized by a first, local decomposition rate
maximum at 256 °C and a second, local decomposition rate maximum at 275
°C. Above, 300 °C, no further weight loss occurs. About 14 % if the initial
weight remains.

e InN,, no exothermic decomposition is observed within the studied temperature
interval. The significant weight loss is observed between 250 °C and 350 °C
with a single decomposition rate maximum at 322 °C. No further weight loss is
observed as the temperature exceeds 350 °C. 25 % of its initial weight remains.

To elucidate the exact decomposition mechanism in an oxidative and inert atmo-
sphere of the ammonium-oxalato-VO?** gel, the evolved gasses are analyzed using
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an online coupled mass spectrometer in the following sections.

5.2 Thermal decomposition from room temperature to
250 °C

Figures[5.2Jand 5.3|show the mass fragments derived from the evolved gasses during
the thermal decomposition of the ammonium-oxalato-VO?** gel in dry air and He,
respectively. In Table the significant mass fragments are tentatively assigned.
During the first, non-oxidative, endothermic weight loss around 153 °C, a strong
increase in the ion current of the mass fragments m/z = 17 (OH* or NH;"), m/z =
18 (H,O™ or NHj) and m/z = 44 (CO;J’) is observed in dry air and in He. In He,
an increase in the ion current of the mass fragment m/z = 16 (NHj) is detected as
well. These fragments can be assigned to H,O, NH, and CO,. Additionally, the
modest increase in the ion current of the mass fragments m/z = 12 (C*'), m/z =
22 (CO;*) and m/z = 45 (1*CO}’) support the tentatively assigned release of CO,.
The NH, originates from the rearrangement of an ammonium carboxylate group
into a carboxylic acid group (Equation [5.I). The formed carboxylic acid group is
subsequently subjected to a decarboxylation resulting in a formato-VO?** interaction

(Equation[5.2).

m/e Dryair N, Tentative assignment

12 X X ct

13 X CN**

15 X NO**

16 X O*,05*, NH;
17 X X OHY, NH;r :
18 X X H,0™, NH;
22 X X CO;Jr

26 X X CN*

27 X X HCN™*
30 X NO*

32 X o5

43 X X HNCO*
44 X X COy”

45 X X Bco}
46 X X NOj

Table 5.1: Mass fragments which exhibit significant changes in the TGA-MS of the dried
ammonium-oxalate-VO** gel. The tentative assignments are based on references
[86}194} 1108, 110} [112].

VO**...~00C-COO™--NH} —> VO?*-.. "00C—COOH + NH,(g) (5.1)

VO* ... 700C-COOH — VO?**--- "O0CH + CO,(g) (5.2)
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Alternatively, the carboxylic acid group can react with NH; to form an amide with
the emission of H,O (Equation[5.3).

VO?**- .- "00C-COOH + NH; — VO**--- "O0OC-CONH, + H,0(g) (5.3)
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Figure 5.2: TGA-MS profile of the ammonium-oxalato-VO** gel recorded in dry air at a heating
rate of 10 °C min~!: fragments related to the carboxylate groups (a.), to H,O and/or
NHj (b.), to the interaction between carboxylic acid groups and NH, (c.) and to
the ambient (d.). Only the relevant fragments in the m/e = 5-120 region are shown
(Ion currents). Note that each sub-figure has its own Ion current scale. A tentative
assignment is given in Table

As the temperature increases up to 235 °C, the second weight loss occurs. During
this decomposition step, a further increase in the ion current of the mass fragments
assigned to NH,; (m/z = 17, 18), H,O (m/z = 17, 18) and CO, (m/z = 12, 22, 44,
45) is observed. This decomposition step can be ascribed to the aforementioned
non-oxidative and endothermic decomposition of the y-oxalato-(NHy), species, via
oxalic acid, into volatile NH;, H,O and CO (Equations[5.4]and 5.5).[92] Obviously, in
the presence of O,, the CO is further oxidized to CO,.
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(NH,),C,0, — C,0,H, + 2NH;,(g) (5.4)
C,H,0, — CO(g) + H,0(g) (5.5)

In conclusion, all ammonium carboxylate groups present in the ammonium-oxalato-
vO?** gel are systematically decomposed between Tge and 250 °C. The decom-
position reactions are non-oxidative and endothermic and lead to the emission of
NH,, H,0, CO and CO,. The following species remain at 250 °C: oxalato-VO?**,
pi-oxalato-(VO*"),, formato-VO** and oxamato—VO2+

5.3 Thermal decomposition from 250 °C to 500 °C

5.3.1 Oxidative pathway

Between 250 °C and 300 °C, a single decomposition step is observed in dry air with
its decomposition rate maximum at 275 °C. Figure shows a further increases
in the ion currents of the mass fragments associated with the evolution of CO, to
their maximum value (i.e. m/z = 12, 22, 44 and 45), suggesting a large emission
of CO, in this temperature interval. Note that, despite a significant decrease in the
ion current of the mass fragments m/z = 17 (OH" or NH}") and m/z = 18 (H,O"
or NHj) occurs, their ion current still remains at a level well above its background.
Clearly the emission of H,O and NH, is diminishing. Additionally, small peaks in
the ion currents of the mass fragments m/z = 26 (CN"), m/z = 27 (HCN™"), m/z = 43
(HNCO™) and m/z = 46 (NOj ) are observed.

A first decomposition reaction around 275 °C is related to rearrangement of the
amide functionality in oxamato-VO?* to a nitrile functionality and the release of H,O

(Equation 5.6).

VO?**..."00C-CONH, — VO**--- “00C-C=N + H,0(g) (5.6)
) PR

The mass fragments m/z = 26, 27 and 43 are associated with the release of such nitrile
groups. The residual carboxylate groups are simultaneously burned to CO,. Alter-
natively, the amide or nitrile functionality can directly burn, resulting in volatile NO,
which is detected as NO; (m/z = 46) by the mass spectrometer. With these reactions,
the ligands in the formato-VO?** and oxamato-VO?®* species are decomposed. The
oxalato-VO?** and yu-oxalato-(VO?*), species remain. In an oxidative ambient, the
oxalate is subjected to an exothermic burning completely converting it to volatile
CO,.

INo insights in the interaction of the amide group with a VO?* ion are obtained: the oxamato ligand
can be a monodentate via the carboxylate group, bidentate or bridging (i.e. y-oxamato-(VO*"),).



96 5. THERMAL DECOMPOSITION OF AMMONIUM-OXALATO-VO**

Thus during the exothermic and oxidative step around 275 °C, the remaining formato-
VO?*, oxamato-VO**, oxalato-VO*" and p-oxalato-(VO?**), are fully decomposed
with the release of mainly H,O, CO, and NO,. Additionally, during the decomposi-
tion in air, the formation of the V-O bonds takes place resulting in V,Os.
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Figure 5.3: TGA-MS profile of the ammonium-oxalato-VO** gel recorded in He at a heating
rate of 10 °C min™!: fragments related to the carboxylate groups (a.), to H,O and/or
NH; (b.), to the interaction between carboxylic acid groups and NH, (c.) and to
the ambient (d.). Only the relevant fragments in the m/e = 5-120 region are shown
(Ion currents). Note that each sub-figure has its own Ion current scale. A tentative
assignment is given in Table

5.3.2 Non-oxidative pathway

In the He ambient, a decreased amount of O, is available. A comparison between
the ion current at room temperature of the m/e = 32 mass fragment in Figures [5.2d.
and . indicates a concentration of 2-3 %. Due to this decreased O, concentration,
the thermal decomposition pathway above 250 °C differs. The largest weight loss is
now observed between 300 °C and 350 °C (Figure with its decomposition rate
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maximum at 322 °C. This weight loss is associated with a decrease in the heat flow,
indicating an endothermic process. Firstly, the amide rearrangement (Equation
and the nitrile release is observed by the increase in the ion current of the mass
fragments m/z = 13 (CN™"), m/z = 26 (CN"), m/z = 27 (HCN™) and m/z = 43
(HNCO™). The value to which these ion currents increase is at least one order in
magnitude higher than in dry air. Additionally, an increase in the ion current of the
mass fragment m/z = 13 can be observed in He, while in dry air this ion current
remained at its background level. Thus, the decomposition pathway of the amide
rearrangement and the nitrile emission occurs more in He than in dry air. Secondly,
a significant increase in the ion current of the mass fragments m/z = 15 (NO**)
and m/z = 30 (NO") is detected in He. The ion current of the mass fragments
associated with the evolution CO, (i.e. m/z = 12, 22, 44 and 45) increase as well.
Simultaneously, a decrease in the ion current of the mass fragments m/z = 32 (03) is
observed in Figure . This indicates that, even in the He ambient with a reduced
O, concentration, an oxidative decomposition of the amide/nitrile groups and of the
remaining organic matrix occurs. Since Figure shows a higher final weight at
500 °C in N,, the organic matrix is certainly not entirely decomposed. The residual
sample still contains compounds that are thermally stable in the reduced O, ambient.
These compounds account for ~ 44 w/w% of the residual sample.

In conclusion, the thermal decomposition pathway in He favors the formation of
amide and nitrile functionalities and the release of their associated mass fragments.
Additionally, the little amount of O, present in this He ambient is consumed for
the formation of NO and CO,, derived from the oxidative decomposition of such
amide/nitrile functionalities and of the residual matrix, respectively. At 500 °C, the
sample still contains compounds that are thermally stable in the reduced O, ambient
(~ 44 w/w% of the residual sample).

5.4 Conclusion

The thermal decomposition pathway of the ammonium-oxalato-VO?** gel is consci-
entiously studied in air and N, (or He). The largest weight loss is observed below 250
°C. This weight loss corresponds to the non-oxidative and endothermic decomposi-
tion of all the ammonium carboxylate groups with the release of NH,, H,O and CO,.
At 250 °C, the oxalato-VO**, y—oxalato-(VOz+)2, formato-VO?* and oxamato-VO**
species remain. Above 250 °C, a differentiation is observed between the decomposi-
tion pathway in an oxidative (dry air) and a non-oxidative (N, or He) ambient.

o In an oxidative ambient, an exothermic and oxidative decomposition step oc-
curs around 275 °C. The remaining VO** species are fully decomposed with
the release of mainly H,O, CO, and NO,. Additionally, the formation of the
V-O bonds takes place resulting in V,05. No weight loss is observed above 300
°C leading to a final weight of 11 %.
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¢ Inanon-oxidative ambient, no exothermic reactions are observed and the major
decomposition step is delayed to 322 °C. The thermal decomposition pathway
favors the formation of amide and nitrile functionalities and the release of
their associated mass fragments. Additionally, the little amount of O, present
is consumed for the formation of NO and CO,, derived from the oxidative
decomposition of such amide/nitrile functionalities and of the residual matrix,
respectively. At 500 °C, the sample still contains compounds that are thermally
stable in the reduced O, ambient (~ 44 w/w% of the residual sample).

With aforementioned insights, the thermal study of the ammonium-citrato-VO**
gel can begin, knowing that: (i) the aqueous citrato-VO?** solution probably contains
oxalate residues and (ii) the decomposition profile is expected to be more complicated
due to the larger ligand.



Chapter 6

Thermal decomposition of
ammonium-citrato-VO?*

During the synthesis of the ammonium-citrato-VO?** solution (Figure[2.2|in Chapter
, citric acid and NH; are added to the solution in a 2/1 molar ratio w.r.t. VO* and
to obtain a solution with a pH value of 7, respectively. In Chapter |2} the structure of
the citrato-VO** complex has been studied using Electron Paramagnetic Resonance
spectroscopy.
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Figure 6.1: FTIR spectra of the ammonium-citrato-VO?** gel, obtained after drying at 60 °C,
heated in dry air (100 mL min™") for 30 minutes at various temperatures. (left:
spectra from 4000 cm™! to 600 cm™t, right: spectra from 2000 cm™ to 600 cm™) A
tentative assignment is given in Table

99



100 6. THERMAL DECOMPOSITION OF AMMONIUM-CITRATO-VO*

It is shown that the citrato-VO®" complex occupies a distorted octahedral geometry
with a four carboxylate ligation at the equatorial positions and a fifth carboxylate
ligation at the axial position w.r.t. to the V=0 axis. Thus each VO?** ion is chelated
by 5 carboxylate groups. However 6 carboxylate groups have been added to the
solution per VO** ion, indicating that every sixth carboxylate group is available
for the formation of an ammonium-carboxylate bridge between two or three VO**
complexes. Note that a-hydroxyl functionality (possibly protonated) does not chelate
the VO** and is considered a free hydroxyl group.

The FTIR spectrum of the ammonium-citrato-VO** gel, obtained by drying at 60 °C,
in Figure6.1|confirms the presence of the aforementioned groups or interactions. A
detailed assignment of the main vibrations is listed in Table The C=0 vibration
mode and O-C=0 deformation, both associated with carboxylic acid groups (i.e.
-COOH), are observed at 1710 cm™ and 1303 cm™, respectively. The presence of
carboxylate groups, originating from oxalate of citrate ligands and interacting with
either NHj or VO, is suggested by the symmetric and asymmetric vibration modes
occurring at 1643 cm ™!, 1601 cm™!, 1440 cm ™ and 1405 cm™. Note that the v5(CO;) at
1405 cm™! coincides with the ammonium deformation (i.e. O(NH;)).[75,192-94] The
vanady! unit is observed by its stretch vibration at 954 cm™ and its V-O-V skeleton
vibration at 803 cm™!.[95} [113]

Vibration ~ Wavenumber (cm™) (Assignment)
21 3600 — 2800 (broad) v(O-H) O-H stretching in H,O
7 3600 — 2800 (broad) v(N-H) N-H stretching in NH:lr
21 3600 — 2800 (broad) v(C-H) C-H stretching in CH,
12 1710 v(C=0) C=0 stretching in COOH or in anhydride
V3 1676 1(C=0) C=0 stretching in CONH,
vy 1643 vas(CO3) Asymmetric CO; stretching with VOZ* or VO3
Vs 1601 vas(COy) Asymmetric CO; stretching with NH}
Ve 1440 v5(CO3) Symmetric COj stretching with NH
vy 1405 v5(CO3) Symmetric CO; stretching with VO** or VOJ
vy 1405 S(NH;) NH; deformation
vy 1405 v5(CON) C-N stretching in CONH,
Vg 1303 6(0-C=0) 0O-C=0 deformation
V9,10 1260 and 1195 v(C-0O) C-O stretching in anhydride ether, doublet
e 1110 and 1070 v(C-O) C-O stretching in C-OH, doublet
V12 980 (V3 = 0) V3 =0 stretching
V13 954 y(V+ = 0) V4 =0 stretching
V14 897 6y(C—H)  C-H out-plane deformation in terminal methylene
V15 875 6(C-0O) C-O out-of-plane deformation
V16 803 v(V-0O-V) V-O-V skeleton vibration

Table 6.1: Band assignments of the main vibrations (expressed in cm™) observed in the FTIR
spectra of the dried ammonium-citrato-VO** gel heated at various temperatures
for 30 minutes in dry air. Note that the carboxylate vibrations can originated from
carboxylate groups associated with oxalate or citrate. The assignments are based
on references [75}, (92194, [113].
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Additionally, a broad band in the FTIR spectrum is observed between 3600 cm ™ and
2800 cm™! which is assigned to v(O—H), v(N—H) and v(C— H) associated with residual
H,O, NH; and citrate’s CH, group respectively. This band is broadened by H-bridge
formation in the gel. The presence of oxalate residues in the ammonium-citrato-VO?**
gel is expected as well.

6.1 Weight loss and heat flow

The thermal decomposition profile of the ammonium-citrato-VO?** precursor gel,
given in Figure is studied up to 625 °C in an oxidative (dry air) and inert (N,)
ambient.

Heat Flow (W/g)

T T T T T T T T T T T
100 200 300 400 500 600
Temperature (°C)

Figure 6.2: TGA (Mass %), DTA (Der. Mass) and DSC (Heat Flow) analysis of the citrato-VO**
gel, obtained by drying of the aqueous citrato-VO*" solution at 60 °C. The analyses
are performed in dry air and in N,.

In both conditions, the weight loss occurs though a sequence of steps. Up to 245
°C, the thermal decomposition pathway is very similar in dry air and N,. The
decomposition consists of non-oxidative and endothermic steps, as suggested by
the decrease in the heat flow with respect to its background level. Above 245 °C, a
diversification is observed between the thermal decomposition pathway in dry air
and N,.

e In dry air, a first oxidative and exothermic process takes place between 245
°C and 300 °C with its decomposition rate maximum at 270 °C. Note that the
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ammonium-oxalate-VO?* gel exhibits a decomposition rate maximum at 275 °C
as well, suggesting that this decomposition step stems from the decomposition
of the residual ammonium-oxalate-VO** in the ammonium-citrato-VO** gel.
The second oxidative and exothermic process is observed between 400 °C and
500 °C with local decomposition rate maxima at 433 °C and 457 °C. As the
temperature reaches 500 °C, no further weight loss is observed leading to a
total weight loss of 87 % in dry air.

e In N,, no exothermic decomposition is observed within the studied tempera-
ture interval. From 245 °C to 480 °C, a gradual weight loss is observed with
a small increase in the decomposition rate around 337 °C and 425 °C. This
gradual weight loss accounts for about 30 %. The step around 325 °C is also
observed in the thermal decomposition of the ammonium-oxalate-VO** gel in
an inert ambient which further confirms the presence of residual oxalates in the
ammonium-citrato-VO?* gel. As the temperature further increase up to 625 °C,
an additional and continuous weight loss of about 5 % is observed.

In order to describe the reactions occurring during the thermal decomposition of the
ammonium-citrato-VO** gel, the evolved gasses and the remaining solid are ana-
lyzed using an online coupled mass spectrometer and by ex-situ FTIR spectroscopy
respectively. Figures [6.3|and [6.4|show the profile of the significant mass fragments
detected during the thermal decomposition of the ammonium-citrato-VO** gel in
dry air and He, respectively. A tentative assignment of these mass fragments is listed
in Table The FTIR spectra of the solids obtained after heating of the ammonium-
citrato-VO** gel in dry air at various temperatures and the tentative assignments of
its main vibrations are given in Figure [6.1|and Table 6.1} respectively.

6.2 Thermal decomposition from room temperature to
245 °C

The small weight loss below 100 °C is associated with the onset of evolution of the
m/z = 17 (OH", NH;') and m/z = 18 (H,0", NH}) mass fragments as observed
in Figures|6.3|and Since the onset of the mass fragment m/z = 16 (NH;) is not
observed in He, it is plausible to assume that the evolution of the mass fragments m/z
=17 and 18 is caused by the evaporation of water. In this temperature range, the FTIR
spectra of the remaining product (Figure does not change, suggesting that the
ammonium bridged network of citrato-VO** complexes is not affected. Therefore,
this first weight loss is only caused by a further drying of the gel with the evaporation
of H,0.
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Figure 6.3: TGA-MS profile of the ammonium-citrato-VO®" gel, obtained by drying of the
citrato-VO* solution at 60 °C, recorded in dry air at a heating rate of 10 °C min~":
fragments related to the carboxylate groups (a.), to H,O and/or NH; (b.), to the in-
teraction between carboxylic acid groups and NH; (c.) and to the citrate’s skeleton
(d.) and to the ambient (e.). Only the relevant fragments in the m/e = 5-120 region
are shown (Ion currents). Note that each sub-figure has its own Ion current scale.
A tentative assignment is given in Table
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Figure 6.4: TGA-MS profile of the ammonium-citrato-VO®* gel, obtained by drying of the
citrato-VO** solution at 60 °C, recorded in He at a heating rate of 10 °C min™":
fragments related to the carboxylate groups (a.), to H,O and/or NH; (b.), to the in-
teraction between carboxylic acid groups and NH; (c.) and to the citrate’s skeleton
(d.) and to the ambient (e.). Only the relevant fragments in the m/e = 5-120 region
are shown (Ion currents). Note that each sub-figure has its own Ion current scale.

A tentative assignment is given in Table
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m/e dryair N, Tentative assignment
12 X X ct
15 X X NO*t, CH;
16 X X O*, 05", NH;
17 X X OH*, NH}"
18 X X H,0", NH}
22 X X cos*
26 X CN*
27 X HCN™*
30 X X NO*, C,H{, H,N=CH;
32 X X O;
41 X X H,C=C=NH*"
43 X X HNCO*, C,H7
44 X X €05, H,N-C=0", C,H{
45 X X 13CO§"
46 X X NOj3, C,H,OH*
58 X X C,H, 0"

Table 6.2: Mass fragments which exhibit significant changes in the TGA-MS of the dried
ammonium-citrato-VO*" gel. The tentative assignments are based on references
(86,94} 108, 110} 112].

Between 100 °C and 190 °C, a strong weight loss (i.e. about 29 %) can be seen in the
thermal decomposition profile of the ammonium-citrato-VO** gel. This weight loss
is identical in dry air and He and is associated with a decrease in the heat flow to a
value below its background level. This suggests an endothermic and non-oxidative
nature of this decomposition step. In Figures[6.3|and[6.4} a further increase in the ion
current of the mass fragments m/z = 17 (OH", NH;") and m/z = 18 (H,0™, NHj)) is
visible. In addition, a strong increase in the ion current of the mass fragment m/z =
16 (NHj) is observed in He. The evolution of these mass fragments suggest a strong
emission of NH, and H,O. After a short delay, mass fragments associated with the
evolution of CO, appear in the MS curves: m/z =12 (C") and m/z =22 (CO; "), m/z
=44 (CO;") and m/z = 45 (3COJ"). For the dominating CO,-related fragment (i.e.
m/z = 44) the ion current almost increases with two orders in magnitude. This is,
in comparison to the other significant mass fragments, a large release. In addition a
small increase in the ion current (i.e. below 1 pA) of the mass fragments m/z = 15
(CH3), m/z = 30 (H,N=CHj;), m/z = 41 (H,C=C=NH""), m/z = 43 (HNCO™"), m/z
=46 (C,H;OH") and m/z = 58 (C;H,O™) is observed.

In the FTIR spectra of the powders obtained after heating at 100 °C, 150 °C and 200
°C in air (Figure [6.1)), the following observations can be made:

e The vibration modes associated with the ammonium-carboxylate groups at
1440 cm™! and 6(O — C = O) at 1303 cm™! disappear.

e The symmetric stretching mode associated with VO**-carboxylate groups at
1405 cm™ or the V#* =0 center (v(V** = O) at 954 cm™!) are invariant.



106 6. THERMAL DECOMPOSITION OF AMMONIUM-CITRATO-VO*

e Changes occur in the frequency region between 1550 cm™ and 1750 cm™. In-
stead of resolved peaks, a plateau with a rather continuous intensity is observed
at 150 °C and 200 °C. This region can cover the v(C = O) of a carboxylic acid
or an amide group, the v,5(CO;) of a carboxylate interacting with VO** (1643
cm™) or with NHj (1601 cm™) and the v(C = C) of a terminal methylene.

o The presence of a terminal methylene groups is proven by the presence of its
out-of-plane deformation at 897 cm™'.

Combining both observations - (i) the emission of certain gasses detected as an
increase in the ion current of its associated mass fragments and (ii) the changes
in FTIR spectra of the formed compounds - and previous reports on the thermal
decomposition of an ammonium-citrato-Zn*" gel by Van Werde et al.[86] leads to the
following conclusions on this non-oxidative and endothermic decomposition stepﬂ

1. Similar to the decomposition of pure citric acid, citrate’s a-hydroxyl functional-
ity is subjected to a dehydroxylation which releases H,O and results in a double
bond (i.e. C=C) transforming the citrate into an aconite. The stretch vibration
of such a double bond is located around 1650 cm™ which is unresolved in the
FTIR spectra.

2. The ammonium carboxylate groups rearrange towards carboxylic acid groups
(Equation [6.1) with the release of NH;.

R-COO™---H-NHj — R—-COOH + NH,(g) (6.1)
3. The formed carboxylic acid groups can further react with NH, to form amides
and emit H,O (Equation|[6.2).

R-COOH + NH, —> R—-CONH, + H,0(g) (6.2)

4. By combining the dehydroxylation of citrate’s a-hydroxyl functionality and the
rearrangement of the ammonium-carboxylate groups, unsaturated carboxylic
acid and unsaturated amides can be formed. An ordinary carboxylic acid
group and such an unsaturated carboxylic acid group is subjected to a further
decarboxylation with the emission of CO,, forming a terminal methyl or a
terminal methylene group (Equations|6.3]and [6.4), respectively.

R)(R)(R3)C—-CH,~COOH — (R;)(R,)(R3)C—-CH; + CO,(g) (6.3)

(R)(R,)C=CH-COOH — (R;)(R,)C=CH, + CO,(g) (6.4)

INote that in the following equations, for simplicity, the insignificant groups are abbreviated as R or
R;. For each equation R and R; can be different and the R; partition only indicates that the insignificant
groups are not necessarily identical.
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5. Alternatively, two neighboring carboxylic acid groups can interact and form
an anhydride during a nucleophilic acyl substitution with the emission of H,O
(Equation 6.5).[114] The presence of such an anhydride is suggested by C-O-C
stretch vibration at 1260 cm™ and 1195 cm™ in the FTIR spectra at 200 °C.

R,COOH + R,COOH — R,C(=0)-O—-(0=)CR, + H,0(g)  (6.5)

So far, the origin of the observed H,O, NH,; and CO, emission has been sug-
gested by rearranging citrate’s a-hydroxyl functionality, carboxylic acid groups
and ammonium-carboxylate groups. The following groups or species remain: ita-
conate in which each carboxylate group interacts with a VO** ion, terminal methyl
(—CH3), terminal methylene (= CH,), saturated amide (—-CONH,), unsaturated amide
(= C — CONH,;) and anhydride (—C(= O) — O — (O =)C-). Note that in this temper-
ature interval, also the first step in the decomposition pathway of oxalate residues
occur: the formation of carboxylic acid and amide groups by a rearrangement of the
ammonium carboxylate groups and the decarboxylation of the formed carboxylic
acid groups.

As the temperature further increases, a next weight loss is observed between 190
°C and 245 °C. This weight loss occurs in dry air and in He, and is associated with
a small decrease in the heat flow. The MS spectra show only a slight increase in
the ion current of the mass fragments associated with H,O, NH; and CO, in dry
air and in He: m/z = 12 (C™"), m/z = 17 (OH*, NH}"), m/z = 18 (H,0"™, NH}),
m/z = 22 (COJ*), m/z = 44 (COJ) and m/z = 45 (1¥COJ). The FTIR spectra of
the powders obtained at 200 °C and 235 °C exhibit only differences in the region
1350-1450 cm™! and 1550-1750 cm™!. Only the carboxylate vibrations associated
with the VO*' jon remain at 235 °C: v4s(COy) at 1643 cm™! and v5(CO;) at 1405
cm™!. No indications for carboxylate vibrations associated with the ammonium ion
are detected. In addition, the C=0 stretch vibration in an amide group (1676 cm™)
and in an anhydride group (1710 cm™!) are clearly observable in the FTIR spectrum
of the powder obtained after heating at 235 °C. These observation correspond to
the non-oxidative and endothermic decomposition of the oxalato-NH, species, via
oxalic acid, into the volatile NH;, H,O and CO, (Equations [5.4] and .5). Note
that the FTIR spectra show a shift of the vanadyl vibration from 954 cm™ to 980
cm™! as the temperature increases from 200 °C to 272 °C. This suggest the oxidation
onset of vanadium(IV) to vanadium (V). At 235 °C, the wavenumber is intermediate
indicating the presence of both vanadium(IV) and vanadium(V)

Summarizing, the sequence of reactions below 245 °C decomposes the organic ma-
trix consisting of ammonium carboxylate groups, carboxylic acid groups and am-
monium oxalate residues. The carboxylate groups, coordination the VO** ion, are
still unaffected. However, the VO** ion itself oxidizes to a VO} ion. The following
groups remain at 245 °C: itaconate in which each carboxylate group interacts with
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a VO;r ion, terminal methylene, (un)saturated amide, anhydride, oxalato-VOZ, u-
oxalato-(VO?"),, formato-VO3 and oxamato-VO}. As indicated earlier, the thermal
decomposition pathway in dry air and He differs from 245 °C on. In dry air, an
oxidative pathway is followed with exothermic peaks in the heat flow. Contrarily,
a non-oxidative pathway is followed in He without significant heat flow features.
Both pathways will be discussed in the next sections.

6.3 Thermal decomposition from 245 °C to 625 °C

6.3.1 Oxidative pathway

Between 245 °C and 300 °C the first weight loss, related to an oxidative and exothermic
decomposition process, is observed with its maximum decomposition rate at 270 °C
(Figure[6.2). The mass spectrum in Figure[6.3|shows a local increase in the ion current
of the mass fragments assigned to the release of H,O, NH, (m/z = 17, 18) and CO,
(m/z = 12, 22, 44, 45). Additionally, a small peak in the ion current of the mass
fragments m/z = 43 (HNCO™) and m/z = 46 (NO;) is observed. The FTIR spectra
of the powders obtained at 235 °C and 272 °C (Figure are almost identical. A
subtitle decrease in the intensity of the peaks associated with the asymmetric and
symmetric carboxylate stretch vibrations in the interaction with the VO; ion at 1643
cm™! and 1405 cm™! is observed. This intensity decrease is relative to the invariant
intensity of neighboring peaks. Aforementioned observations could suggest that:

1. Some carboxylate groups in the direct vicinity of a VO; ion burn with the
release CO, and H,O.

2. Some of the present amide groups further rearrange into nitrile functionalities
with the release of H,O.

3. The formed nitrile groups decompose into the volatile isocyanic acid (HNCO).

4. Few nitrogen containing groups, i.e. amides or nitriles, oxidize and release
NO,.

This oxidative decomposition pathway is feasible for the citrate and oxalate residues.
For an ammonium-citrato-Zn®* gel this pathway is only suggested at higher tempera-
tures (between 400 °C and 500 °C).[86] However, this temperature range fits perfectly
with the oxidative decomposition of the oxalato-VOJ, u-oxalato-(VO*"),, formato-
VO; and oxamato-VO;, studied in Chapter[5| Thus it is acceptable to assume that
the oxidative decomposition step between 245 °C and 300 °C almost completely
corresponds to the decomposition of the oxalate residues. In addition, Figure
shows that no further decomposition of oxalate residues can be expected above 300
°C suggesting that all oxalate residues are fully decomposed at 300 °C. At this point
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in the oxidative decomposition of the ammonium-citrato-VO*" gel only the follow-
ing species remain: carboxylate groups - originating from the citrate ligand - in the
direct vicinity of a VO; ion, terminal methylene, (un)saturated amide and anhydride
functionalities.

Finally, between 380 °C and 500 °C, the last decomposition steps are observed with
their decomposition rate maxima at 435 °C and 456 °C (Figure [6.2). These decom-
position steps result in a strong increase in the heat flow suggesting the presence of
very exothermic reactions. The mass spectrum shows a strong increase in the ion
current of the mass fragments associated with the emission of CO, (i.e. m/z =12, 22,
44 and 45). Each of these ion currents reach its highest level in the entire studied tem-
perature interval, emphasizing the large release of CO,. Additionally, the evolution
of H,O and NH, is observed by the increase in the ion current associated with the
mass fragments m/z = 17 and m/z = 18. A strong increase in the mass fragment m/z
= 46 (NO;) suggests a large evolution of NO, as well. Interestingly, no fragments
associated with the non-oxidative decomposition of nitrile groups are observed: m/z
=26 (CN") and m/z = 27 (HCN™). The FTIR spectra of the powders obtained at 350
°C, 400 °C and 500 °C show a disappearance of all organic groups as the temperature
increases. The peaks associated with anhydride vibrations - v(C = O), v(C—O-C) and
v(C-0-C)at1710 cm™}, 1260 cm™! and 1195 cm™! respectively - which could persist
until 400 °C, are not longer present at 500 °C. The peaks associated with carboxylate
groups interacting with VO3 at 1643 cm™! and 1405 cm™ disappear from 400 °C to
500 °C. The C-H out-of-plane deformation of the terminal methylene, 6, (C—H), at 897
cm™! is already vanished at 350 °C. The only vibration left at 500 °C, is the vanadyl
stretch vibration, v(V°* = O), at 980 cm™.

The observations in the MS and FTIR spectra suggest that all organics burn and emit
CO,, H,0 and/or NO,.

1. The (un)saturated amide and nitrile groups react with O, and form NO, rather
than their non-oxidative rearrangement and the emission of nitrile-based frag-
ments.

2. The anhydride functionalities can either burn with the release O, and H,O
or evaporate.[86] Typical fragments assigned to the evaporation of anhydride
species, m/z = 68 (C,H,0") and m/z = 112 (C;H,03), are not detected. This
suggests that such an evaporation is unlikely and that the anhydride species
are rather burned.

3. The carboxylate groups in the direct vicinity of a VO; ion and the terminal
methylene burn to CO, and H,0O.

4. During decomposition in air, the formation of the V-O bonds takes place.

The obtained powder at 625 °C is crystalline and is identified as orthorhombic V,0;
according to JCPDS 03-0206[96] (Figure[6.5).
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Figure 6.5: X-Ray Diffraction of the ammonium-citrato-VO?** gel after a thermal treatment till
625 °C in dry air. The assignments are based on JCPDS 03-0206 of orthorhombic
V,0;.[96]

In conclusion, during the oxidative decomposition pathway between 245 °C and 625
°C the following reactions occur. Firstly, the onset of VO** /VO} oxidation is already
observed at 200 °C and is fully carried out at 272 °C. Around 272 °C, oxalate residues
interacting with the VOj ion (oxalato-VO}, p-oxalato-(VO*"),, formato-VO;} and
oxamato-VO;3) completely oxidize to H,O, CO, and NO,. No indication of oxalate
residues are found above 300 °C. Between 400 °C and 500 °C, species and groups
related to the citrate ligand (carboxylate groups in the direct vicinity of a VO3 ion,
terminal methylene, (un)saturated amide and anhydride functionalities) burn with
the strong emission of H,O, CO, and NO,. During this temperature interval V-O
bonds are formed and V,O; crystallization occurs.

6.3.2 Non-oxidative pathway

In an inert atmosphere, the decomposition pathway of the ammonium-citrato-VO?**
gel is quite different at higher temperatures (i.e. above 245 °C). So far the organic
matrix - consisting of the a-hydroxyl, ammonium carboxylate groups and carboxylic
acid groups - is decomposed by a series of endothermic and non-oxidative steps
including dehydroxylation and decarboxylation. In contrast, the carboxylate groups
- coordination the VO?* ion - are still unaffected. The following groups or species
are still present at 245 °C: itaconate in which each carboxylate group interacts with
a VO** ion, terminal methylene, (un)saturated amide, anhydride, oxalato-VO3, u-
oxalato-(VO**),, formato-VO** and oxamato-VO?**.
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Between 245 °C and 380 °C a weight loss of about 16 % is seen with its decomposition
rate maximum at 325 °C. This weight loss is accompanied with an increase in the ion
current of the mass fragments associated with the evolution of CO, (m/z = 12, 44
and 45). The ion current of the mass fragment m/z = 15 shows local maximum at 325
°C. Since the terminal methyl group is already volatilized around 150 °C (CH3), the
assignment of this mass fragment to NO** is plausible. Both CO, and NO are the
result of a minor oxidation of carboxylate and amide groups. This is confirmed by the
dip in the ion current of the O, mass fragment (m/z = 32). At 325 °C, a small increase
in the ion current of mass fragments associated with the emission of NH, and H,O is
observed (m/z = 16, 17, 18). These fragments can arise from amide rearrangements
and nitrile emissions as is observed by the increase in the ion current of the mass
fragments m/z = 26 (CN"), m/z = 27 (HCN™) and m/z = 43 (HNCO""). Because
of the large similarities with the non-oxidative decomposition of the ammonium-
oxalato-VO** gel around 325 °C in He, these decomposition steps are assigned to the
final decomposition of oxalate species (i.e. oxalato-VOZ, y—oxalato—(VOz+)2, formato-
VO* and oxamato-VO?**) present in the ammonium-citrato-VO** gel. Note that
Figure 5.1|shows no further weight loss as the temperature exceeds 350 °C, thus all
oxalate residues are assumed to be fully decomposed at this temperature. At this
point only the following species remain: carboxylate groups - originating from the
citrate ligand - in the direct vicinity of a VO?* ion, terminal methylene, (un)saturated
amide and anhydride functionalities.

As the temperature further increase towards 500 °C, the mass curve further decreases
and an additional decomposition step can be observed between 380 °C and 500 °C
with its decomposition rate maximum at 425 °C. The mass spectrum shows a plateau
in the ion current of the mass fragments m/z = 26 (CN¥) and m/z = 27 (HCN™)
between 300 °C and 450 °C. This suggests that nitrile formation already occurs during
the final oxalate removal and its fragmentation continuous until 450 °C. Nitriles can
be formed by the rearrangement of a primary amide (equation [6.6). This nitrile is
subjected to two types of dissociation reactions: (i) cleavage of the C,-CN with a g-H
(Equation and the emission of HCN and (ii) cleavage of the C3-C, bond with
a y-H and the emission of H,C=C=NH in a McLafferty rearrangement (Equation
.[110] The increased ion current of the mass fragments m/z = 26 (CN¥), m/z =
27 (HCN™) and m/z = 41 (H,C=C=NH"") support both nitrile rearrangements in an
inert atmosphere.

RC(=0)NH, — RC=N + H,0(g) (6.6)

RRHC-CH,-C=N — RRC=CH, + HCN(g) (6.7)

RCH=C(R)-CH,-C=N — RC=C(R) + CH,=C=NH(g) (6.8)
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Around 425 °C, a dip in the ion current of mass fragment associated with O, (m/z =
32, O7) is observed. Simultaneously a slight increase in the ion current, associated
with the emission of CO, (m/z = 12, 22, 44 and 45) and NO (m/z = 15, 30), occurs.
This indicates that the low amount of O, present in the He atmosphere is consumed
in the oxidative decomposition of residual organics. Obviously, nitrogenous groups
only partially oxidize to NO and not to NO, (an increase in the mass fragment m/z
= 46, NO;3, is not detected). As the temperature further increases (i.e. from 500
°C to 625 °C), almost all mass fragments fall to their initial background level. The
final weight obtained at 625 °C in N, (Figure equals 27 %. This is 14 % more
than could be obtained in dry air. Thus the organic matrix is certainly not entirely
decomposed. The residual sample still contains compounds that are thermally stable
in the reduced O, ambient. These compounds account for ~ 51 w/w% of the residual
sample.

6.4 Conclusion

The thermal decomposition pathway of the ammonium-citrato-VO?** gel is conscien-
tiously studied in air and N, (or He). The largest weight loss is observed below 245
°C. This weight loss firstly corresponds to the release of residual water and ammonia
from the precursor gel. Secondly, a sequence of non-oxidative and endothermic pro-
cesses take place in which the organic matrix (i.e. a-hydroxyl groups, ammonium
carboxylate groups and carboxylic acid groups) is decomposed through a series of de-
hydroxylation and decarboxylation reactions with the release of NH,, H,O and CO,.
Above 245 °C, the thermal decomposition pathway of the ammonium-citrato-VO**
gel depends on the ambient.

e In oxidative conditions (i.e. dry air) all thermo stable compounds formed
during the previous decomposition steps and the direct coordination sphere of
the vanadium ion are decomposed with the formation of mainly H,O, NHj,
CO, and NO,. Mass fragments suggesting amide formation are detected as
well, but with a marginal ion current. Finally, the formation of the V-O bonds
takes place and V,O; crystallization occurs.

e Inaninert atmosphere, the decomposition of oxalate residues extends up to 325
°C (as was already observed during the decomposition study of the ammonium-
oxalato-VO?* in Chapter . Next, amide functionalities form and convert to
nitrile groups with the release of H,O. These nitrile groups subsequently
rearrange and emit HCN or H,C=C=N. Due to the unintended presence of
O, in the inert atmosphere also minor oxidative burnings of thermo stable
compounds are observed. The residual sample, obtained at 625 °C, still contains
compounds that are thermally stable. These compounds account for ~ 51 w/w%
of the residual sample.
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Chapter 7

Review: solution deposition
route for vanadium oxide
formation

Since the composition and structure of the VO?* complexes, present in the aque-
ous solution, and their thermal decomposition pathway are understood, the actual
vanadium oxide formation can be explored. Prior to this study, a brief literature
elaboration on the technological importance of nanostructured vanadium oxides
and a description of the selected solution-based deposition (i.e. Chemical Solution
Deposition) and processing route will be given in this Chapter.

As discussed earlier, vanadium forms a variety of vanadium oxides (Figure[T). This
variety includes single valence oxides (such as VO, V,0,, VO, and V,0O;) and mixed
valence oxides either belonging to the Magnéli phases, V O, ;, or the Wadsley
phases, V, Os, ,.[1H4] Some of these vanadium oxides with a specific structure and
crystallinity are intensively investigated as candidate active materials in future tech-
nological devices.

71 VO, M1

7.1.1 The metal-to-insulator transition (MIT)

The mixed valance oxides from the Magnéli series, with a stoichiometry defined in
Equation take an intermediary position between the vanadium dioxide (VO,)
and the vanadium sesquioxide (V,0;).[4]

V,0,._, = V,0, + (n-2)VO, (7.1)

115
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The crystal structures of the Magnéli phases consist of rutile- and corundum-type
building blocks.[2, 4] Except for V,0,;, which behaves metallic at all temperatures
[115], each Magnéli phase undergoes a semiconductor-to-insulator transitio (MIT)
at a critical temperature, as given in Table Each MIT of the listed vanadium
oxides is accompanied by a structural phase transition and a change in its electrical
and optical properties.[4} 5] [116]

Compound n  Tyyr (°C)

vO 1 -150
V,0, 2 -105
V,0; 3 157
v,0, 4 23
V50, 5 -138
VO, 6 -103
V,0,5 7

5015 8 -203
V40,5, 9 -195
VO, o0 68

Table 7.1: Examples of mixed valance vanadium oxides belonging to the Magnéli series,
V.,0,,.1. The last column gives the transition temperature, Tyyr, of these vanadium
oxides if a transition is theoretically predicted or experimentally observed.[3H5,[116]

Among the Magnéli vanadium oxides, only VO, demonstrates a transition temper-
ature close to Treom (68 °C in bulk crystals). The MIT causes an abrupt change in
electrical resistivity (factor in the order of 10* - 10°) and in its near-infrared optical
properties in the 0.8 — 2.2. um region (e.g. a transmittance of ~ 70 % and ~ 15 %
at 20 °C and 80 °C, respectively).[3} 6} [7, 17| [18] 22} 23] [117H128] The MIT is mostly
triggered by a temperature change. However, another approach to trigger the MIT
is by applying an electrical field to a VO,-based two- or three-terminal structure
(i.e. a simple electronic switch or a gated electronic switch).[129H134]. In addition,
Baum et al. and Cavalleri et al. have shown that the MIT occurs on a nanosecond
timescale.[135, [136] These unique properties make VO, an excellent candidate for
ultra fast thermal, optical and electronic switching and sensing applications in future
technological devices such as intelligent windows, non-volatile memories, transistors
and sensors.[5H7, [116) 131, [137-139]

The VO, MIT is accompanied by a structural phase transition (SPT) from a tetragonal
or rutile (R) (P4, /mnm) to monoclinic (M1) (P2;/c) structure.[135, 137,138} (140, [141]
Recent studies suggest the involvement of an additional monoclinic (M2) (C2/m)
phase near the MIT. It is claimed that both monoclinic phases have similar electrical
properties, which explains the ignorance concerning the M2 phase in older literature.
The VO, SPT from the rutile, via the M2 monoclinic, to the M1 monoclinic phases is

I This semiconductor-to-metal transition is more commonly named metal-to-insulator, abbreviated as
MIT. The assignment of insulator to the low temperature phase is rather inaccurate since the band gap of
e.g. VO, amounts 0.6 to 0.7 eV.
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shown in Figure In each structure, the vanadium atoms form chains in which
each vanadium atom is surrounded by six oxygen atoms in a distorted octahedral
geometry. In the high temperature, rutile phase all chains are straight and periodic.
Whereas in the low temperature, monoclinic M1 phases every vanadium atom in the
chain is dimerized and the chain is slightly tilted. Going from the rutile phase to the
monoclinic M1 phase, the following structural changes occur[138, 140-142]:

e Every two vanadium atoms pair along the c-axis, resulting in an alternating
short and long V-V interaction distance.

e Theinteraction axis of two paired vanadium atoms tilt with respect to the c-axis.

Monoclinic M1 Monoclinic M2 Rutile (R)

O Vimz
o Vo

© O
© O
© O3me

Figure 7.1: Crystal structure of the monoclinic M1, monoclinic M2 and rutile phases involved
in the SPT of VO,.[140]

7.1.2 Modulating the MIT parameters

The VO, metal-to-insulator transition is extremely sensitive to small changes in the
intrinsic and extrinsic parameters such as the stoichiometry, crystallinity, morphol-
ogy, film thickness, underlying surface and dopants. The effect of some of these
parameters on the transition is summarized in Figure[7.2]and in Tables
and Figure shows an idealized transition curve during a triangular tem-
perature sweep. The transition temperature in a forward sweep (i.e. heating), 7") MIT,
rarely coincides with the one in the backward sweep (i.e. cooling), <7_"M1T, which re-
sults in an hysteresis characterized by its width. 7") wir is typically higher than (TTMIT.
The low temperature, semiconducting state is featured by:

e ahigher electrical resistance, inconsistently expressed as resistance ((2), resistivity
(Q.cm), conductance (S) or conductivity (%em) in literature,

e a higher optical transmission in the 2000 ym — 2500 ym region, inconsistently
expressed as % transmittance or % reflectance in literature.
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The quantity conversion requires additional - often not available - information about
the synthesized VO, such as the film thickness. Therefore, the literature comparison

depicted in Figures [7.2B, and [7.2D does not include the electrical or optical
characteristics and is limited to the transition temperature and the hysteresis width.
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Figure 7.2: Idealized MIT curve during a triangular temperature sweep (A); and effect of the
dopant concentration (B), morphology (C), synthesis method (D) and substrate (D)
on the transition temperature (Tyyr). The symbols and bars in curves B, C and D
correspond to the average Ty (i.e. average between Tyyr during heating and Tyt
during cooling) and the hysteresis width. CSD corresponds to chemical solution

deposition. All data points are specified in Tables[7.2}[7.3] [/-4and[7.5]and are based
on references [7,(8, 15,122} 23} 117, 119} [121H125| [129] [139] [143H150Q].

The transition temperature of VO, (i.e. 68 °C) is too high for many practical ap-
plications. Figure shows that this transition temperature can be modulated
significantly by doping of the VO, film. Among the studied dopants, high valent
cations, such as W6+, Mo®" and Nb5+, decrease the transition temperature while low
valent cations, such as AI**, Cr** and Ti**, increase the transition temperature. Justas
the ongoing discussion on the nature of the VO, MIT and SPT, the explanation for the
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shifting of the transition temperature by the addition of dopants is still unrevealed.

Figure focuses on the influence of the morphology (i.e. grains size in a closed
film or particle size) on the transition. It seems that, in general, small particles (with a
size below 150 nm) are characterized by a slightly lower transition temperature and a
broad hysteresis width (i.e. more than 20 °C). The lowering of the transition tempera-
ture with maximum 10 °C can be considered as negligible with respect to dominating
hysteresis broadening. Kang et al. suggest that each grain or nanoparticle exhibits
its own MIT characterized by a certain transition temperate and hysteresis width
dependent on the particle or grain size. An analyzed area consists of many grains or
nanoparticles and the observed transition curve can be constructed as the sum of the
elementary transition curves, resulting in broadened hysteresis width.[150]

The last graph, Figure[7.2D, shows the contribution of the substrate and deposition
technique on the VO, transition temperature and the hysteresis width. No significant
difference is observed between the studied substrates (5iO,, Al,O;, Si or glass) and
deposition techniques. In all cases, the transition temperature of the films approaches
the transition temperature of bulk VO, (i.e. 68 °C). With respect to bulk VO,, the
hysteresis curve is slightly broadened, but not to the extent of the hysteresis broad-
ening observed for particles of granular films. This is consistent with statements of
Nag et al. who claim an intermediate hysteresis width for thin films.[7H9] 17, [18] In
addition, it is demonstrated that VO, thin films and nanoparticles tend to survive
the stress generated during repeated cycles of SPT better then bulk VO,.[7H9, [17, [18]
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7.2 Intercalation vanadium oxides

The layered oxides of vanadium —i.e. V,05, V,O,;, VO, (monoclinic B phase), V,0O;
and V,;0q4 — have received a lot of attention during the last decade(s) as candidate
cathode materials for lithium batteries. Figure shows the structures of these
vanadium oxides and the intercalated lithium atoms for which the layered lattice
acts as a perfect host.[10]

Li,VO, Li,V,0, Li,V,0,, Li,V,0, Li,V,0,

S48
Figure 7.3: Structures of layered and lithiated vanadium oxides: Li, VO,, Li,V,0;, Li, V,O,,,

Li, V¢O,; and Li, V;O4. The VO; square pyramids, VO, octahedra and Li atoms are
represented in pink, blue and turquoise, respectively.[10]

The vanadium pentoxide, V,0;, is mostly investigated and its intercalation mecha-
nism is well documented.[I51] As shown in Figure[7.3} orthorhombic V,Oj5 consists of
layers of edge and corner sharing VO, square pyramids. The electrochemical lithium
intercalation of V,Ojs is associated with several phases depending on the amount of
intercalated lithium. Figure[7.4presents the evolution of the Li, V,0O5 phases with the
amount of intercalated lithium, the cycling of the w phase and structural representa-
tion of 0 — LiV,05 and y — Li;V,05. The a, € and 6 phases exist for x < 1 and show
a V,0;-type of structure with a small distortion of the layers. For these phases, the
original, lithium-free V,0O5 can be recovered upon lithium deintercalation. However
if x exceeds 1 and the steep potential drop is observed, the initial V,O5 phase can
no longer be recovered. Instead, a structure associated with the y phase is formed.
In this structure, the layers are not planar, but parallel crenelated. This y phase can
be, reversibly, cycled in the range 0 < x < 2 without changing the y-type structure.
Upon further intercalation (i.e. x = 3), a new irreversible w-phase with a rock-salt
type structure is formed. This @ phase can be intercalated and deintercalated for 0.5

<x<25.[10,13,152]

Since the elucidation of the electrochemical behavior of V,0O;, various vanadium
oxides are synthesized and investigated as host for Li atoms. The V,O,; is such
a studied candidate cathode material. The structure of monoclinic V,O,, contains
slightly distorted VO, octahedra joined by edge sharing into single and double zigzag
chains and linked together by additional edge sharing into single and double sheets of
octahedra. The single and double sheets alternate and are interconnected by corner
sharing into a three—dimensional framework.[12} The reversible insertion of
lithium into the cavities of the V,O,, structure was first demonstrated by Murphy et
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4.0 .
Reversible cycling

of w-Li, V,04

3.0

Potential versus Li/Li* (V)

2.0

w
1.0 P R B |
0.0 1.0 2.0 3.0

x in Li, V,O;

Figure 7.4: Evolution of the Li, V,0O5 phases with the amount of intercalated lithium, the cy-
cling of the w phase and structural representation of 6 —LiV,0s and y —Li, V,Os.[13]

al. and further studied by West et al. VO, can accommodate up to 8 lithium atoms.
The intercalation of lithium proceeds through several phase changes, as illustrated
by the discharge curve in Figure[7.5 After the first three intercalation plateaus (i.e.
at2.8V,2.6 Vand 2.5 V), every site with a fivefold oxygen coordination is occupied
by lithium atoms. The resulting structure is similar to the initial V,O,; structure, but
expanded by 7.6 % in the direction of the layers (c-axis). If the intercalation continues
(i.e. x> 3), a second intercalation plateau is observed at 2.1 V and the lithium atoms
are rearranged occupying the square planar and the square pyramidal sites of the
VO, lattice. This results in a re-contraction of the unit cell along the c-axis and an
expansion of 5.6 % along the b-axis. These phase transitions make it very difficult to
obtain a good cyclability.[12} [152H155]

4.0

»
=)

N
®

3.0

N
N
T

[N
S
T

201

INd
[N}
T

Potential versus Li/Li* (V)
g
T

Potential versus Li/Li* (V)

1'0 1 1 1
0 1 2 3 4 5 6 7 0.00 0.25 0.50 0.75 1.00
xin Li, V,0,, xin Li,VO, (B)

Figure 7.5: Discharge curve of V,O,; and VO, B showing the potential decrease as a function
of the amount of intercalated lithium. Both curves are adapted from reference
[155] [156].
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As shown in Figure the VO, B structure consists of VO; square pyramids which
share corners of the base to form a sheet. In contrast to popular V,O;, the lithium
intercalation in VO, B is less studied. Zachau—Christiansen et al. showed the first
discharge curve of Li,VO, B (Figure [7.5). Li VO, B exhibits a relatively smooth
discharge curve upon lithium intercalation. A first potential plateau is observed at
2.5 V and is associated with the intercalation of 0.25 to 0.50 atoms of lithium per
formula unit. A second potential plateau is present at 2.0 V and corresponds to the
intercalation of ~ 0.8 atoms of lithium per formula unit. In the region 0 < x < 1,
Li, VO, B, the intercalation is fully reversible.[156]

7.3 Overview of solution-based routes for the formation
of vanadium oxides

The most common solution-based routes are listed by Van den Rul et al. and Schwartz
et al. who classify them based on (i) their gel-forming mechanism and (ii) the
involvement of the metal cations in the gel structuring.[21} [33]].

7.3.1 Metallo-organic decomposition route

In this precursor route, each metallo-organic compound is dissolved separately in
a non-interacting solvent. The solutions are then combined to yield a new solution
which reflects the stoichiometry of the desired metal oxide. The starting compounds
— mostly carboxylates with a long aliphatic group or p-diketonates (such as acetyl-
acetonates) — are water insensitive and do not exhibit hydrolysis or condensation.
Actually, this solution is a simple mixture of the starting compounds and does not fea-
ture gel formation upon drying. Obviously, this precursor route is straightforward,
but often associated with cracking of the deposited film during the film process-
ing. In these cases the non-interacting solvent and the extended metallo-organics are
replaced by polar solvent and smaller metallo-organics, respectively.[21} [33]

Pan et el. and Zhang et al. prepared a homogeneous sol by dissolving vanadyl
acetylacetonate (VO(acac),) in methanol with a vanadium concentration of ~ 0.125
M. Homogeneous films are obtained after spin coating on glass or on Si. The wet film
is subsequently dried at 60 or 80 °C and annealed in a N, ambient at 500-600 °C. They
directly obtain crystalline VO, M1 with a thickness of 20-30 nm per cycle.[144} [157]

7.3.2 Alkoxide sol-gel route

In the alkoxide sol-gel route, molecular alkoxide compounds polymerize into a three-
dimensional network which, subsequently, converts to a xerogel by removing the
alkanol solvent. The starting compound is typically a metal alkoxide (M(OR),) or
a mixture of a metal salt and a metal alkoxide in an alcohol. Such a compound hy-
drolyzes readily in the presence of water and forms a partially hydrolyzed monomer
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(M(OR),,,(OH), ) as given in Equation These partially hydrolyzed monomers
condensate via alkolation, alkoxolation, olation or oxolation reactions into oligomers.
Figure [7.6| schematically shows these possible condensation mechanisms. Further
condensation of these oligomers results in large clusters and eventually in a three-
dimensional network by aggregation of these clusters.[21} 39]

M(OR), + hH,O — M(OR), _, (OH), + hR(OH) (7.2)
Alkolation:
N H.g-R
VS Ay
oM=OH /l»o\/ /‘\‘0/‘\+ ROH
H H
Alkoxolation:

- M‘“GH + /M\GR

'
—M-F_
PR AT 7 e

Olation:
| / | ~ -
M5 ~M..5-H M_5SM— + H,0
OH -+ + 2
7= %l - > A9
H H
Oxolation: |
| \
_ — M-
M- OH . /‘/M‘QH // 9 MQ\ + H,O

SN

Figure 7.6: Possible mechanism for the condensation of partially hydrolyzed monomers to-
wards oligomers.[21]

Alkoxides are very reactive to ambient humidity, which implies the use of inconve-
nient experimental circumstances (i.e. inert atmosphere and glove box). Nonetheless,
this alkoxide-based sol-gel route is the most commonly applied chemical solution
route for the formation of vanadium oxides. Typical vanadium alkoxide starting
compounds are the vanadium(V) oxytriisopropoxide VO(C;H,0); and the vana-
dium(V) oxytriethoxide VO(C,H;0);, dissolved in isopropanol or ethanol. Chae
et al.[23] [118| [147], Béteille et al.[117, [149], Hanlon et al.[122]], Chen et al.[121] and
Partlow et al.[22] used these vanadium alkoxide solutions in the formation of nanos-
tructured vanadium oxides on glass, on SiO, and on AL,O,. In all the mentioned
studies, V,Os is first prepared by drying and heating of the deposited film in air at
temperatures around 80 °C and between 400 °C and 700 °C, respectively. The formed
V,0s, either amorphous or crystalline, is subsequently reduced to VO, (B or M1
phase) ina H,, CO/CO, orlow p, ambient.[7,22,123,117,118,121}122,[147,[149,[158]

7.3.3 Aqueous solution-gel route

In the aqueous solution-gel route, the metal cation reacts with chelating a-hydroxy-
carboxylato ligands to form a-hydroxy-carboxylato metal ion complexes in water.
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These complexes (i) prevent undesired hydrolysis of the metal cation and (ii) inhibit
precipitation upon water evaporation during the film deposition step via the forma-
tion of a cross linked three-dimensional network.[21}, [33] Citrate is typically chosen
as chelating agent and has resulted in stable solutions containing among others Ti**,
Zr* Nb>*, Ta®", Gd**, Ln®" and Zn?*. These solutions are used successfully for the
preparation of mono- and multimetal oxide compounds such as SrBi,Nb,O,, ZnO,
(Nb,_,Ta,),05 and TiO,.[61] 162,85, 86]

Even though the aqueous vanadium chemistry and its complexation by a chelating
a-hydroxy-carboxylato ligand such as citrate, is frequently studied (see Chapter [),
its employment as an aqueous solution-gel precursor for the formation of vanadium
oxide nanostructures is scarcely reported. It seems that the interest for the vana-
dium complexes is to be found in medical and biochemical applications. Hardy
et al. performed preliminary work on the synthesis of an aqueous citrato-peroxo-
dioxovanadate(V) precursor solution.

7.3.4 Polymer complex controlled route

In the polymer complex controlled route, the formation of a three-dimensional net-
work made by an organic polymer, in which the metal cations are distributed, is
aimed for. This polymer-based network can be:

o in-situ formed if a gel of coordinated metal cations is built during the polymer-
ization of monomers or oligomers,

o formed by the direct interaction of the metal cations with the polymer.

The Pechini route is a typical example of such an in-situ polymer complex controlled
route. In this Pechini route, carboxylic acids (e.g. citric acid) and carboxylate metal
ion complexes (e.g. citrato complexes) are dissolved in ethylene glycol. The heating
of this solution induces an esterification of the —OH function of the ethylene glycol
and the -COOH or —COO™ group of the acid or the metal ion complex. The formed
ester-based species contain, in turn, an —~OH and a COOH or COO™ functionality. In
this way, a polymer-based network of metal cations is sequentially built. A similar
gel structure is obtained by the direct dissolution of a metal coordinating polymer
and a metal salt. In this case, the polymer is not in-situ formed, but metal cations are
still attached to the polymer.

Gao et al. have reported such a polymer-complex controlled route for the formation
of crystalline VO, M1. In their approach, VOCl, and polyvinylpyrrolidone (PVP) are
dissolved in water. In comparison to the PVP-free solution, a strong increase in the
stability of the solution (from days to months) is observed and ascribed to the inter-
action between the polymer and the oxovanadate(IV) ion. They claim that in PVP the
nitrogen of the amide group partially donates its free electron pair to the neighboring
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carbonyl group. This results in a negatively charged carbonyl group and a positively
charged amine group which electrostatically interact with the oxovanadate(IV) ions
present. This PVP-based oxovanadate(IV) solution is employed for the formation of
a crystalline VO, M1 film by spin coating of the solution on fused silica, drying at
60 °C and a final anneal at 600 °C in an N, ambient.[139, (150} [159] Interestingly, the
PVP does not only assist in the stability of the precursor solution and in the gel for-
mation upon solvent evaporation, but is also indispensable in the formation of VO,
M1. They assign this observation to the formation of in-situ reductive gasses which
(i) could prevent vanadium(IV) from oxidazing or (ii) could reduce vanadium(V) if
formed during one of the previous deposition or processing steps. The reductive
gasses originate from the thermal degradation of PVP.[159]

7.3.5 Viscosity controlled route

In an alternative polymer based approach, a non-interacting polymer can be intro-
duced in the - metal cation containing - solution. Here, the increased viscosity upon
solvent evaporation guarantees the spatial fixation and homogeneous distribution of
the metal cations in the gel structure.[21]]

7.3.6 Colloidal or particulate sol-gel route

In this route, colloidal particles, with a diameter of 1-100 nm, are formed and dis-
persed in a liquid medium to form a sol. During the solvent evaporation (i.e. the
gelation), this sol converts to a gel in which the particle interaction is electrostatically
and/or sterically controlled. The obtained, particulate gel consists of aggregates or
colloidal particles dispersed down to the nanometer scale.[21]

Dachaun et al. report the synthesis of a brownish V,O; sol by pouring molten V,O;
into water at room temperature (i.e. quenching of the V,O5 melt). This V,O5 sol is
subsequently used for the formation of nanostructured, crystalline V,0; via chemical
deposition and processing steps (i.e. spin coating - drying - thermal treatment at 400
°C in air).[25] In more recent work, this V,0O; sol is also employed for the formation
of VO, by adding a reductive step in an H,, N,, CO/CO, or low p,, ambient to the
processing sequence.[122) [145) 146} 160, [161]]

7.4 Chemical Solution Deposition and processing
Chemical solution deposition (CSD) routes have already been successfully employed for

more than 25 year in the preparation of amorphous or crystalline, electronic, metal
oxide, thin filmsE] This route is based on the deposition of a wet, thin film on a

ZNote that the CSD name does not specify the solution used. In this work, an aqueous solution
containing citrato/oxalato-VO?* complexes is systematically used as precursor solution.
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substrate and its subsequent conversion to a metal oxide film through a sequence
of thermal steps.[33] Figure [7.7|shows a flowchart of a typical CSD process, if spin
coating is chosen as the coating technique.

1. Substrate treatment:
= Removal of metallic, organic and
particulate contaminants

2. Aqueous precursor solution:
= Water soluble metal salt

= Stabilization in an a-hydroxy-
carboxylato metal ion complex

3. Spin coating:
= Gel formation

6. Multiple deposition cycles:
= Ensuring a complete substrate coverage
| = Tunable film thickness

4,5, 7. Thermal treatment:
4. Hot plate in ambient conditions
5. Intermediate anneal

7. Post-deposition anneal

= Removal of organic species

= Oxide formation

= Crystallization

Figure 7.7: Flowchart of a typical CSD process if (i) the precursor is an aqueous solution
containing a-hydroxy-carboxylato metal ion complexes and (ii) spin coating is
chosen as the coating technique. The CSD flowchart is expanded by pre-deposition
substrate treatment. On the right-hand site, the experimental manipulation and
the most important objectives of each manipulation are given. This scheme is
designed by IMO-IPC research group at the Hasselt University and is based on
references [21,33].

The shown CSD flowchart is expanded by a pre-deposition substrate treatment. Note
that some steps (e.g. a thermal treatment) overlap and can be applied multiple times.
In each step of the CSD route, the step parameters — which will influence the final
metal oxide and its properties — can be tuned. This is the strength of the CSD process,
but simultaneously also the difficulty. Nevertheless, the CSD route is a fast, rather
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cheap and experimentally easy method for the formation of metal oxide films with
specific materials and functional properties.

7.4.1 Substrate treatment

Via the CSD process, the aqueous precursor is deposited and transformed into a
metal oxide. The first interaction of the aqueous solution and the substrate is cru-
cial. If the aqueous solution does not sufficiently attach to the substrate — because
of surface contamination or hydrophobic surface groups — the obtained film will
exhibit artifacts and inhomogeneities. Possible surface contaminants are organic
impurities, adsorbed molecules, anions, metals and particulates originating from
the substrate production, transportation, packaging and dust collection.[162] Thus,
a pre-deposition substrate treatment (or cleaning), aiming to remove these contam-
inants and to ensure hydrophilic surface groups, is necessary for a successful CSD
process. It is important to realize that such a substrate treatment could cause other
effects: the introduction of new contaminants, surface modification (e.g. etching and
roughening) and surface reactions.[162]

In this work, two treatments have been applied: a wet treatment (i.e. the sulfuric acid
peroxide mixture [ ammonia peroxide mixture, SPM/APM route) and dry treatment (i.e.
the UV/O, route). The principles of both treatments will be briefly discussed below.
Experimental details can be found in Appendix

Wet treatment: SPM/APM

The first step - SPM - consists of a mixture of H,5O, and H,O, and is often named
Piranha solution. In this solution, the oxidative Caro’s acid is formed as shown in

Equation
H,S0, + H,0, — H,S0; + H,0 (7.3)

Due to the strong oxidative properties of this mixture, organic contaminants are
removed from the substrate (Equations and [7.6). In addition, metallic con-
taminants are removed by the SPM treatment. The SPM might (i) leave residual
sulfates behind if the substrate is not properly rinsed and (ii) could cause oxidation
of a bare Si surface (obtained e.g. after an HF dip).[162]

Dissolution : H,SO, + CH,(s) — H,S0, + C,H,(aq) (7.4)

Decomposition :  (4x+y)H,SO5 + ZCXHy(aq) — (4x+y)H,SO, +2xCO,(g) + yH,O
(7.5)

H,0
Decomposition :  H,S0, + C,H,(aq) —> H,0 + CH, ;SO;H(aq)  (7.6)
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In the second step - APM - a mixture of H,O, H,0, and NHj; is made. This mixture
consists of several components, each responsible for the removal of a specific contam-
inant or a specific surface modification. The H,O, is responsible for the formation of
the hydrophilic Si—OH surface groups by oxidation of the hydrophobic Si—H surface
groups. The APM is capable of removing particulates from the substrates by etching
of the Si or SiO, surface. This etching directly indicates the major problem during
an APM treatment: roughening of surface by etching. Etch rates of 0.7 ""/min and 0.1
mmfmin are suggested for Si and SiO,, respectively.[162]

In conclusion, the consecutive SPM and APM treatment removes organic, metallic
and particulate contaminants and results in hydrophilic, Si—OH surface groups.

Dry treatment: UV/O,

The UV/O, treatment is a softer surface treatment and focuses on the removal of
organic contaminants. During the treatment, the produced O; is converted to the
intermediate atomic oxygen. This atomic oxygen is very reactive and easily oxidizes
organic contaminants.[21]]

7.4.2 Aqueous precursor solution

Despite, the discussion concerning the possible precursor solutions in section
a few comments must be given on the requirements for the solution chemistry to
ensure its successful implementation in the CSD route[33]:

o Except for the metal cation, each element in the solution must be released
into the gas phase without undesired thermo-stable residues during one of the
applied thermal treatments.

e The formation of a gel upon water evaporation during the coating is aimed for
and requires the formation of a three-dimensional network.

o The solution must feature a significant stability (towards precipitation or other
ageing effects).

e The solution should exhibit a good wetting to the substrate to assure a homo-
geneous film without thickness variation or island formation.
7.4.3 Spin coating

Spin coating is a popular technique to deposit ultra thin (~ 10 nm) to relatively thick
(~ 5 um), continuous coatings on flat substrates.[84]

The basic principle of this spin coating is the equilibrium between (i) the centrifugal
force applied on the deposited liquid, leading to a thinning of the layer, and (ii)
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Figure 7.8: Schematic of the different stages during a spin coat process: dispensation (a),
acceleration (b), spin off (c) and evaporation (d).[163]

the viscous force which increases upon evaporation of the solvent during the spin
coating, counteracting the layer thinning.[84]

The spin coating process is depicted in Figure and consists of a sequence of
steps[33} 184} 162} [163]:

1. Dispersion of an excess of the precursor solution on the substrate.

2. Acceleration of the substrate until the desired spinning speed is achieved.
During this step already ~ 95 % of the liquid is spun off the substrate.

3. Spin off during constant speed rotation. In this step, the film thins by the
centrifugal force and fluid dynamics on the liquid layer present. The thinning
during this spin off step is proportional to the spinning speed @ (rpm) and the
film viscosity 1 (Equation[7.7).

tepin off < @17 (7.7)
4. Evaporation during constant speed rotation. In this step, the film further thins
by evaporation of the solvent (Equation|[7.8).

ocw (7.8)

tevaporation

5. After a pre-defined time, the spinning stops and a homogenous film with a
reproducible thickness is obtained.

7.4.4 Repeated coating

The deposition cycle (i.e. sequence of spin coating - hot plate treatment - intermediate
anneal) is often repeated to ensure a complete substrate coverage and to tune the final
film thickness. If the precursor solution does not affect (e.g. etching) the previously
deposited film, multiple deposition cycles result in thicker films. In this context, the
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notions layer and film can be distinguished: a layer is the deposit after one cycle and
a film is the entire stack of layers after the total number of cycles. The as deposited film
refers to the final x-layered film, obtained after x cycles in which each cycle consist
of the deposition step, the hot plate step and the intermediate anneal. Thus the as
deposited film is the film just before the post deposition anneal (i.e. step 7 in Figure

77).

Note that the surface on which the aqueous precursor is applied changes as well:
(i) for the first layer, this surface is the substrate surface, (ii) if the substrate is not
yet fully covered, the surface consists of substrate and film areas and (iii) after a full
coverage of the substrate by the deposited film, the surface equals the top surface of
the deposited layer. Thus, changing the deposition surface might affect the wetting
properties of the aqueous precursor solution.

7.4.5 Thermal treatment

To obtain the desired crystalline, oxide phase the spin coated gel is subjected to a
number of thermally induced transformations. Firstly, the residual solvent - en-
trapped in the pores of the gel - is removed upon heating. If an aqueous precursor is
used, these residual H,O molecules are typically released between Troom to ~ 100 °C.
Secondly, the organic moieties, originating from e.g. the counter ion in the metal salt
or from the a-hydroxyl-carboxylate compounds, are thermally removed as volatile
species as well.[33][84]. A detailed study of such thermally induced transformations
is given in Chapters[5|and 6]

Thirdly, the formation of the oxide phase is aimed for. Here, the gel network is
rearranged by reorganization of a variety of bonds and by the elimination of the free
volume in the film. During this process M—O-C and M—O-H bonds are broken and
the associated organic species are removed as volatile compounds. In addition, the
formation of M—O—-M bonds takes place and the desired oxide arises. Fourthly, if the
formed oxide phase is still amorphous, a further transformation (i.e. crystallization)
takes place to form the crystalline oxide compound.

A two-step approach is commonly employed to complete the transformation of the
as-deposited gel film into the crystalline oxide film. The first step takes place at lower
temperatures (200-400 °C) and often in ambient conditions (i.e. on hot plates). The
second step is a high temperature step (> 400 °C) in a controlled ambient (e.g. inert
furnace). During the entire sequence of thermal steps, the film shrinks by the removal
of the organic moieties and the rearrangement into the crystalline oxide phase. The
thickness reduction varies between 50 and 80 % and is associated with the nature of
the precursor.[33] 84]

In the formation of nanostructured VO, and intercalation VO,, typically an addi-
tional, reduction step is added. Commonly, V,Os is first formed and subsequently
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reduced in a H,, CO/CO,, NHj; or low p, ambient to form the desired oxide (e.g.
VO, or V,0,,).17,22,23,117,[118| 121H123, [139, 143, 145, 147, 149, [150, 160, 164]

7.5 Thermodynamic considerations

7.5.1 Film crystallization

Films, originating from a chemical precursor solution, are typically amorphous after
the thermal treatment intended to remove the organic species. The crystallization
occurs within the amorphous layer and can be described by the traditional nucleation
and growth principles.[33] Figure [.9A. shows the driving force (i.e. the decrease in
the film’s Gibbs free energy difference, AG) for the crystallization of an amorphous
film. The transformation of the amorphous film into a crystalline film is governed by
the nucleation of crystallites and their subsequent growth. A nucleation event can
occur within the amorphous film (i.e. homogeneous nucleation) or at the interface of
the amorphous film and its substrate (heterogeneous nucleation).

A. AGg

B.

Amorphous film

Liquid

— I =\\ AGcritical
v <

T critical N

Crystalline film

Free energy, G

T

melting

Free energy change, AG

Temperature Size nucleus

Figure 7.9: Schematic diagram of the Gibbs free energy, G, or the Gibbs free energy change, AG.
(A.) G as a function of temperature for an amorphous film, its associated liquid and
its associated crystalline film. (B.) AG, AGp and AGg as a function of the nucleus
size with the indication of the critical nucleus size and its critical Gibbs free energy.
The Figures are adapted from references [33,[165].

In the case of homogeneous nucleation, the Gibbs free energy change (AG) is de-
termined by two terms: the bulk Gibbs free energy change (AGg) and the surface
Gibbs free energy change (AGs) (Equation[7.9). Assuming a spherical particle with
radius r and defining (i) the surface energy between the nucleis or crystallite and the
amorphous matrix as y, and (ii) Gibbs free energy difference per unit volume asso-
ciated with the transformation of an amorphous to crystalline film as AG,, Equation
evolves. Based on Equation the energy barrier (AGgitics1) for homogeneous
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nucleation and the associated critical nucleus size (riticq) is derived as the maximum
value of AG (i.e. ddA—rG = 0) leading the expression and Additionally, the
rate of nucleation (J) follows the typical Arrhenius behavior as a function of the
temperature (T) and Boltzmann’s constant (kg) (Equation .[33, 165]

AG = AGs + AGp (7.9)
2 4 3
AG = 4Py + 51°AG, (7.10)
2V
Leritical = _Aé (711)
v
16“7/31 4nr?riticul
AGyitica = 3(AGU)2 = 3 (7-12)
A critica
J=A-exp (—%) (7.13)

In the case of heterogeneous nucleation, an additional function (i.e. f(0)) — related
to the contact angle between the nucleus with the heterogeneous surface (0) — is
included in Equations [7.10] [7.12] and [7.13| leading to a alternative expression
(Equation for the heterogeneous nucleation energy barrier (AG™ ). For an
hemispherical nucleus, the contact angle function is elaborated in Equation[7.15} The
contact angle is related to the surface energies between (i) crystallite and amorphous

matrix ()), (i) crystallite and surface (y) and (iii) surface and amorphous matrix

(Vsa) via Equation [33,165]

16my?
hetero __
AGcrittical - f(@) 3(AG:)ﬂZ (7-14)
- 3
£0) = 2 3COSZ + cos” 6 (7.15)
Vsa = Ves + )/C,ZCOSQ (716)

Note that f(0) < 1 indicates that the energy barrier for heterogeneous nucleation
is lower or equal to the barrier for homogeneous nucleation. Although the direct
implementation of previous thermodynamic principles is not straightforward, some
key ideas are given by Schwartz et al.[33] If little energy is available for nucleation
(i.e. at lower temperatures), heterogeneous nucleation is favored and the number of
nucleation events (determined by the nucleation rate) is limited. This typically leads
to crystalline films with columnar morphology. If plenty energy is available (i.e. at
higher temperatures), homogeneous nucleation becomes as probable as heteroge-
neous nucleation. In this situation, there is more than sufficient energy to overcome
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the energy barrier for all (including less energetically favorable) nucleation events,
resulting in a large number of nucleation events.. This typically results in polycrys-
talline films with approximately equal sizes.

7.5.2 Solid state dewetting

Solid state dewetting or microstructural instability is the phenomenon where a
metastable film, especially if the film is very thin (~ 10 to 100 nm), breaks up and
forms islands if heated at sufficiently high temperatures. This process is driven by
the minimization of surface energy and occurs via surface diffusion well below the
melting temperature.[166] Since the dewetting process requires the formation and
growth of holes in the film, it is largely governed by the temperature (facilitating
ion diffusion) and the film thickness. Thompson reviewed a model for the surface
energy minimization during such a hole formation and growth starting from grain
boundaries in a grained film.[166]

I ——|

Figure 7.10: Schematic cross-sectional view of a grained film.[166]

Figure[7.10]gives a cross-sectional view of a grained film. Assuming a homogeneous
system, the grained film is defined by:

e the grain radius (r),

e the initial film thickness before grain formation and with a perfect planar film
surface (h),

o the groove depth (6) with respect to the initial planar film surface,
o the grain surface energy (ss),
e the grain boundary energy (y¢) and

e the angle at the groove’s end (¢).

At the point where the grain boundary and the surface meet, an equilibrium settles
(Equation[7.17) leading to an expression for the groove’s end angle and depth (Equa-
tions and[7.19). If the groove’s depth (0) is larger than the initial film thickness
(h), the groove will contact the substrate and initiate dewetting.[166]
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Veb = 2 ¢sSING (7.17)
.1 Vab
= sin 1( & ) (7.18)
? 2Ygs
2 = 3cos¢ + cos>p
= 7.1
o=r 3sin3¢p 7.19)

Since each grain boundary has a different energy, not all grain boundaries will form
holes. Hole formation is most likely at higher energy grain boundaries. The number
of holes increases if (i) the initial film thickness (h) and the grain surface energy (¢s)
are small and (ii) the grain boundary energy (y¢) and grain size (r) are large.[166] In
addition it has been demonstrated that, the groove depth is greater at grain boundary
triple junctions in comparison to the groove depth at the boundary between two
grains. Hence, at the triple junctions hole formation occurs most likely first.[167]



Chapter 8

Tuning the CSD route for the
formation of vanadium oxides

As defined in milestone 3 of this work, vanadium oxide formation — using the chem-
ical solution deposition route and subsequent processing — is aimed for. Therefore,
each step and parameter of CSD route is investigated in this Chapter with the for-
mation of VO, M1, VO, B, V,0,; and V,0; intended. The temperatures of the hot
plate steps, the intermediate anneal conditions and the multiple deposition cycle will
be key parameters. This chapter is divided in two sections. In the first section, it is
aimed to retain the vanadium +IV oxidation state to allow the direct formation of
VO, and V,O,;. An elaborate study on the processing temperature and O, partial
pressure will be carried out. The content of this section is published in reference
[74]. The second part will focus on the formation of V,05 and a re-oxidation of the
vanadium +IV oxidation state is allowed.

8.1 The CSD route for the formation of VO, and V,O,,

8.1.1 Preventing V(IV) re-oxidation

During the deposition process, the spin coated precursor solution should convert to a
stable and well adhering oxide layer. Thisis typically realized by a thermal treatment.
From the thermal decomposition studies, it is clear that oxidative conditions should
be limited to prevent V(IV)/V(V) re-oxidation. To study a possible V(IV) oxidation
and the residual organics in the deposited layer, single layered films are spin coated
on Si0, and subsequently heated at various temperatures in ambient air on hot plates.
The obtained films are analyzed by GATR-FTIR spectroscopy (Figure [8.T).

As was shown in the thermal decomposition study performed on the ammonium-
citrato-VO?** gel in Chapter @ the excess of ammonium citrate, ammonium oxalate

139
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Figure 8.1: GATR-FTIR spectra of deposited films with their possible IR assignments as func-
tion of temperature in ambient conditions for a single spin coated layer on 1.2 nm
Si0,.

and the citrato-VO?** complex — which are deposited from the precursor solution onto
the SiO, substrate — decompose between 150 °C and 450 °C. Their decomposition is
indicated by the disappearance of the carboxylate stretch vibrations between 1700
cm~! and 1400 cm™!. Furthermore, a shift in the vanadyl stretch vibration, v(V = O),
from 976 cm™! to 1020 cm™! is observed as a function of the temperature. This shift
corresponds to the oxidation of V(IV) to V(V) and the corresponding change in V=0
bond distance (1.60 A for V(IV)=0 and 1.58 A for V(V)=0).[113, [168] Three stages
can be distinguished in the temperature range between 150 °C and 450 °C:

e anon-oxidative stage up to 200 °C with preservation of V(IV),

e a transition stage, with the occurrence of both V(IV) and V(V) between 250 °C
and 400 °C and

e astrong oxidative stage above 400 °C, comprising the complete transformation
to V(V).

Thus, to prevent oxidation of V(IV) in ambient air during the thermal treatment
process, the hot plate temperature should not exceed 200 °C.

After single layer deposition and thermal treatment in ambient air at only 200 °C
the film still contains vanadium species with the preferred +IV oxidation state. To
obtain thicker films and to ensure complete substrate coverage after the full film
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Figure 8.2: Average thickness as function of the number of deposition cycles with (filled)
and without (open) an intermediate anneal (400 °C, 0.1 % O,, 10 minutes). Film
thicknesses are determined by ellipsometry (0O,m) and X-SEM (e).

processing, including the final anneal steps, multiple layers should be deposited by
repeating the deposition cycle. Figure|8.2|shows the thickness of the deposited film
for a different number of deposition cycles, each with a thermal treatment of 200 °C in
ambient conditions, with or without a subsequent intermediate annealing. Clearly,
for a higher number of deposition cycles no significant thickness increase is observed
if no intermediate anneal is carried out. It has to be concluded that during the next
deposition cycle the previously deposited layer is re-dissolved in the freshly applied
precursor solution. Thus the film has to be rendered less soluble in the precursor
solution prior to deposition of the subsequent layer. Therefore, the thermal treatment,
in this case a non-oxidative intermediate anneal, should be carried out at an as high as
possible temperature in order to allow maximal precursor decomposition, however
still avoiding V(IV) oxidation. The TGA curves of the citrato-VO?** precursor gel
obtained in air or N, (Chapter|[6) show a similar weight loss of 30 % up to 400 °C. The
main difference is the observed V(IV) oxidation in air at higher temperatures, which
is absent in N,. Thus the preferential temperature for the intermediate anneal is 400
°C.

Initially, a fully inert (N,) intermediate anneal is applied. However, a disadvantage
of this approach is the formation of a less hydrophilic surface, as suggested by the
high contact angle (+ 47 °) for a single spin coated layer on SiO, after an intermediate
anneal at 400 °C in N, (Figure8.3).
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Figure 8.3: Surface analysis of a single spin coated layer on 1.2 nm SiO, with an intermediate
anneal (10 minutes, 400 °C) in N, (a, ¢, e) or in 0.1 % O, (b, d, f): Contact angle
measurements with water (a and b), SEM images (c and d) and AFM images (e and
f).

Peak position (em™) N, 0.1%O, Assignment
2925 22 5 v4s(C — H) in CH,
2850 118 3 v5(C - H) in CH,
1590 31 12 125(CO0O7) in COO™/VO*
1400 5 7 v5(COO™) in COO™/VO**
1240 100 100 Si0, LO mode
976 1 9 w(V(IV) = O in VO**

Table 8.1: Normalized peak areas of baseline corrected GATR-FTIR spectra of a single spin
coated layer on 1.2 nm SiO, with an intermediate anneal in N, or 0.1 % O, (400 °C,
10 minutes). The normalization is performed with respect to the SiO, longitudinal
optical mode. The assignments are based on references [75} [168 [169]
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We ascribe the hydrophobicity of the film to the presence of organic residues which
remain present after non-oxidative dehydroxylation and decarboxylation reactions
during the N, intermediate anneal as shown by the GATR-FTIR band assignments in
Figure[8.4and Table[8.1} This hydrophobic nature is in contrast to pure vanadium ox-
ides, such as V,0;, VO, and VO, ;, which are vanadyl (V=0) surface terminated and
therefore can be expected to be hydrophilic.[170] As a consequence, the wetting of
the aqueous solution is unfavorable and the second layer becomes inhomogeneous.
Thus by tolerating a very small O, percentage during the intermediate anneal, allow-
ing the oxidative removal of the surface organics without compromising the V(IV)
oxidation state, better wetting properties are expected.

S(CH) S10, L0 mode
9 +
0-1%0; | v,(CO0) |u(V*'=0)
o (coof |

ATR signal (a.u.)

A

T T T T T T T T T T T T
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Figure 8.4: GATR-FTIR spectra with possible IR assignments of a single spin coated layer on
1.2 nm SiO,, followed by an intermediate anneal in N, or in 0.1 % O, (400 °C, 10
minutes).

The effect of the O, percentage during such an intermediate anneal at 400 °C on
the possible V(IV)/V(V) oxidation is illustrated in Figure using GATR-FTIR spec-
troscopy. Due to the strong Al,O, longitudinal optical mode at 930 cm™'[171], the
expected V(IV)=0 stretch vibration below 0.3 % O, is not visible. However, already
at 0.3 % O,, a small V(V)=0 stretch vibration at 1020 cm™ is observed indicating
V(IV)/V(V) oxidation. To avoid this oxidation, the following conditions are now
chosen for the intermediate anneal: 400 °C and 0.1 % O,. Such a film is character-
ized by a lower contact angle (+ 18 °) (Figure ), indicating an enhanced surface
wetting. Applying these intermediate anneal conditions, all sequentially deposited
layers result in homogeneous films.

Table compares and assigns the normalized peak areas of GATR-FTIR spectra
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Figure 8.5: GATR-FTIR vibrations as function of the O, percentage during the intermediate
anneal (400 °C, 10 minutes) for a single spin coated layer on 10 nm Al,O;.

obtained from a single spin coated layer on SiO, after an intermediate anneal in N,
or 0.1 % O, (400 °C, 10 minutes). Because of non-oxidative dehydroxylation and
decarboxylation reactions occurring in both N, and 0.1 % O, no traces of the excess
of ammonium citrate are found, as can be seen by the absence of the 1,5,(COO™) in
COO™/NH; at about 1703 cm~!. However, a decrease in the normalized peak areas
of v4(C — H) in —CH>, v5(C — H) in —CH, and v,(COO~) in COO™/VO?** for 0.1 %
O,, in comparison to N,, is observed due to the oxidative decomposition of the
citrato ligands already in 0.1 % O,. This supports the hypothesis that hydrophobicity
can be partially ascribed to the presence of surface organics or, rephrased, that a
more hydrophilic surface can be formed by the removal of these surface organics.
Additionally, the significant increase of the normalized peak area of v(V(IV) = O)
indicates an enhanced presence of V=0 groups, as was reported by Surnev et al. for
several vanadium oxides, such as V,0;, VO, and VO,.[170] Moreover, the 0.1 % O,
environment changes the morphology and surface roughness, as shown in Figures
B3k, [B-3d, and by SEM and AFM. The obtained layer starts to break up,
resulting in an incompletely closed layer with an RMS roughness around 1.5 nm.
This higher surface roughness could, in combination with an increased availability
of the vanadyl surface groups, explain the better surface wetting[172}[173] and lower
contact angle after an intermediate anneal in 0.1 % O,. Additionally, the thickness
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after the intermediate anneal (Figure clearly linearly increases as a function of
the number of deposition cycles.

In conclusion, by applying an intermediate anneal in 0.1 % O, (400 °C, 10 minutes)
between subsequent depositions, it is possible to prepare films with different thick-
nesses starting from an aqueous citrato(-oxalato)-oxovanadate(IV) precursor. This
has been shown for various substrates such as S5iO, and Al,O;.

8.1.2 Phase formation on SiO,

The synthesized aqueous citrato-oxalato-VO? and citrato-VO?** solutions will be used
for the formation of crystalline vanadium oxides on SiO, substrates. Multiple thermal
treatments, studied in the previous paragraph, are applied to convert the spin coated
precursor solution into a stable and well adhering oxide film. (i) The first thermal step
is a hot plate treatment at 90 °C for 2 minutes in ambient conditions. During this step,
water is evaporated and the precursor solution adheres to the substrate. (ii) Secondly,
an intermediate anneal is applied at 400 °C for 10 minutes in a 0.1 % O, ambient. This
intermediate anneal enables the subsequent deposition of layers without affecting the
previously deposited layer and the V(IV) oxidation state, resulting in a film with an
adjustable thickness.
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Figure 8.6: XRD pattern of films spin coated from the aqueous citrato-oxalato-VO?** (left) and
citrato-VO** (right) solution on 200 nm SiO, after an intermediate anneal of 400
°C (as dep.) and a post deposition anneal at 400 °C, 450 °C or 500 °C. All anneals
are performed in a 0.1 % O, ambient for 10 minutes. The assignments are based
on JCPDS 71-4821, 78-0983 and 81-2392 of, respectively, monoclinic VO, (M1),
monoclinic V,0;; and monoclinic VO, (B).[96]

Figure 8.6/ shows the XRD patterns of four layered vanadium oxide films deposited
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on SiO, from the aqueous citrato-oxalato-VO?** and citrato-VO** solution. For the
citrato-oxalato-VO?* solution, the initial four layered film (labeled As deposited) in
Figure already shows an onset for monoclinic VO, B phase formation, indicated
by the presence of the (001) and (002) diffraction peak at 14.4 °26 and 29.0 °20, respec-
tively (JCPDS 81-2392)[96]. After applying a post deposition anneal at 400 °Cina 0.1
% O, ambient, the integrated area of the diffraction peaks at 14.4 °20 and 29.0 °20
slightly increases, suggesting growth of the amount of crystalline material. After an
anneal at 450 °C in a 0.1 % O, ambient, the diffraction peaks associated with mono-
clinic VO, disappear and diffraction peaks corresponding to monoclinic V,O,; arise
at 26.8 °20 (003) and 45.9 °29 (005) (JCPDS 78-0983)[96]. As the temperature further
increases to 500 °C, the integrated area of the diffraction peak at 26.8 °20 increases
and additional diffraction peaks for monoclinic VO, , are being observed at 17.8 °20
(002) and 36.0 °20 (004), suggesting an increased amount of crystalline material and
a strongly textured film. Additionally, the Full Width at Half Maximum of the V,O,,
diffraction peak at 26.8 °20 decreases (from 0.87 °29 at 450 °C to 0.47 °20 at 500 °C),
indicating an increase of the VO, crystallite size. Besides the diffraction peaks as-
sociated with crystalline, monoclinic VO, also a peak at 27.9 °20 is observed after
the anneal at 500 °C. This latter peak can be assigned to the (220) diffraction peak
of monoclinic VO, M1 (JCPDS 71-4821)[96]. Thus, the aqueous citrato-oxalato-VO?**
solution, containing ammonium oxalate, can result in a crystalline VO, B film after
an intermediate anneal at 400 °C, which further evolves to VO, , after an additional
post deposition anneal at 450 °C or 500 °C. This VO, B to V,O,, transformation was
suggested by (i) Murphy et al. who studied the conversion of V,0;, V,O,; and VO, B
powders in a reducing ambient.[12] (ii) Premkumar et al. who studied the sequential
oxidation of VO, B films on SiO, and Al,O; to VO, and to V,0Oj as function of tem-
perature (between 400 °C and 500 °C) in a similar low po, ambient or as function of
the po, at 500 °C.[16] Both studies support our observed transformation of crystalline
VO, B to crystalline VO, ; as function of temperature.

The crystallization behavior of four layered films deposited from the citrato-VO**
solution, is also given in Figure|8.6/and clearly differs from its citrato-oxalato-VO?**
variant. Since the XRD pattern of the initial four layered film does not show any
diffraction, this film is considered amorphous. After a post deposition anneal at 400
°C or 450 °C, for 10 minutes in a 0.1 % O, ambient, the film stays amorphous. As the
temperature increase to 500 °C, crystallization into the VO, monoclinic (M1) phase is
observed, as evidenced by the diffraction peaks at 27.9 °20 (110) and 57.6 °20 (220).
No additional peaks are observed in the XRD pattern, suggesting that the film consists
of phase pure, monoclinic VO, M1. The crystallization of an amorphous vanadium
oxide layer into monoclinic VO, M1 on SiO, in a low pp, ambient at temperatures
around 500 °C is in agreement with previous reports.[9} [16]

In conclusion, the aqueous citrato-oxalato-VO?* solution results in the formation of
VO, B and VO, films, while the citrato-VO** solution leads to VO, M1 films. This
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suggests that ammonium oxalate, present in the deposited film up to 207 °C, relates
to VO, B crystallization during the heating stage of the intermediate anneal.
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Figure 8.7: SEM images of films spin coated from the aqueous citrato-VO** solution on 200 nm
Si0O, after an intermediate anneal of 400 °C (as deposited) and a post deposition
anneal at 400 °C, 450 °C or 500 °C. All anneals are performed in a 0.1 % O, ambient

for 10 minutes.
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8.1.3 Morphology of VO, M1 on SiO,

The morphology of vanadium oxide films deposited from the aqueous citrato-VO**
solution on Si0, is studied by SEM in Figure[8.7] The as deposited film obtained after
an intermediate anneal at 400 °C in 0.1 % O,, shows a continuous and featureless
morphology, as expected for an amorphous film. The films annealed at 400 °C and
450 °C become discontinuous and the VO, starts to agglomerate into islands. As
the temperature increases to 500 °C and crystallization into the monoclinic VO, M1
phase occurs (Figure[8.6), the films’ morphology changes into randomly distributed
particles. The formation of VO, particles from a thin (< 20 nm), amorphous and
continuous film deposited on Si0O,, is consistent with previous observations reported
by Suh et al. and Nag et al.[7, 8] Solid state dewetting of the metastable VO,
film and the subsequent Ostwald ripening into VO, particles at sufficiently high
temperatures was their suggested explanation. This process is, thermodynamically,
driven by surface energy minimization and can occur via surface diffusion well below
the film’s melting temperature, especially when the film is very thin.[166] Obviously
the film thickness and the surface energy of the substrate - and hence the chemical
composition of the substrate - are in this case determining parameters.[166] An image
analysis is performed on these VO, particles to determine their size. The particle
size is distributed between 0.68 ym and 2.76 um, with an average of 1.78 ym and
a standard deviation of 0.46 um. The total substrate coverage amounts to 48 %.
The change in the VO, morphology on SiO, as function of the anneal conditions
is well documented in literature and is systematically associated with the VO, M1
crystallization process.[9, [16] 23] As mentioned earlier, VO, M1 particles formed on
an insulating SiO, substrate are, recently, becoming more interesting because of their
enhanced performance compared to continuous VO, films.[7,9] 17, 18]

8.1.4 Elemental composition & carbon contamination

The entire procedure for the formation of VO, or V,O,; aims to maintain the vana-
dium +IV oxidation state throughout the entire sequence of solution deposition and
film processing. Therefore, the oxidative power (determined by temperature, time
and O, partial pressure) of each step is limited, as is thoroughly studied in section[8.1}
However, the question rises if carbon remains in the film after a thermal treatment
with such a limited oxidative power. In this context, the elemental composition of
a few samples (description see Table are analyzed by Energy-dispersive X-ray
spectroscopy (EDX). Figure shows the EDX spectra of samples EDX 1, EDX 2
and EDX 3. In all the samples, the signals of Al and Si are assigned to the silicon
substrate with 10 nm Al,O;. Assuming that the Al amount in the sample volume
during EDX analysis remains unchanged, the peak integration of the Al signal is
used as a reference in the following qualitative discussion.
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Sample Deposition cycle Number of cycles Post deposition anneal
EDX1 (1) 90 °C, 2 min in ambient air 1 -
EDX2 (1) 90 °C, 2 min in ambient air 1 -
(2) 190 °C, 2 min in ambient air
EDX 3 (1) 90 °C, 2 min in ambient air 4 450 °C, 10 min in 0.1 % O,

(2) 190 °C, 2 min in ambient air
(3) 400 °C, 10 min in 0.1 % O,

Table 8.2: Description used for EDX analysis. All the films are deposited by means of spin
coating (3000 rpm, 30 s, 1000 rpm/s) using the citrato-oxalato-VO** solution onto
small pieces (+ 6 cm?) of p-type Si with 10 nm AlO,, cleaned in a sulfuric acid
peroxide mixture and ammonia peroxide mixture.[174]
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Figure 8.8: Energy-dispersive X-ray spectra of sample EDX 1 (top, left), EDX 2 (top, right) and
EDX 3 (bottom), recorded on FEI Quanta 200-FEG SEM using a Si(Li) detector.

In sample EDX 1, a large amount of carbon and a small amount of nitrogen are
observed. This single layered film has just received a thermal treatment of 90 °C
in ambient air during which only the remaining water of the aqueous precursor is
evaporated from the sample. At this stage the citrato-VO** complexes, which are
cross-linked by ammonia groups, are not yet affected. This explains the amount
of carbon and nitrogen observed in sample EDX 1. If the temperature increases to
190 °C in ambient air (sample EDX 2), the carbon signal strongly decreases and the
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nitrogen signal disappears in the noise level. As indicated in the discussion of the
thermal decomposition pathway of the citrato(-oxalato)-VO** gel, only non-oxidative
decomposition occurs up to 190 °C. The non-oxidative decomposition pathway con-
sists mainly of two reactions: decarboxylation and dehydroxylation, in which NH,,
H,0 and CO, are released. Additionally, a weight loss of about 30 % between 90 °C
and 190 °C is observed (Chapter [6). The removal of NH;, H,O and CO, during this
non-oxidative decomposition pathway explains the decrease in the carbon and nitro-
gen signal observed in Figure[8.8] Moreover, a decrease in the un-resolved vanadium
and oxygen signal in Figure[8.8|is observed and can be explained by the removal of
oxygen as H,O and CO, from the sample.

Sample EDX 3 has received an additional thermal treatment of 400 °C in a 0.1 %
O, environment. The deposition cycle is repeated four times and a post deposition
anneal is performed at 450 °C in 0.1 % O,. Thus, in this sample a fourfold of material
is deposited. Nevertheless the carbon signal in Figure further decreases due
to the continuation of the non-oxidative decomposition pathway up to 275 °C and
due to a limited amount (since there is only 0.1 % O, available) of oxidative burnings
starting at 275 °C. However, no significant decrease in the un-resolved vanadium and
oxygen signal is observed in Figure This could be explained by the combination
of the fourfold of the vanadium amount in the sample and the decrease in the
oxygen amount due to the additional removal of H,O and CO, in the non-oxidative
decomposition pathway.

In conclusion, the initial amounts of nitrogen and carbon originating from the aque-
ous citrato(-oxalato)-VO** gel are step-wise removed from the sample during the
non-oxidative pathways as NH;, CO, and H,O. However, due to a limited amount
of oxidative burnings in the 0.1 % O, environment, traces of carbon remain present
in the films even after a post deposition anneal at 450 °C. Within the detection limit
(estimated at about 0.1 w/w%) of the EDX analysis, no traces of other contaminants
are found in the analyzed samples.

8.2 The CSD route for the formation of V,O,

In contrast to the previous section, the re-oxidation of vanadium(IV) to vanadium(V)
during the film processing is required for the formation of crystalline V,0;. This
section will focus on the formation of such crystalline V,0O; by (i) the deposition of
the aqueous citrato-VO®" precursor solution on SiO, or Al,O; via spin coating and
(ii) the subsequent film processing.
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8.2.1 Conversion of the ammonium-citrato-VO?** gel into V,0O;

For this study, the aqueous citrato-VO** precursor solution is spin coated on SiO,
and treated on a first hot plate at 90 °C for 2 minutes (static air). Depending on the
final anneal temperature, a second hot plate treatment at 200 °C for 2 minutes and a
third hot plate treatment at 400 °C for 2 minutes were carried out. In all cases, the
highest hot plate temperature did not exceed the final anneal temperature. This final
anneal was performed on a hot plate as well (2 minutes).

){17 . 21 s 8 12
- — 3, 7 13
4 N 15
] ] \Sio2 Lo
] N | ‘Vn y,\,},l,s,;
i - -4 \,
1100 °c \_ J
S 2 S Jiso°c ﬁv /\\ N
< 1507 < MRV RARINAENG
= D00° = pooec/ ] \/ T\ SN
2 50 2 lso°c / NP :\,\f\*
2 M\_\ 2 300 °C _/”“\/‘\J\’*/\ \
(ORI [ONEN
£ ] £
350 ¢ . N\
350°C | L —
100 °C Y00 °c
] ] k\\»’\m
450 °C 0
i 1450 °C N
T T T T T T T T T T T T T T T T
4000 3000 2000 1000 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm'l) Wavenumber (cm'l)

Figure 8.9: GATR-FTIR spectra of single layers, spin coated from the aqueous citrato-VO*
precursor solution, on SiO,. The spectra are given as a function of the final anneal
temperature performed on hot plate for 2 minutes in dry air. Left: spectra from
4000 cm™ to 600 cm™!. Right: spectra from 2000 cm™ to 600 cm™!). The peaks are
tentatively assigned in Table

The change in the organic matrix - composed by the ammonium-citrato-VO** com-
plexes and the oxalate residues - during the film processing is analyzed as function
of the temperature during the final thermal treatment in dry air by GART-FTIR spec-
troscopy (Figure[8.9). Note that the band and peak assignments are identical to those
assigned during the thermal decomposition study of the ammonium-citrato-VO**
gel in air (Figure [6.1 and Table [6.1] in Chapter [). Here, the observations in the
temperature-dependent GATR-FTIR spectra are briefly discussed. For a full elabora-
tion on the observed vibrations is referred to Chapter [}
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Vibration =~ Wavenumber (cm™) (Assignment)
7 3600 — 2800 (broad) v(O-H) O-H stretching in hydrated H,O
1 3600 — 2800 (broad) v(N-H) N-H stretching in NHZ
7 3600 — 2800 (broad) v(C-H) C-H stretching in CH,
V2 1710 v(C=0) C=0 stretching in COOH or in anhydride
V3 1678 1(C=0) C=0 stretching in CONH,
vy 1650 vas(CO3) Asymmetric CO; stretching with VOZ* or VO3
Vs 1600 Vas (CO; ) Asymmetric COj stretching with NH;r
V6 1438 v5(CO3) Symmetric COj stretching with NH
vy 1410 v5(CO3) Symmetric CO; stretching with VO** or VO3
vy 1410 S(NH;) NH; deformation
vy 1410 v5(C—N) C-N stretching in CONH,
Vs 1296 6(0-C=0) 0O-C=0 deformation
V9,10 (A) 1(C-0) C-O stretching in anhydride ether, doublet
V11 1110 and 1070 1(C-0) C-O stretching in C-OH, doublet
V12 1035 (V3 = 0) V3* =0 stretching
Vi3 990 w(V¥ = 0) V4 =0 stretching
V14 903 0y(C—H)  C-H out-plane deformation in terminal methylene
V15 880 6(C-0O) C-O out-of-plane deformation
V16 803 v(V-0O-V) V-O-V skeleton vibration

Table 8.3: Band assignments of the main vibrations (expressed in cm™!) observed in the GATR-
FTIR spectra of a single layer, spin coated on SiO,. This single layer is heated at
various temperatures, on hot plates, for 2 minutes in dry air. Note that the carboxy-
late vibrations can originated from carboxylate groups associated with citrate or
oxalate residues. Around 1245 cm™!, the SiO, longitudinal optical vibration mode
is observed, coinciding with other, possible vibration modes (A). The assignments
are based on references [75} 92194, 113].

After a heating at 100 °C, the ammonium-citrato-VO?" network is unaffected and the
vanadium ion still has the IV oxidation state. As the temperature increases to 200 °C
and the major non-oxidative and endothermic decomposition steps are passed, the
GATR-FTIR spectra change significantly. These changes indicate structural modifi-
cations of the species present in the deposited film.

e The vanadyl vibration starts shifting towards 1035 cm™!, indicating the onset
of VO**/VO} oxidation.

e The ammonium-carboxylate groups transform to carboxylic acid or amide func-
tionalities.

o The carboxylic acid functionalities subsequently decarboxylate resulting in ter-
minal methyl or methylene groups.

In contrast to the ammonium-citrato-VO?** gel, the commencement of anhydride
species is not visible in the GATR-FTIR spectrum. Possibly, their ether stretch vi-
bration coincides with longitudinal optical mode of the SiO, substrate between 1180
cm~! and 1280 cm™!. Thus, up to 200 °C, the infra-Red characteristics of the deposited
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film and powder are very similar. Hence, the non-oxidative decomposition pathway
studied on powders is also valid for the deposited film. As the temperature increases
and the oxidative part of the decomposition pathway of the residual ammonium-
citrato-VO** network is reached, the GATR-FTIR characteristics evolve. Between
200 °C and 350 °C, the vanadyl vibrations further shifts confirming the continuing
VO**/VO3Z oxidation. At 350 °C, the final position and shape of the peak assigned
to the v(V>* = O) is set. At this temperature, the peak height is strongly increases
while its full-width-at-half maximum narrows. Both observations stem from a better
(long-range) order in the obtained vanadium oxide material which could be due to
crystallization. Already at 400 °C, no vibrations associated with the residual organic
matrix persist. This indicates that the carboxylate groups in the direct vicinity of a
VOj ion, the terminal methylene group, the (un)saturated amide functionalities and
the anhydride species already burn before 400 °C. Thus this oxidative decomposition
occurs about 100 °C earlier than anticipated based on the thermal decomposition
pathway of its powder variant. Such an offset can be explained by the combining
effect of (i) a different heating setup: tube furnace with a continuous air flow (pow-
der) hot plate in static air (film), (ii) a possible thermal gradient within the powder
determined by its sample volume (a few mm?) and its expected absence within the
deposited film (about 20 nm thick[97]) and (iii) a different heat transfer: via the
ambient (powder) and via the substrate (film).

8.2.2 V,O; crystallization and morphology

The V,O; crystallization is studied by in-situ HT-XRD in air on a single layered film
deposited from the aqueous ammonium-citrato-VO?** precursor solution onto 10 nm
Al,O; (Figure[8.10] left). The deposited film remains amorphous up to 315 °C. At 315
°C, the onset of V,0; crystallization is observed by the emerging peak distributed
around 20.3 °26 (001) (JCPDS 03-0206[96]]). This temperature corresponds well with
temperature interval (300 °C to 350 °C) in which an increased (long-range) order is
suggested by GATR-FTIR spectroscopy (Figure[8.9).

As discussed in Chapter [ and based on GATR-FTIR spectroscopy (Figure [8.9), in
this temperature interval the residual organic matrix is burned as well. It can be
concluded that V,O; crystallization only occurs if the majority of the organic matrix
is removed. As the temperature increases up to 500 °C, the integrated intensity of the
peak distributed around 20.3 °20 enlarges, suggesting a further crystallization and
an increase in the amount of crystalline material. At 500 °C, this integrated intensity
is maximal. Note that within the studied 26 interval (from 12.5 °26 to 32.5 °260) only
the peak around 20.3 °20 is detected for the deposited layer. The crystalline V,05
powder (Figure 6.5, shown in Chapter|[6) exhibits additional XRD peaks at 15.4 °20
(020), 21.8 °26 (110), 26.1 °20 (101) and 30.8 °26 (310) (JCPDS-03-0206[96]). The single
XRD peak demonstrates a preferred c-axis oriented crystallization of the V,O;. Its
corresponding (002) peak is expected at 41.3 °260. This (002) peak is observed in
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a room temperature XRD pattern of a layer anneal at 600 °C in air (ex-situ XRD),
covering an interval of 40 °26 (Figure right). Between 550 °C and 670 °C, the
full-width-at-half-maximum of the (001) peak around 20.3 °260 decreases without a
significant change in its integrated intensity. This is assigned to a grain growth of the
c-axis oriented crystals. At 670 °C, V,05 melts[72] and the (001) peak disappears.
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Figure 8.10: Left: In-situ HT-XRD — obtained in dry air — of a single layer, spin coated from the
aqueous citrato-VO** precursor solution on 10 nm Al,O,. Right: XRD pattern of
four layered films, spin coated from the aqueous citrato-VO?** precursor solution
on 1.2 nm SiO, or 10 nm Al,O;, after a final anneal at 600 °C in dry air. The
assignment to crystalline V,Oj is based on JCPDS 03-0206.[96].

The microstructure of the films, obtained by deposition of the ammonium-citrato-
vO?** precursor solution on Al,O,, after a final anneal in air at 400 °C, 500 °C or 600
°C is examined by (cross-sectional) SEM (Figure[8.11). At 400 °C a rough, but closed
film with a thickness of about 20 nm is obtained. On the surface elongated structures
seem to emerge. At 500 °C, these elongated structures are clearly more developed.
The cross-sectional SEM image visualizes that the initial film is completely broken for
the formation of these rod-like structures. The dimensions of such a rod vary, with
exception of its width (or height), clearly exceeds 100 nm which explains the breaking
of a 20 nm thick film for formation of rods. The presence of these one-directional
rods confirms the preferred c-axis crystallization of V,0O5. As the temperature further
increases to 600 °C, the crystallites grow as proposed during the HT-XRD analysis
(Figure [8.10} left). Additionally, some parts of the surface are no longer covered by
rods but by continuous layer. A partial melting of the V,0O; nanostructures already
at 600 °C and its subsequent quenching in a glassy layer could explain this surface
coverage.
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Figure 8.11: SEM images of four layered films spin coated from the aqueous ammonium-
citrato-VO*" precursor solution on 10 nm Al,O, and after a final thermal treatment
at 400 °C, 500 °C or 600 °C in air (hot plates).

8.2.3 V,O; reductionin5 % H,

A first attempt to reduce the V,O; film, in an 5 % H, ambient, into VO, (M1) is shown
in Figure As is seen by the diffraction peak at 20.3 20, the starting material is
indeed V,0O; with a preferred (001) orientation. Already at 349 °C, a second crystalline
phase appears with a diffraction peak at 21.3 20. According JCPDS 71-2248, this peak
is assigned as the (202) peak of orthorhombic V,0,.[96] Between 349 °C and 469 °C,
both vanadium oxide phase coexists. At 438 °C, the V,O; phase disappears and the
onset of crystalline VO, (B) is seen by the (001) and (002) diffraction peaks at 14.7 20
and 29.4 20 (JCPDS81-2392).[96] Between 438 °C and 469 °C, the V,0, and VO, B
phase coexist. As the temperature exceeds 469 °C, only crystalline VO, (B) remains.
As the temperature further increases (up to 600 °C), the VO, (B) disappears and an
amorphous film is obtained. Thus, the following temperature-dependent pathway
for the V,O; reduction is obtained (Equation [8.):

V,0; — V,0, — VO,(B) — amorphous film (8.1)

The suggested reduction pathway, with the intermediate formation of V,0Oy, is in line
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Figure 8.12: Left: In-situ HT-XRD recorded on a four layered film obtained by spin coating
from the aqueous citrato-VO®* solution 10 nm Al,O,. After each layer, the sample
is treated at 100 °C, 200 °C and 400 °C in static air (hot plates) for 2 minutes.
The final film is annealed at 550 °C for 10 minutes in air. The in-situ HT-XRD
is performed in 5 % H, (in He) with a heating rate of 1 °Cs™!. Right: Sections
of the HT-XRD analysis at 100 °C, 400 °C and 510 °C. The assignment of crys-
talline V,05, V,0, and VO, (B) is based on JCPDS 03-0206, 71-2248 and 81-2392,
respectively.[96].

with the observations of Murphy et al.[12] This indicates that the direct formation of
VO, (M1) from V,0; in H,-based ambient is not straightforward.

8.3 Conclusion

A new aqueous synthesis route for the preparation of crystalline VO, and V,O,;
films by controlling the vanadium oxidation state throughout the entire deposition
process is presented. An intermediate anneal in 0.1 % O, (400 °C, 10 minutes) is
added to the film processing to allow sub 100 nm thickness adjustment without com-
promising the vanadium +IV oxidation state. The enhanced surface hydrophilicity
is explained by an increased surface roughness and the larger availability of surface
vanadyl groups. Both, aqueous precursor solutions - i.e. citrato-oxalato-VO** and
the citrato-VO?* - are successfully used for the preparation of crystalline vanadium
oxide nanostructures on SiO,, after a final anneal at 500 °C in a 0.1 % O, ambient.
The citrato-oxalato-VO®" precursor solution results in a monoclinic VO, film. The
citrato-VO** precursor solution forms monoclinic VO, M1 particles with an average
size of 1.78 um and a substrate coverage of 48 %.

Contrarily, in an oxidative ambient (i.e. air), the precursor solution is also suitable
for the formation of crystalline V,05 on SiO, and Al,O;. The removal of the organic
matrix, its crystallization is studied via GATR-FTIR spectroscopy, in-situ HT-XRD
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and SEM. In contrast to its powder variant, the organic matrix already decomposed
at 400 °C in air. Besides the temperature offset, the thermal decomposition pathway
is considered identical. At315 °C the onset of V,O; crystallization is observed. As the
temperature increases, the preferred c-axis oriented crystallization pushes through
which results in elongated nano-rods. From 650 °C, all V,O; melts and all peaks
disappear from the HT-XRD pattern. The obtained crystalline V,O; film does not
lead to VO, (M1) in a reductive H, ambient. Instead, V,0, and VO, (B) are obtained
between 349 °C and 469 °C and between 438 °C and 600 °C, respectively. If the
temperature exceeds 600 °C, the film becomes amorphous.
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Chapter 9

Vanadium oxide phase
formation

In the previous Chapter, a procedure for the transformation of the amorphous gel
into a crystalline vanadium oxide — without affection the vanadium IV oxidation state
—is presented. In addition, an intermediate anneal in 0.1 % O, ambient is introduced
to ensure films with a tunable thickness. This Chapter will investigate the relation
between the vanadium oxide phase formation and the (i) the precursor chemistry, (ii)
the selected substrate and (iii) the thermal budget. Section[9.2)is part of a manuscript,
submitted for publication.

Reference conditions

The aqueous citrato-oxalato-VO?* solution, with a citrate:VO?* ratio of 2:1, is spin
coated (3000 rpm, 30 seconds, 1000 "/s) onto small pieces (+ 6 cm?) of p-type Si with
200 nm SiO,, cleaned in a sulfuric acid peroxide mixture and ammonia peroxide
mixture. A hot plate treatment is carried out on each deposited layer at 90 °C for
2 minutes. An intermediate anneal is performed in a rapid thermal anneal system
(Accutherm AW-610) with an isothermal period of 10 minutes at 400 °C in an 0.1
% O, ambient. The deposition cycle (spin coating - hot plate - intermediate anneal)
is repeated four times. A post deposition anneal is performed in the same rapid
thermal anneal system in the 0.1 % O, ambient.

Parameters

1. The following substrates are studied, all the other reference conditions are
maintained:

e 5i0,, Al,O; and TiO, as semiconductor substrate for VO, M1 and its
future electrical evaluation. The TiO, could act as a template for the
epitaxial growth of the high-temperature VO, rutile phase.

159
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e Pt and TiN as metallic substrate for VO, (B), V,O,; and V,0; and their
future electrochemical evaluation.

2. An anneal time of 10 and 30 minutes is studied. The 30 minutes anneal is
expected to increase the amount of crystalline material by its benefit on the
crystallite growth time.

3. The number of deposition cycles is varied between 1 and 10, leading to films
with a different film thickness. The different film thickness could influence (i)
the crystallization temperature, as was studied by Hardy et al. on BaZr, 3Ti;,0,
obtained via CSD from an aqueous precursor solution[60] or (ii) the film’s
morphology by influence the solid state dewetting (Section[7.5.2).

4. The effect of the precursor chemistry on the vanadium oxide phase formation
is studied by comparing the precursor solutions studied in Chapter[3} In these
solutions the citrate:VO?* ratio varies: 0.75:1,1.50:1, 3.00:1 and 4.50:1. For these
solutions, the excess of ammonium oxalate is removed via precipitation (see

Chapter[2).

Four vanadium oxides, with a specific stoichiometry and crystallinity, will be encoun-
tered: monoclinic VO, (B), monoclinic VO, (Mlﬂ monoclinic VO, and orthorom-
bic V,0;. The diffraction peak assignment in this chapter is systematically based
on JCPDS 81-2392, 82-0661, 78-0983 and 03-0206, respectively.[96] For simplicity, no
further reference to one of these JCPDS diffractograms will made in this Chapter.

9.1 Substrate, anneal conditions and film thickness

9.1.1 Substrate — observations

On Si0, and TiO,, the initial four layered film (Figure[9.1} labeled as as dep.) already
exhibits diffraction peaks associated with monoclinic VO, (B) at 14.5 °26 (001), 29.1
°20 (002) and 44.3 °26 (003). An additional post deposition anneal at 400 °C does not
significantly change the XRD pattern. Though, the onset of the most intense peak of
monoclinic VO, is seen at 26.9 °20. As the temperature increases to 450 °C (for SiO,)
or to 500 °C (for TiO,), the peaks corresponding to monoclinic VO, (B) disappear and
new diffraction peaks appear at 8.9 (001), 17.8 (002), 36.0 (004) and 45.5 (005) °20,
indicating the presence of monoclinic V,O,,. In addition, the diffraction peak at 26.9
(003) °20 further evolves with an increase in its integrated area. At 500 °C and 550
°C, the diffraction peaks assigned to crystalline monoclinic VO, remain. However,
each peak has an increased integration area and decreased FWHM, stemming from
the increase in crystalline material and the crystallite growth.

IThis phase is the low temperature variant of rutile VO, (R). Obviously, during thermal treatment rutile
VO, (R) is formed which transforms into VO, (M1) upon cooling.
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Figure 9.1: XRD pattern of four layered films spin coated from the aqueous citrato-oxalato-
VO** on SiO, (left, top), y-Al,O; (right, top), TiO, (left, bottom) or Pt (right, bottom)
with an intermediate hot plate step at 90 °C in air (2 minutes), an intermediate
anneal at 400 °C (as dep.) and a post deposition anneal at 400 °C, 450 °C, 500 °C,
550 °C or 600 °C. All anneals are performed in a 0.1 % O, ambient for 10 minutes.

Note that the XRD patterns indicate the presence of a strongly textured film (i.e. 001,
002, 003, 004 and 004). Already at 500 °C (for SiO,) and 550 °C (for TiO,), a secondary
phase is observed by the emerging peaks at 20.3 °20 and 41.3 °26. These peaks are
assigned to orthorhombic V,0; with the (001) and (002) reflections. Finally, at 600
°C, the peaks associated with crystalline V,O,; diminish and the diffraction peaks
assigned to orthorhombic V,0; enlarge. Note that TiO, itself crystallizes at 500 °C
into rutile TiO,, as is seen by the appearance of the (011) diffraction peak at 27.7 ©20

(JCPDS 21-1276[96]).
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On y-Al,O,, the vanadium oxide phase formation differs from those observed on
5i0, and TiO,. The initial four layered film or films that underwent a post deposition
anneal up to 450 °C are clearly amorphous. The onset of the monoclinic V O, phase
formation, indicated by the appearance of the (003) diffraction peak, is observed
at 500 °C. As the temperature increases further to 550 °C, the integrated area of
this diffraction peak increases and additional diffraction peaks indicating monoclinic
VO, are observed at 8.9 (001), 17.8 (002), 36.0 (004) and 45.5 (005) °26. This suggests
an increased amount of crystalline material and a strongly textured film. Already
at 550 °C, orthorhombic V,0; with a preferential (001) orientation is observed. This
secondary V,05 phase becomes the dominant phase at 600 °C and the diffraction
peaks of the V,O,,; phase completely disappear. From 550 °C to 600 °C, the V,0;
amount of crystalline material and the crystallite size increase.

The vanadium oxide crystallization further modifies on Pt. The initial four layered
film and the films that underwent a post deposition anneal up to 500 °C are clearly
amorphous. At 550 °C, crystalline V,05; emerges as demonstrated by the (001)
diffraction peak. The second most intense peak of crystalline V,0O; is expected
around 41.3 °260 (002) and coincides with the very intense and broad Pt diffraction
peak centered around 39.8 °20 (111) (JCPDS 01-1190[96]). At 550 °C, the V,O5 phase
is accompanied by a V,O,; secondary phase. This secondary phase disappears at 600
°C and orthorombic V,QOj is the only crystalline phase present.

Temperature Sio, y-AL, O, TiO, Pt
as deposited VO, (B) amorphous VO, (B) amorphous
400 °C VO, (B) amorphous VO, (B) amorphous
450 °C VO, amorphous VO, amorphous
500 °C V¢O,; (primary) VOy4 VOy4 amorphous
V,0O; (secondary)
550 °C V¢O,; (primary) V¢O,; (primary) V¢O,; (primary) V, 05 (primary)
V,0; (secondary)  V,0; (secondary)  V,O; (secondary)  V,O,; (secondary)
600 °C V,05 V,05 - V,0;

Table 9.1: Summary of the vanadium oxide crystallization on SiO,, y-Al,O;, TiO, and Pt. Each
film is obtained by fourfold repetition of the deposition cycle and a final anneal,
performed at various temperatures in the 0.1 % O, atmosphere (10 minutes).

Table[.T|summarizes the vanadium oxide phase formation on the studied substrates.
The following trends are observed: (i) As the temperature increases, the vanadium
oxidation state increases in an oxidative trend: VO, (B), V,O,; and V,0Os. (ii) The
crystalline substrates are more resistive to crystallization and do not form a crystalline
film below 450 °C (y-Al,O;) or 500 °C (Pt). (iii) All substrates exhibit crystalline V,0O;
(as secondary or primary phase) at 550 °C, accompanied with V,O,;. At 600 °C, all
films contain phase pure V,O;. In the next parameter studies, only SiO, and y-Al,O,
are considered as examples of an amorphous and a crystalline substrate, respectively.
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Figure 9.2: XRD pattern of four layered films spin coated from the aqueous citrato-oxalato-
VO** solution on SiO, (left) and y-Al,O; (right) with an intermediate hot plate
step at 90 °C in air (2 minutes), an intermediate anneal at 400 °C (10 minutes, as
dep.) and a post deposition anneal at 400 °C, 450 °C, 500 °C, 550 °C or 600 °C for
10 minutes (top) or 30 minutes (bottom). All anneals are performed ina 0.1 % O,

ambient.

9.1.2 Anneal time — observations

The influence of the anneal time (10 or 30 minutes) is studied on SiO, and y-Al,O,,
as given by the XRD patterns in Figure For both substrates, the studied anneal
time has not a large influence on the vanadium oxide crystallization. Below 450 °C,
no difference at all is observed. From 450 °C on, the following sequence is shifted
towards lower temperature on both 5iO, and y-Al,O;: (i) V,O,; onset, (ii) phase pure
V,0O;; with an increased amount of crystalline material and a larger crystallite size,
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(iii) V4O,5 with a secondary V,0; phase and (iv) the disappearance of V,0,; and the
dominance of crystalline V,05. Due to the minor effect of the anneal time (within
the studied interval, i.e. 10 — 30 minutes), the anneal time in the following studies is
limited to 10 minutes.
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Figure 9.3: XRD pattern of films spin coated from the aqueous citrato-oxalato-VO** solution
on 5i0, (left) and y-Al,O; (right) with an intermediate hot plate step at 90 °C in air
(2 minutes), an intermediate anneal at 400 °C in 0.1 % O, (10 minutes, top) and a
post deposition anneal at 500 °C in 0.1 % O, (10 minutes, bottom). The number of
deposition cycles is varied between 1 and 10.

9.1.3 Film thickness — observations

To analyze the effect of the film thickness on the vanadium oxide phase formation,
the number of deposition cycles is varied between 1 and 10. In Chapter§} it is shown
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that the film thickness increases with the number of deposition cycles, leading to
growth per cycle of + 5 nm. Figure[9.3|displays the XRD patterns, obtained from spin
coated films on SiO, and y-Al,O, without and with a post deposition anneal at 500
°C, as a function of the number of deposition cycles.

As deposited

A total stack of four or less layers results in an amorphous film. As the number of
cycles exceeds four, crystallization occurs and VO, (B) is formed on both substrates.
Accompanied with the transformation from an amorphous film to a crystalline film
(i.e. VO, (B)), its morphology changes as well.

Figure demonstrates the morphology change as a function of the number of
deposition cycles on y-Al,O,. After 1 cycle, the film is still amorphous and the SEM
image displays a full coverage of the substrate. As the number of cycles increases
to 4, just before VO, (B) crystallization is observed in Figure the morphology
changes. Two zones seem to cover the substrate. The first zone appears lighter
in the SEM image and clearly exhibits features related to substrate coverage. The
second zone appears more dark in the SEM image and, at this point, does not show
any characteristics. After six layers, crystallization into VO, (B) is observed and
the morphology differentiation between the two zones remains. The features, such
as grains and roughening, in the lighter zone become more distinct. Though they
are not very well resolved in the SEM image and probably less abundantly present,
similar features emerge in the more dark zone, indicating that the substrate is fully
covered. It is plausible to assign the lighter zone to the presence of crystalline VO,
(B) and the darker zone to a still amorphous part of the film.

After 500 °C

The influence of the number of cycles or film thickness on the crystallization is
more pronounced after a final anneal at 500 °C. On both substrates, one cycle is
insufficient to induce crystallization. The onset of V,O,, crystallization on SiO,
could be argumented because of the increased signal intensity between 25 °20 and 28
°20. Starting from two cycles, VO, crystallization is observed on both substrates.
On y-Al,O;, phase pure V,O,, is formed for films obtained after multiple cycles
ranging between 2 and 10. Crystallization into phase pure V O, is also observed
on Si0O, for films obtained after 2 or 3 cycles. As the number of cycles exceeds 3, a
small peak, assigned to VO, (M1), emerges at 27.8 °260 (011). As the number of cycles
increases, on both substrates, the amount of crystalline material and the crystallite
size increase. Note that the peaks on SiO, have a larger peak area in comparison to y-
Al,O,, indicating the crystallization is enhanced on SiO,. The small peak, associated
with crystalline VO, (M1), at 27.8 °20 further grows on SiO, if the number of cycles
increases. Furthermore, for a film obtained after 6 cycles, this VO, (M1) peak even
becomes dominating. After 8 cycles, a second peak corresponding to crystalline VO,
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(M1) is detected at 57.5 °20 (022). Thus, on SiO,, a film obtained after 8 or 10 layers
crystallizes into primary VO, (M1) with VO, as secondary phase after a final anneal
at 500 °C.

4 cycles 4 cycles

200 nm
—

6cycles § 6 cles "i-;_‘- 6 cycles

400 nm

—

Figure 9.4: SEM images of films spin coated from the aqueous citrato-oxalato-VO?** solution
on y-Al,O; with an intermediate hot plate step at 90 °C in air (2 minutes), an
intermediate anneal at 400 °C in 0.1 % O, (10 minutes). The number of deposition
cyclesis 1,4 or 6.
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Figure 9.5: SEM images of films spin coated from the aqueous citrato-oxalato-VO** solution on
SiO, with an intermediate hot plate step at 90 °C in air (2 minutes), an intermediate
anneal at 400 °C in 0.1 % O, (10 minutes) and a final anneal at 500 °C in 0.1 % O,
(10 minutes). The number of deposition cycles is 2, 4, 6 or 10.
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The morphology of the deposited films, after a final anneal at 500 °C, also changes
as a function of the number of cycles. Figure 9.5 shows SEM images of the films
obtained on SiO, with 2, 4, 6 and 10 cycles. After 2 cycles, where the onset of V,O;,
crystallization is observed, two features can be distinguished. Parts of the substrate
are fully covered by a closed film, while other parts are covered by separate rod-like
or (hemi-)spherical particles. As the number of cycles increases, more parts of the
film break up and particles with both shapes remain present. As the number of cycles
increases to 10, and VO, (M1) is dominantly present with the VO, ; secondary phase,
the particle density increases and the (hemi-)spherical particles predominate.

200 nm

R —

200 nm
—_—

Figure 9.6: SEM images of films spin coated from the aqueous citrato-oxalato-VO?** solution
on y-Al,O; with an intermediate hot plate step at 90 °C in air (2 minutes), an
intermediate anneal at 400 °C in 0.1 % O, (10 minutes) and a final anneal at 500 °C
in 0.1 % O, (10 minutes). The number of deposition cycles is 2, 4 or 6.
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On y-Al,O; the similar morphology trend is observed (Figure 0.6). At the onset
of V,O,; crystallization (2 cycles), the film breaks up into rod-like and spherical
particles. Also here, the extent to which the film breaks up is directly related to the
amount of crystalline, VO, ;, material.

In summary, crystallization only occurs (or is only detected) if a minimal amount of
material is deposited onto the substrate (i.e. the equivalent of 2 cycles). On SiO,,
phase pure V,O,, is formed if 2 or 3 cycles are performed. For 4, 5 and 6 cycles,
both V,O,; and VO, (M1) are equally formed. As the number of cycles exceeds 6
(i.e. 8 or 10), VO, (M1) becomes the dominating phase. The VO, (M1) crystallization
is accompanied by a breaking of the film into (hemi-) spherical particles. On y-
Al,O, similar observations are made. However, no traces of VO, (M1) are found and
in this case, the formation of similar (hemi-) spherical particles is related to V O,
crystallization. The formation of VO, particles from a thin (< 20 nm), amorphous and
continuous film deposited on Si0O,, is consistent with previous observations reported
by Suh et al. and Nag et al. [Z, 18] Solid state de-wetting of the metastable VO, film
and the subsequent Ostwald ripening into VO, particles was the explanation they
suggested.[166] Despite, the substrate effect is previously discussed by Chae et al.,
Vernardou et al. and Premkumar et al., no clear explanation is put forward.[7, (16} 23]

9.1.4 Hypothesis

This section aims to explain the trends observed in the vanadium oxide phase for-
mation. Since the system is rather complex and very sensitive towards small expe-
rimental fluctuations, it is intended to present some ideas on the observed trends,
rather than giving a detailed understanding of each result obtained with a specific
set of experimental conditions.

In general, three stages are passed during the vanadium oxide phase formation as a
function of temperature. Note that the anneal time (within the studied interval) does
not significantly influence these stages. Atmildest anneal conditions, monoclinic VO,
(B) crystallizes with a low amount of crystalline material. At this point, the grained
film completely covers the substrate. During the intermediate anneal conditions,
the monoclinic VO, (B) transforms into monoclinic VO, ;. At this stage, monoclinic
VO, (M1) appears as a secondary phase. The morphology changes from a grained
film covering the substrate to a structure partially consisting of a grained, substrate
covering film and (hemi-)spherical particles. If more material is provided by e.g. a
thicker film, the amount of crystalline material increases for both phases (i.e. V,O,;
and VO, (M1)). This increase is the largest for VO, (M1), that becomes the primary
phase for films obtained after 6 or more cycles. The morphology changes as well
if more material is provided: the grained substrate covering film is almost fully
converted to the (hemi-)spherical particles. Finally, after the anneal with the strongest
conditions (i.e. highest temperature), the VO, starts to transform into orthorhombic
V,0s, while the VO, (M1) phase remains. This leads to a structure with V,O,,, V,05
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and VO, (M1). Note that on y-Al,O, and Pt (i.e. the crystalline surfaces), the first
stage (i.e. VO, (B)) is not observed and the formation of VO, (M1) does not occur
during the second stage. Additionally, the particle formation during the second stage
is more pronounced on y-Al,O; in comparison to SiO,

Temperature-dependent VO, (B), V;0;; and V,0; conversions

This transformation is already observed by (i) Murphy et al. who studied the conver-
sion of V,05, V,O,; and VO, (B) in a reducing ambient[12] and by (ii) Premkumar
et al. who studied the sequential oxidation of VO, (B) films on SiO, and Al,O, to
V,0,; and to V,Oj as function of temperature in a similar low pO,[16]. Both studies
support our observed transformations of VO, (B) to V,O,; and to V,0; as function
of temperature. Figure[9.7]schematically shows the structures of these vanadium ox-
ides. According to Katzke et al., VO, (B), V,0,; and V,0; belong to a homologeous
series of oxygen deficient structures originating from the same fcc structure with a de-
creased number of oxygen vacancies, respectively.[2] Due to these oxygen vacancies,
the fcc lattice destabilizes and a monoclinic shear deformation emerges.[2, Note
that Katkze et al. and Leroux et al. have compared the structures of VO, (B) and VO,
(M1) and claim (i) that both structures significantly differ and belong to a different
homologeous series each with its own parent structure and (ii) their interconversion
is very unlikely and requires a significant re-ordering of the vanadium and oxygen
atoms in the lattice which can only be realized by the destruction of the VO, (B)
lattice and re-construction into the VO, (M1) lattice.[2} Thus, the appearance of
VO, (M1) has nothing to do with the VO, (B), V,0O,; and V,0O5 conversions.

V,0, V0, VO, (B)

Figure 9.7: Schematic view of the V,0Os, V,O,; and VO, (B) structures constructed from ideal-
ized MOy, octahedra. Based on references [2]12].

Nucleation behavior

As discussed by Equations and the energy barrier for heterogeneous nucle-
ation is lower than the energy barrier for homogeneous nucleation. If this is combined
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with a film thickness of about 20 nm, it is plausible to assume that nucleation pref-
erentially occurs at the interface of the amorphous film and the substrate. Indeed,
crystallization occurs much more early on SiO, than on y-Al,O,. If crystallization
would be induced by homogenous nucleation, no significant difference between both
substrates is expected. Thus crystallization is most likely initiated by heterogeneous
nucleation. In this context, nucleation is energetically favored on the amorphous
5i0,, compared to the crystalline y-Al,O,, suggesting that surface energy between
the nucleus and the surface (i.e.y,s) is the lowest for SiO,. The nuclei formed on SiO,
at a low temperature further grow and convert to V,O,; and V,0O; as the tempera-
ture increases. On y-Al,O; the higher energy barrier for heterogeneous nucleation
is only overcome at a higher temperature directly leading to nuclei for formation of
crystalline VO,.

Since monoclinic VO, (B) and rutile VO, (R) are not structurally related and their
interconversion is very unlikely, their associated crystallites are likely originating
from different nuclei. Because, VO, (B) and VO, (M1) crystallize at significantly
different temperatures, the pathway of progressive nucleatiorﬂ is suggested. Indeed
during the nucleation and growth of VO, (B), only a limited amount of the amorphous
film crystallizes (low diffraction peaks with small integrated areas) leaving plenty of
material behind for the retarded nucleation into VO, (M1). Also for the VO, (M1)
nucleation, the energy barrier for heterogeneous nucleation is the lowest for SiO,,
explaining why VO, (M1) is detected on SiO,. Possibly, VO, (M1) nucleation can
occur on y-Al, O, at a higher temperature (e.g. 600 °C). However, at this temperature
already significant diffraction peaks with a large integrated area are observed, (i)
suggesting that the majority of the amorphous material is already crystallized and
(if) inhibiting the formation of new nuclei.

Proceeding on the hypothesis of heterogeneous nucleation and in comparison to
y-AlL,O,, SiO, exhibits a lower energy barrier for nucleation which leads a higher
amount of nuclei and, after growth, to a higher density of small grains. On y-AlL,O,,
less nuclei emerge which results in a film with a lower grain density and larger
grains. In the context of solid state dewetting - for films with an equal thickness (h),
grain boundary energy (y,) and grain surface energy (ys) - the condition for film
breaking is identical. Obviously, if the grains are larger (as is the case on y-Al,O;)
this condition is more easily met. This might explain why for the same amount of
deposition cycles (i.e. 4 and 6), the solid state dewetting (and particle formation) is
more pronounced on y-Al,O, in comparison to SiO,. Alternatively, the condition for
solid state dewetting is more easily fulfilled if the amount of deposition cycles (and
thus the film thickness h) increases, as is observed on SiO, and y-Al,O,

2During progressive nucleation, not all nuclei are formed at the same time or temperature. Some
clusters nucleate while other are already growing. The opposite is instantaneous nucleation in which all
nuclei are formed at the same time or temperature.
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9.2 Precursor chemistry

The aqueous solutions containing oxalato-VO?* (i.e. solutions with a citrate:VO**
ratio of 0.75:1 and 1.50:1, see Chapter and citrato-VO?** complexes (i.e. the solutions
with a citrate:VO?* ratio of 3.00:1 and 4.50:1, see Chapter [3) are used — within one
week after their synthesis — for the preparation of crystalline vanadium oxides on
200 nm SiO,, using the CSD route developed in Section[8.1}

Figure shows the XRD patterns of the obtained four layered vanadium oxide
films. For the oxalato-VO?* solution (molar ratio 0.75:1), the initial four layered film
(labeled as dep. in Figure[0.8) already shows crystalline features corresponding to the
monoclinic VO, B phase as indicated by the (001), (002) and (003) diffraction peaks
at 14.4 °20, 29.0 °20 and 44.1 °20 respectively. After an additional anneal at 400 °C,
the diffraction peaks associated with VO, (B) remain without a significant change
in their integrated area. If the temperature increases to 450 °C, the peaks associated
with monoclinic VO, (B) completely disappear, but new peaks corresponding to
monoclinic V,O,; appear at 17.8 °20 (002), at 26.9 °26 (003) and at 45.5 °260 (005). As
the temperature further increases to 500 °C, the V,O,, diffraction peaks sharpen and
their FWHM decreases, indicating an increase of the VO, crystallite size. Note that
both VO, (B) and VO, ; exhibit reflections corresponding to parallel crystallographic
planes perpendicular to the c-axis. At 500 °C, an additional diffraction peak is
observed at 27.8 °20 which is assigned as the (110) diffraction peak of monoclinic
VO, (M1).

The aqueous solution with a molar ratio of 1.50:1 results in a similar temperature-
dependent vanadium oxide phase formation: VO, (B) at 400 °C, V,O,, at 450 °C,
and V,O,; and VO, (M1) at 500 °C. At all studied temperatures, the integrated
area of the diffraction peaks associated with VO, (B) and V,O,; is smaller than
those obtained from the 0.75:1 solution. No significant difference is observed in the
VO, (M1) diffraction peak at 500 °C. The temperature-dependent phase formation is
clearly different if the dominating oxalato-VO?* species in the solution are exchanged
by the citrato-VO?** species (i.e. solutions with a molar ratio of 3.00:1 and 4.50:1).
The solution with a molar ratio of 3.00:1 leads to an amorphous four layered film
without VO, (B) characteristics directly after the intermediate anneal. If an additional
anneal at 400 °C (10 minutes) is applied, small peaks associated with VO, (B) can be
distinguished from the background at 29.0 and 44.1 °20. Similar to solutions with a
molar ratio of 0.75:1 and 1.50:1, the VO, (B) diffraction peaks are replaced by V,O,,
diffraction peaks at 450 °C. Note that only the peaks at 26.9 °26 can be distinguished
and that their intensity is much lower than the ones observed for the oxalato-VO**
containing solutions at 450 °C. As the temperature further increases to 500 A°C, a
strong crystallization occurs with appearance of intense diffraction peaks associated
with monoclinic V,O,; — (002) peak at 17.8 °20, (003) peak at 26.9 °20, (004) peak
at 36.2 °20 and (005) peak at 45.5 °20 — and monoclinic VO, (M1) — (220) peak at
27.8 °260. An additional diffraction peak is observed at 20.3 °20 and is ascribed to
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Figure 9.8: XRD pattern of four layered films spin coated from the aqueous VO?* solutions —
with a citrate:VO?" molar ratio of 0.75:1, 1.50:1, 3.50:1 and 4.5:1 — on 200 nm SiO,
after an intermediate anneal of 400 °C and a post deposition anneal at 400 °C, 450
°C or 500 °C. All anneals are performed in a 0.1 % O, ambient for 10 minutes.
The assignments are based on JCPDS 82-0661, 78-0983, 81-2392 and 03-0206 of
monoclinic VO, (M1), monoclinic V40,5, monoclinic VO, (B) and orthorhombic
V,0s. The vertical scale is decreased by factor 4 in comparison to the other XRD

patterns in this Chapter.

The temperature-dependent phase formation from the solution with a molar ratio
of 4.50:1 exhibits similar features as the one from the 3.00:1 solution. However, the
VO, (B) phase formation is not observed and the intensity of the VO, ; peaks at 450
°C is decreased. Moreover, the intensity of the diffraction peak associated with VO,
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(M1) at 27.8 °20 is increased and a second diffraction peak associated with VO, M1 is
observed at 57.9 °20 (220). Thus, as the molar ratio of citrate to VO?>* increases in the
solution and the dominance of oxalato-VO?** complexes is exchanged for citrato-VO**
complexes: (i) crystallization is delayed from 400 °C to 500 °C, (ii) the formation of
VO, (B) is no longer observed and (iii) enhanced V,O,,; and VO, (M1) crystallization
is observed at 500 °C.

1. Schwartz et al. suggest that crystallization of solution deposited films only
occurs if the organic moieties are thermally removed from the film.[33] Ther-
mal analyses, preformed in a low po, ambient, indeed indicate that this final
removal occurs at 350 and 400 °C for the oxalato-VO?* (Chapter and citrato-
VO?* (Chapter @) complexes, respectively. Both temperatures shortly precede
the observed crystallization from the oxalato-VO?* solution (i.e. 450 °C) and
the citrato-VO?* solution (500 °C).

2. The formed VO, (B) easily transforms into V,O,; and V,0O; as the processing
temperature increases Section9.1.4). According to Katzke etal., VO, (B), V,0,5
and V,0O; belong to a homologous series of oxygen deficient structures origi-
nating from the same structure with a decreased number of oxygen vacancies,
respectively.[2] Thus the transformation of VO, (B) to V,O,; and V, 0Oy is caused
by filling of the oxygen vacancies at higher temperatures.

3. Thirdly, VO, (M1) is not an oxygen deficient structure but belongs to a different
homologous series originating from a hexagonal-closed-packed bilayer struc-
ture. This VO, (M1) typically crystallizes from an amorphous matrix at 500 °C
inalow po, ambient.

In conclusion, the solutions with the dominance of oxalato-VO?* complexes form
the oxygen deficient, crystalline VO, (B) already at 400 °C because its final ther-
mal decomposition already occurs at 350 °C. Once VO, (B) is formed, it can only
transform into V,O,, and V,0; by filling of the oxygen vacancies at higher temper-
atures. The solution with the dominance of citrato-VO?* complexes initially results
in an amorphous film, because the final decomposition step only occurs at 450 °C.
As a consequence, crystallization only appears at 500 °C and is associated with a
simultaneous VO, (M1) and V,O,; crystallization.

9.3 TiN --- a different story

TiN was initially chosen as a metallic substrate which would allow electrochemical
evaluation of the layered vanadium oxides (i.e. VO, (B), V,O,; and V,0;). As will
be seen in this section, the TiN not only acts as a substrate but actively participates
in the phase formation. This is the reason why TiN is not included in the substrate
discussion above, but discussed separately.
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Figure 9.9: XRD pattern of four layered films spin coated from the aqueous citrato-oxalato-
VO?* (molar ratio of citrate:VO*" = 2:1) on 70 nm TiN with an intermediate hot
plate step at 90 °C in air (2 minutes), an intermediate anneal at 400 °C in 0.1 %
O, (10 minutes, as dep.) and a post deposition anneal at temperatures ranging
between 450 °C and 850 °C in 0.1 % O,. The anneal time of this final anneal is either

10 minutes (left) or 30 minutes (right).

9.3.1 Observations

The vanadium oxide phase formation and the associated morphology, starting from
the aqueous oxalato-citrato-VO?* solution, is studied on TiN as well. Figure
shows the XRD patterns obtained of four layered films after a final anneal in 0.1 %
O, at temperatures ranging between 450 °C and 850 °C with an anneal time of 10
or 30 minutes. Firstly, the as deposited film only demonstrates a diffraction peak
associated with crystalline TiN substrate around 42.5 °26 (011). This diffraction peak
disappears as the temperature increases. Crystalline TiN can endure up to 550 °C or
up to 450 °Cin 0.1 % O, for an anneal time of 10 or 30 minutes, respectively. Secondly,
starting from 650 °C, a diffraction peak occurs at 27.5 °26.

Oxide JCPDS  Reflection  Position (°26)
Rutile TiO, 21-1276 (011) 27.5
(022) 56.6
High temperature, rutile VO, 44-0253 (011) 27.7
(022) 57.1
Low temperature, monoclinic VO, (M1)  82-0661 (011) 27.8
(022) 57.5

Table 9.2: Overview of the most important XRD reflections of rutile TiO,, rutile VO, and

monoclinic VO, (M1)
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As indicated by Table this peak can be assigned to the (011) reflection of mon-
oclinic VO, (M1), of rutile VO, or of rutile TiO,. Theoretically, the rutile VO, is
only present if the actual temperature exceeds 68 °C, which makes its assignment
rather unlikely. As the temperature further increases, the peak intensity drastically
increases, suggesting a strong increase in crystalline material. Additionally, starting
from 700 °C (anneal of 10 minutes) or from 750 °C (30 minutes), two new diffraction
peaks appear at 56.7 °20 and at 56.9 °20 which can be tentatively assigned to the
(022) reflection of rutile TiO, and monoclinic VO, (M1) or rutile VO,, respectively.
Also here, the assignment to rutile VO, is rather unlikely. However, its theoretical
reflection position better fits the observed value than monoclinic VO, (M1). This
suggests that during the anneal, (i) TiN oxidizes to TiO, and (ii) crystallization into
rutile VO, takes place. As the sample cools down and the XRD measurement is
performed at Troon , the rutile VO, transforms into the monoclinic VO, (M1).

To gain more insights, the morphology of the total stack (i.e. TiN or TiO, substrate
and four layered films annealed at various temperatures in 0.1 % O, for 30 minutes)
is examined in Figures[9.10jand[9.11} At 550 °C or 600 °C, when no signs of crystalline
TiN remain and no indications are seen for crystalline VO, or TiO,, the amorphous
film covers the entire substrate and grain formation emerges. Since, TiN is already lost
below 550 °C the diffusion of O, through pin holes or its direct contact at uncovered
parts of the substrate is excluded. As the temperature increases to 650 °C, and the
onset of VO, (M1) and TiO, crystallization is demonstrated, the grains evolve and
become clearly visible. At this point the grains are reasonably small and have an
average size of 90 nm. From Figure it is clear that the grains further grow,
via Ostwald ripening, as the temperature increases. Note that during this ripening,
the grains partially rip off and spherical particles arise. E.g. at 850 °C, the average
particle size exceeds 400 nm.

9.3.2 Hypothesis

It is well known that TiN coatings thermally oxidize to TiO, starting between 350
°C and 450 °C in an O, based environment.[176-179]. These studies are, generally,
performed on TiN with a =+ 1:1 stoichiometry. This TiN features a diffraction peak
at 37.3 °20, assigned to the (111) reflection and firstly oxidizes to anatase TiO, with
the dominating (004) reflection at 37.8 °20. These studies are not consistent with our
observations. However, recent reports of Deng et al. study the oxidation behavior of
N-doped TiO,, via in-situ HT-XRD, of samples with a different N:Ti ratios in He and
air. (i) N-deficient TiN samples (with N content of 10 at. %) clearly exhibit the (200)
reflection of TiN at 47.5 °20. (ii) Starting from 625 °C and in He, these N-deficient
TiN samples transform to rutile TiO, with a primary (022) reflection at 27.5 °26 and
a less intense, secondary (002) reflection at 39.0 °26. (iii) Their oxidation in air leads
to anatase TiO, at 475 °C which transforms into rutile TiO, at 700 °C.[180] This study
suggests that the used TiN substrate is N-deficient and that the 0.1 % O, rather
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550 °C

Figure 9.10: SEM images of four layered films spin coated from the aqueous citrato-oxalato-
VO** (molar ratio of citrate:VO®* = 2:1) on 70 nm TiN with an intermediate hot
plate step at 90 °C in air (2 minutes), an intermediate anneal at 400 °C in 0.1 % O,
(10 minutes) and a final anneal at 550 °C (top), 600 °C (middle) or 650 °C (bottom)
in 0.1 % O, (30 minutes).

approaches the He and not the air atmosphere. Indeed, careful inspection of the
TiN substrate synthesis (i.e. lonized Metal Plasma synthesis) elucidates a N-deficient
TiN, ¢ stoichiometry. Additionally, AFM images of the in He treated N-deficient TiN
show the formation of separated TiO, particles, with an average size of 300 nm and
a rather low surface coverage, on a SiO, surface.[180] Also these observations are in
line with our results, based on the SEM images in Figures and Our high
surface coverage could be explained by the thicker, initial TiN layer (70 nm versus 25
nm in the work of Deng et al.). In summary, the N-deficient TiN substrate transforms,
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Figure 9.11: SEM images of four layered films spin coated from the aqueous citrato-oxalato-
VO** (molar ratio of citrate:VO®* = 2:1) on 70 nm TiN with an intermediate hot
plate step at 90 °C in air (2 minutes), an intermediate anneal at 400 °C in 0.1 % O,
(10 minutes) and a final anneal at 700 °C (top), 800 °C (middle) or 850 °C (bottom)
in 0.1 % O, (30 minutes).

at 625 °C and in O,-poor atmosphere, into rutile TiO, particles with a preferred (011)
orientation.

Muraoka et al. and Abreu et al. compare the epitaxial growth of rutile VO,, above
its phase transition temperature, on a TiO, (001) and a TiO, (011) surface.[181] 182]
They demonstrate the exclusive, epitaxial growth of (i) rutile TiO, with a preferred
(001) orientation on a rutile TiO, (001) surface and (ii) rutile TiO, with a preferred
(011) orientation on a rutile TiO, (011) surface. The last one is in a full agreement



9.4. CONCLUSION 179

with the observed VO, crystallization with the (011) and (022) diffraction peaks.

Combining both argumentations, it is plausible to hypothesize that during the final
anneal (in a O,-poor atmosphere) the N-deficient TiN transforms into rutile TiO,
particles with a preferred (011) orientation which acts as an in-situ formed surface for
the epitaxial growth of rutile VO, . In this hypothesis the VO, covers the entire surface
of the TiO, particles leading to composite core-shell particles with a TiO, core and
VO, shell. Obviously, during cooling, the rutile VO, transforms, via the well-known
structural phase transition, into monoclinic VO,. This hypothesis is the perfect
starting point for further work to (i) prove the core-shell TiO,/VO, structure via
physical characterization such as TEM, (ii) to analyze its metal-to-insulator transition
which would be very straightforward since the SiO, layer, buried beneath the initial
TiN, has a thickness of about 100 nm and (iii) to optimize particle density by tuning
the TiN thickness or the VO, thickness by changing the amount of deposition cycles
prior to the final anneal.

9.4 Conclusion

The vanadium oxide phase formation is analyzed through an extended parameter
study and related to the nucleation behavior. As was expected from the complicated
vanadium-oxygen phase diagram (Figure([T), the vanadium oxide phase formation is
not straightforward and each parameter in the CSD process influences this vanadium
oxide phase formation. In general, three stages are passed during the vanadium oxide
phase formation as a function of temperature.

1. Atmildest anneal conditions, monoclinic VO, (B) crystallizes on the amorphous
substrates (5i0, and TiO,). The monoclinic VO, (B) crystallites originate from
the progressive, heterogeneous nucleation at the interface between the amor-
phous layer and the substrate. VO, (B) crystallization is not observed on the
crystalline substrates (y-Al,O, and Pt) which is probably due to their increased
surface energy, inhibiting heterogeneous nucleation. At this point, the grained
film completely covers the substrate.

2. During the intermediate anneal conditions, the monoclinic VO, (B) transforms
into monoclinic V,O,; which is caused by filling of the oxygen vacancies in
the lattice. Additional, monoclinic VO, (M1) appears as a secondary phase
and originates from different nuclei formed at the interface. Nevertheless VO,
(B) nucleated earlier, had the opportunity to grow and transform into V,O,;,
plenty amorphous material is available for the formation of the rutile VO, (R)
nuclei. This rutile VO, (R) nucleation is heterogeneous and is only observed on
the substrates with a low surface energy (i.e. 5iO,). The morphology changes
from a grained film covering the substrate to a structure partially consisting
of a grained, substrate covering film and (hemi-)spherical particles. This phe-
nomenon is related to the solid state dewetting of films and preferentially occurs
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on films with a low density of large grains as is the case on y-Al,O; (explain-
ing the extended dewetting on y-Al,O, in comparison to SiO,) and on films
with higher initial thickness (explaining the extended dewetting after 6, 8 or 10
deposition cycles in comparison to less deposition cycles).

3. Finally, after the anneal with the strongest conditions (i.e. highest temperature),
the VO, starts to transform into orthorombic V,O;, while the VO, (M1) phase
remains leading to a structure with V,O,,, V,05 and VO, (M1).

The aqueous solutions containing oxalato-VO?* and citrato-VO** complexes lead to a
different vanadium oxide phase formation on SiO,. The solutions with the dominance
of oxalato-VO?** complexes form the oxygen deficient, crystalline VO, (B) already at
400 °C because its final thermal decomposition already occurs at 350 °C. Once VO,
(B) is formed, it can only transform into V,O,; and V,0Oj by filling of the oxygen
vacancies at higher temperatures. The solution with the dominance of citrato-VO**
complexes initially results in an amorphous film, because the final decomposition
step only occurs at 450 °C. As a consequence, crystallization only appears at 500 °C
and is associated with a simultaneous VO, (M1) and V,O,; crystallization. This is
one of the key achievements in this doctoral research: the structure and chelation of
the VO?* complexes, present in the aqueous solution, directly relates to the vanadium
oxide phase formation through their thermal decomposition pathway.

On the N-deficient TiN an alternative phase formation pathway is followed. Dur-
ing the final anneal (in a O,-poor atmosphere) the TiN transforms into rutile TiO,
particles with a preferred (011) orientation which acts as an in-situ formed surface
for the epitaxial growth of rutile VO,. This hypothesis could be the starting point
of further work to (i) prove the core-shell TiO,/VO, structure, (ii) to analyze its
metal-to-insulator transition and (iii) to optimize particle or grain density.



Conclusions

The main objective of this work was to obtain fundamental insights in the aque-
ous vanadium precursor chemistry and in their relation to the vanadium oxide
stoichiometry/phase formation, obtained via a solution deposition route. Here, the
main achievements per milestone will be summarized.

Acquiring insights in the aqueous citrato/oxalato-VO?* solution chem-
istry: synthesis, structure and stability

Defined goal

Firstly, a detailed literature study on the behavior of vanadium ions and their co-
ordination with citrato ligands in water was required. Secondly, our aim was to
synthesize mononuclear citrate-VO?* complexes without inserting a high amount of
citrate or thermally non-decomposable species. In addition, the prevention of the
secluded, dimeric structure — by the formation of ammonium carboxylate interac-
tions, bridging two or more citrato-VO?** complexes into a network — was targeted.
From a fundamental scientific perspective, it was interesting to study and understand
each step, and the associated chemical transformations, during this synthesis. The
structure and stability of the final citrato-VO?" complexes, present in the aqueous
solution, would be explored in particular.

Achievements

The review of the aqueous vanadium chemistry indicates that:

e Vanadium can occur with three different oxidation states in the aqueous solu-
tion (i.e. +III, +IV and +V). The conversion from one to another oxidation state
must be anticipated, especially when other components (such as citric acid or
H,0,) are introduced in the aqueous solution.

e In the absence of an additional chelating compound (such as citric acid),
the vanadium(V) ion easily hydrolyzes. This hydrolyzed species is subse-
quently subjected to condensation reactions leading to pH-dependent polynu-
clear species such as tri-, tetra-, penta- or decavandates.

181
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e Condensation can be prevented by forming citrato complexes in the aqueous
solution. Citrato-VO} complexes are typically observed as dinuclear complexes
with a very stable (VO,), (12 — O) unit, formed by the deprotonated a-hydroxyl
functionality of the citric acid/citrate. The associated geometry is a square pyra-
midal with the free V=0 bond in the axial position. Citrato-VO** complexes
are also observed as dinuclear complexes with a very stable (VO),(u,— O) unit.
Here, the associated geometry is pH-dependent and can be a square pyramidal
with the V=0 bond at the axial position (pH ~ 5) or a distorted octahedral with
the V=0 bond at the first axial position and a carboxylate group at the second
axial position (pH ~ 8). Mononuclear complexes are only observed if a high
amount of citrate is added to the solution (i.e. m.r. 100:1).

A new method for the synthesis of an aqueous solution containing oxalato-VO?*,
citrato-oxalato-VO?* or citrato-VO** complexes is developed and each step in its
synthesis is studied in detail by various spectroscopic techniques such as >*V-NMR
and EPR spectroscopy. During synthesis, cyclic tetravanadate(V) is converted into
VO?* using oxalic acid as an acidifier and reducing agent. The subsequent complex-
ation of the VO** ion with citrato complexing agents occurs as a ligand exchange
reaction with chelating oxalato ligands. A successful procedure, based on the limited
solubility of (NH,),C,0, in water, is developed for the removal of the oxalate excess
(which was necessary for a complete VO3 /VO** reduction).

As a function of the molar ratio of citrate to the reduced [VO(C204)2]2+ species, the
following complexes are obtained and identified. At a low molar ratio (i.e. 0.75:1),
monomeric cis-oxalato-VO?** complexes occur with a distorted square pyramidal
geometry. As the amount of citrate increases, oxalate is gradually exchanged for
citrate leading to a VO?* complex with a mixed oxalate/citrate ligation (1.5:1) or an
exclusive citrato ligation (2:1 or higher). In the latter case, both mono- and dimeric
citrato complexes are observed. However, the monomeric citrato complex dominates
(abundance > 80 %) and is characterized by sixfold chelation of the vanadium(IV)
ion by a RCO; ligation at the equatorial positions and a H,O/R-OH ligation at the
axial position. The oxalato-VO?* and citrato-VO** complexes show a different redox
reactivity towards the dissolved O, in the aqueous solution. During the first week
after synthesis, a non-resolved onset of oxidation is observed for both complexes.
After 17 days - in closed NMR tube filled with air and at room temperature —
the oxidation rate is the highest for the oxalato-VO** complexes. If citrato-VO**
complexes dominate, no further difference between the oxidation rates is detected as
more citrate is present in the solution. The reactivity of the VO** complexes can be
drastically retarded by evacuation of the dissolved O, and subsequent storage in a
N, ambient.
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Understanding the thermal decomposition pathway of the ammo-
nium-citrato/oxalato-VO?* gel

Defined goal

The formation of a vanadium oxide, starting from an aqueous vanadium precursor
solution, via the chemical solution deposition route, requires the, thermally-induced,
transformation of the precursor gel into the oxide. Hence, it was important to
understand the thermal decomposition pathway of the precursor gel and its con-
taining complexes. In addition, this fundamental understanding would aid in de-
termining the initial processing conditions and in establishing the relation between
the precursor composition and the vanadium oxide stoichiometry/phase formation.
Thus the thermal decomposition pathway of the ammonium-oxalato-VO?** gel and
ammonium-citrato-VO?* gel had to be studied in air and in N, (or He).

Achievements

In the thermal decomposition pathway of both gels, the largest weight loss is ob-
served at 250 °C. This weight loss corresponds to the non-oxidative and endothermic
decomposition of the a-hydroxyl groups, ammonium carboxylate groups and car-
boxylic acid groups with the release of NH,, H,O and CO,. Above 250 °C, the
pathway depends on the ambient (air versus N,/He) and on the composition of the
complexes in the gel (oxalato- versus citrato-VO**).

1. Ammonium-oxalato-VO?**

¢ In an oxidative ambient, an exothermic and oxidative decomposition step
occurs around 275 °C. The remaining VO** species are fully decomposed
with the release of mainly H,O, CO, and NO,. Additionally, the formation
of the V-O bonds takes place resulting in V,05. No weight loss is observed
above 300 °C leading to a final weight of 11 %.

¢ In a non-oxidative ambient, no exothermic reactions are observed and the
major decomposition step is delayed to 322 °C. The thermal decomposition
pathway favors the formation of amide and nitrile functionalities and the
release of their associated mass fragments. Additionally, the little amount
of O, present is consumed for the formation of NO and CO,, derived from
the oxidative decomposition of such amide/nitrile functionalities and of
the residual matrix, respectively. At 500 °C, the sample still contains
compounds that are thermally stable in the reduced O, ambient (~ 44
w/w% of the residual sample):

2. Ammonium-citrato-VO?*

¢ In oxidative conditions all thermo stable compounds formed during the
previous decomposition steps and the direct coordination sphere of the
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vanadium ion are decomposed with the formation of mainly H,O, NH,,
CO, and NO,. Mass fragments suggesting amide formation are detected
as well, but with a marginal ion current. Finally, the formation of the V-O
bonds takes place and V,O; crystallization occurs.

e In an inert atmosphere, the decomposition of oxalate residues extends up
to 325 °C. Next, amide functionalities form and convert to nitrile groups
with the release of H,O. These nitrile groups subsequently rearrange
and emit HCN or H,C=C=N. Due to the unintended presence of O,
in the inert atmosphere also minor oxidative burnings of thermo stable
compounds are observed. The residual sample, obtained at 625 °C, still
contains compounds that are thermally stable. These compounds account
for ~ 51 w/w% of the residual sample.

Relating the aqueous precursor chemistry to the vanadium oxide
stoichiometry and phase formation

Defined goal

Once the composition and structure of the VO** complexes, present in the aqueous
solution, and their thermal decomposition pathway would be understood, the actual
vanadium oxide formation could be explored. Each step and parameter of the
chemical solution deposition route had to be investigated with the formation of VO,
(M1), VO, (B), V,O,; and V,0O; targeted. Next, the vanadium oxide stoichiometry and
phase formation would be investigated and related to the composition and thermal
decomposition pathway of the VO?>* complexes present in the aqueous solution.

Achievements

A full procedure for the preparation of crystalline vanadium oxide films by con-
trolling the vanadium oxidation state throughout the entire deposition process is
presented. An intermediate anneal in 0.1 % O, (400 °C, 10 minutes) needs to be
added to the film processing to allow sub 100 nm thickness adjustment without com-
promising the vanadium +IV oxidation state. All aqueous solutions are successfully
used for the preparation of crystalline vanadium oxide nanostructures.

The vanadium oxide stoichiometry and phase formation is directly related to the
aqueous precursor chemistry and to the parameters of the chemical solution depo-
sition route:

1. The deposition of an aqueous solution with the dominance of citrato-VO**
complexes on SiO, and the subsequent processing in an 0.1 % O, ambient is
recommended for the formation of VO, (M1) (e.g. for its MIT property). This
solution initially results in an amorphous film, because the final decomposition
step only occurs at 450 °C. VO, (M1) crystallization occurs at 500 °C and is
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accompanied by a V,O,, secondary phase. If a four layered film is deposited,
particles are obtained after an anneal at 500 °C with an average size of 1.78 um
and a substrate coverage of 48 %.

2. If VO, (B), V,O,; or V,0q is targeted (e.g. as candidate cathode material),
the citrate-VO®* complexes must be replaced by oxalato-VO** complexes. An
aqueous solution with the dominance of oxalato-VO*" complexes forms the
oxygen deficient, crystalline VO, (B) already at 400 °C because its final thermal
decomposition already occurs at 350 °C. Once VO, (B) is formed, it can only
transform into V,O,; and V,0O; by filling of the oxygen vacancies at higher
temperatures. The temperature-dependent VO, (B), V,0O,; and V,0O; trans-
formation and their morphology can be tuned by changing the substrate and
processing conditions:

e The entire transformation sequence is followed on the amorphous sub-
strates (SiO, and TiO,) due to the progressive and heterogeneous nucle-
ation of VO, (B) crystallites at the interface between the amorphous layer
and the substrate. The crystalline substrates (y-Al,O; and Pt) are more
resistive to crystallization and VO, (B) phase formation is not observed.

e As the temperature increases, the morphology changes from a grained
film to a structure consisting of a grained film and (hemi-)spherical parti-
cles. This phenomenon is related to the solid state dewetting of films and
preferentially occurs on polycrystalline films with a low density of large
grains as is the case on y-Al,O, and on films with higher initial thickness.

3. If the films are treated in an oxidative ambient (i.e. air), all precursor solutions
form crystalline V,0;. The removal of the organic matrix and its crystallization
is studied via GATR-FTIR spectroscopy and in-situ HT-XRD. In contrast to its
powder variant, the organic matrix already decomposes at 400 °C in air. Despite
the temperature offset, the thermal decomposition pathway is identical. At 315
°C the onset of V,0; crystallization is observed. As the temperature increases,
the preferred c-axis oriented crystallization pushes through which results in
elongated nano-rods. From 650 °C, V,05 melts and all peaks disappear from
the HT-XRD pattern.

On the N-deficient TiN an alternative phase formation pathway is followed. Dur-
ing the final anneal (in a O,-poor atmosphere) the TiN transforms into rutile TiO,
particles with a preferred (011) orientation which acts as an in-situ formed surface
for the epitaxial growth of rutile VO,. This hypothesis could be the starting point
of further work to (i) prove the core-shell TiO,/VO, structure, (ii) to analyze its
metal-to-insulator transition and (iii) to optimize particle or grain density.
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Outlook

At this point several aqueous solutions containing oxalato-VO?*, citrato-oxalato-
VO?* or citrato-VO?* complexes are synthesized and investigated. In addition, the
vanadium oxide stoichiometry and phase formation are related to the precursor
chemistry.

This work shows the important relation between the precursor chemistry and the
oxide formation (in a reduced O, ambient). It would be very interestingly if one
could generalize this key point by (i) studying alternative chelating agents for which
a different thermal decomposition pathway is expected and (ii) transferring our
observations to a citrato/oxalato precursor system with a different metal cation.

Another follow-up study could focus on the implementation and functional charac-
terization of these VO, (M1), VO, (B), V,O,; and V,O;, as active component in future
technological devices. This would first require an optimization of the morphology
and the realization of closed films without pin-holes. An increased film thickness —
by a higher VO** concentration or a higher number of deposition cycles — could be
the starting point. Moreover, in the context of VO, (M1):

o The effect of dopants on the MIT can be investigated by the preparation of
doped-VO, (M1) films or particles. The preparation and analysis of multimetal
ion solutions containing VO** complexes and Ti**, AI**, W®", Mo®" or Nb>*
complexes will be required.

e The obtained VO, (M1) nanoparticles could be incorporated in a SiO, matrix
which promises enhanced functional properties.

Finally, the collaboration framework could be explored for a more detailed analysis
of some of the metal-ion precursors available in the IMO-IPC research group. E.g.
complexes with a specific manganese, cobalt or chromium ion could be structurally
analyzed via EPR spectroscopy. Alternatively, complexes with a specific lithium or
aluminum ion could be investigated via NMR spectroscopy.
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Appendix A

Magnetic Resonance
Spectroscopy

In this chapter, a brief introduction in two, complementary, Magnetic Resonance
Spectroscopic techniques will be given: (i) Nuclear Magnetic Resonance (NMR)
Spectroscopy with a focus on ®'V-NMR Spectroscopy and (ii) Electron Paramag-
netic Resonance (EPR) Spectroscopy. Both techniques allow structural investigation
of the vanadium species present in the aqueous solution and can be considered com-
plementary since >'V-NMR and EPR probe vanadium(V) and vanadium(IV) species,
respectively.

A.1 Magnetic resonance

Before applying NMR and EPR on a vanadium nucleus or species, some general
theoretical principles on magnetic resonance are discussed. A quantum mechanical
description of the magnetic resonance phenomena can be found in the textbooks
of Atkins and Friedman: Molecular Quantum Mechanics[50]. Its practice on NMR
and EPR is discussed by Friebolin in his book Basic One- and Two-Dimensional NMR
Spectroscopy[183] and by Weil and Bolton in their book Electron paramagnetic resonance:
elementary theory and practical applications[184], respectively. These works are used as
references in the following section.

A.1.1 Angular momentum and magnetic moment

The rotational motion of a particle is typically described by its angular momentum

_)
j, which is expressed as the cross product of its position vector 7 and its linear
momentum ? in Equation

T=7x7 (A1)
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By introducing the moment of inertia I in Equation[A.2 the rotational energy of this
particle can then be expressed as function of the angular momentum (Equation[A.3).

I = mr? (A.2)
7)2
E=—r (A.3)

If this particle is charged, its rotation results in a magnetic moment 1/ which is
proportional to the angular momentum of the considered particle by the g-factor and
the magnetogyric ratio , as given in Equation|[A.4] The magnetogyric ratio is particle
specific and is defined as the ratio of its charge q to its mass m (Equation[A.5).

—
H=grj (A4)
_1

For a further elaboration of the angular momentum and the associated magnetic
moment, three situations must be distinguished: (i) the orbital angular momentum

_l> which describes the rotation of a free electron in an orbit around the nucleus,
(ii) the intrinsic electron angular momentum or electron spin s which describes the
rotation of a free electron around its own axis and (iii) the intrinsic nuclear angular
momentum or nuclear spin T which sums the individual intrinsic angular momenta
of the core particles _z>1

ﬁ
Orbital angular momentum [ and its magnetic moment 11;

Consider an electron, with mass m, and charge —e¢, free to move over the surface
of a sphere with radius r. Assuming a zero potential energy of this electron, its
Hamiltonian is stated in Equation In this Hamiltonian, V2 corresponds to the
Laplacian operator and expresses a second order differential either in Cartesian or in
spherical polar coordinates.

hz

H:—%V2 (A.6)

Further elaboration of this Hamiltonian can be found in the textbook of Atkins and
Friedman/'| The obtained solutions are the Spherical harmonics, \{Lm1 (6,9), in which the
labels 1 and m, refer to the angular momentum quantum number and the magnetic
quantum number. The possible values for both 1 and m, are listed in Equation
Expressions for the Spherical harmonics can be found in Table

I The following boundary conditions are assumed by Atkins and Friedman. (i) The particle is confined
to the surface of the sphere with a fixed radius, r, and the r itself is considered as a constant. (ii) The cyclic
boundary condition states that (¢ + 2 7t) = D(¢p).
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1=0,1,2,... and my=11-1,..,—-(1-1),-1 (A7)
I m Y, (6:9)
0 %n%
1 % (%)I/Z cos(0)
+1 1 ()" sin(0) exp(xig)
2 0 1(2)" (3cos20) - 1)
+1 i% (%)]/Z cos(0) sin(0) exp(+i¢)
+ }—1 %)l/z sin®(6) exp(+2i¢)

Table A.1: Examples of Spherical harmonics.[50]

The energies, E, , of the considered particle are confined to the values given in
Equation Since for a given value of 1, 21+ 1 values are possible for m;, each
energy level is 21 + 1 degenerate. The projection of the orbital angular momentum
on an arbitrary z-axis 1, is given in Equation

h
B = 10+ D5 (A.8)

1, = my (A9)

Substitution of the orbital magnetic momentum in Equation[A.4results in the orbital
magnetic moment 1, where g, and y. correspond to the g-factor for an electron in
an orbital rotation (i.e. g, = 1) and the magnetogyric ratio of the electron (Equations
[A-T0}[A-TT). - corresponds to the projection of the magnetic moment at an arbitrary
z-axis (Equation[A.12). Here, the Bohr magneton can be presented (Equation
which elaborates the expression for the orbital magnetic moment in Equation

- -

m=gyel =yl (A.10)
e
Ve = "o (A.11)
Uiz = Vemlh = —upny (A.12)
_en ]
M= = 9.274 X 107+ (A.13)

Table and [A 3|summarize the main expressions for the orbital angular momen-

tum, [, and its associated magnetic moment, (i;.
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Electron spin s

The rotation of an electron around its own axis results in an intrinsic angular mo-
mentum or spin, 5. In contrast to the orbital rotation of the electron (and its orbital
angular momentum), the rotation of an electron around its own axis does not have to
satisfy the same boundary conditions as those for an electron rotating on the surface
of a sphere. Consequently, the spin quantum number s and spin magnetic quantum
number m, differ from those associated with the orbital angular momentum. Its con-
fined values are given in Equation The projection of the spin on an arbitrary
z-axis is defined in Equation[A.T5]

and mg =+

s = (A.14)

N =

1
2
s, = myhi (A.15)

By analogy with the orbital magnetic moment, an electron spin magnetic s mo-
ment arises from the rotation of the electron around its own axis. The experimental
determination of this electron spin magnetic moment indicates that the magnetic
moment is twice the value expected from Equation[A.4} The expression found for the
electron spin magnetic moment is given in Equation ¥, and g, correspond to
the magnetogyric ratio of the electron and the electron g-factor (g, = 2.002319304 ),
respectively.

ﬁ; = geye? (A.16)

The quantized component of the electron spin magnetic moment is expressed in

equation

Hsz = geyemsh = T8elipMy (A.17)

Tables and summarize the main expressions for the electron spin, s, and its
. . e d
associated magnetic moment, (.

Since a system usually posses more than one electron, the total spin can be considered
as the sum of the spin of each electron. For a system with one unpaired electron, this
leads to a spin state (S = ¥4). For a system with more unpaired electrons, a spin state
S > V4 is obtained (e.g. Fe(Ill) with 5 unpaired electrons, S = %2).

ﬁ
Nuclear spin I

Since a nucleus consists of a collection of core particles (i.e. neutrons and protons), its
angular momentum or spin is considered as the sum of the intrinsic angular momenta
of each core particle in the considered nucleus (Equation[A.18). The quantum number
of the spin of a single proton or a single neutron is identical to the quantum number
of a free electron (i.e. 1/2).
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- -

I = Z i (A.18)

Despite Equation itis not straightforward to calculate the nuclear spin of certain
nuclei due to the lack of information on the direction of each angular momentum in

a collection of protons and neutrons. For this purpose tables can be consulted.[183]
However, a few trends can be observed in these tables:

e Nuclei with an odd mass number will have a half-integer spin: "/,
o Nuclei with an even mass number will have an integer spin: n,

o Nuclei with an even number of protons and an even number of neutrons have
zero nuclear spin.

The electrical charge of nuclei with a spin quantum number I = 1/2 is spherically
and homogeneously distributed. The NMR spectrum of these nuclei consists of
sharp lines. Nuclei with a spin quantum number I > 1/2 have an ellipsoidal charge
distribution which results in an electrical quadrupole moment (e.g. -4.8 fm?* for a
51V nucleus). This electrical quadrupole can be viewed as two back-to-back electrical
dipoles. These nuclei typically result in broad lines in the NMR spectrum.

For the determination of the nuclear magnetic moment, 11, a similar caution is
desirable. The magnetic moment of a free proton or a free neutron is expressed
in Equations and The g-factor of a free proton and a free neutron is
symbolized by g, (g, = 5.5856912) and g, (g, = —3.8260837), respectively.

—

Proton : @ =8pVpip (A.19)

—_
Neutron : [, = gaVn i n (A.20)
The presence of a magnetic moment at a neutron suggests that there is an internal
structure involving the movement of charged particles. Just as the nuclear angular
momentum, it is not straightforward to calculate the nuclear magnetic moment using
Equations and Therefore, its nuclear magnetic moment is typically deter-
mined using Equation and tables which include the gyromagnetic constant and
g-factor of the protons and neutrons present (e.g. 26.75 %4 and 7.05 107 %4 for a 'H
and a >V nucleus, respectively).[183]
-
=yl (A21)
—_
Tables and summarize the main expressions for the nuclear spin, I, and its
associated magnetic moment, Tf I.
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A.1.2 Energy in an external magnetic field

Despite the elaborate study on the orbital angular momentum and its associated
magnetic moment, only the electron and nuclear spin, and their associated magnetic
moment are of interest for Magnetic Resonance Spectroscopy, respectively in EPR and
NMR Spectroscopy. Thus only the electron and nuclear spin will be considered.

In the absence of an external magnetic field, all the spin states, defined by their mag-
netic quantum number and conceptualized by their z component, are degenerated.
The presence of an external magnetic field E?g lifts this degeneracy which results in
the splitting of the spin states. This is known as the Zeeman effect: the Electron Zeeman
effect and the Nuclear Zeeman effect for the splitting of the electron spin states and the
nuclear spin states, respectively. The energy is then expressed as the scalar product
of the magnetic moment and the external magnetic field (Equation [A.22).

E,, = ~1Bo (A22)

By convention, this magnetic field is applied along the z-axis and, as a consequence,
its z component equals its magnitude. Thus the energy, E,, is further elaborated and
this results in a general expression (Equation [A.23). This general expression results
in Equation for the electron spin and in equation [A.25)for the nuclear spin.

E, = —u:B, (A.23)
. . 1
Free electron spin :  E =myg.upB, with mg = 5 (A.24)
) . 1_3
Free nuclear spin : E,, = -myhBy with m; =0, 5 1, 5o (A.25)

Figure[A.T|shows energy level schemes for either an electron with s = 1/2 or a nucleus
withI=1/2,1=1and =3/ Note that for an electron only s = 1/2 is possible, while for
the nucleus other values for I are allowed. Based on these energy values, the energy
difference between two adjacent levels is calculated in equations and

Free electron spin :  AE = g,ugB, (A.26)

Free nuclear spin :  AE = yhBy (A.27)

These energy differences are clear if s = 1/2 and if I = 1/2. But what happens if more
than two energy levels are available, i.e. if I > 1? The answer is provided by quan-
tum mechanics and states that only those transitions with a change in the magnetic
quantum number equal to 1 are allowed (i.e. Am = +1). In fact, this corresponds to
the transition between two adjacent energy levels with an energy given in equation
[A.27]
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A.1.3 Gyromagnetic effect and precession

In a classical description, the external magnetic field (applied along the z-axis) causes
a circular motion of the electron or nucleus around the orientation axis of the external
magnetic field (i.e. z-axis) in a plane perpendicular to this orientation axis (i.e. gyro-
magnetic effect, see Figure[A.2). This circular motion is called precession. The angular
velocity of this precession equals to the resonance or Larmor frequency. Besides its
frequency, this precession is characterized by the angle of the precession cone 6. In
classic mechanics, all values for this angle are allowed. However, quantum mechan-
ics learns that only certain discrete values are possible (see number of orientations in

Table[A.3).

Precessional orbit

Nucleus

Figure A.2: Precession of a nucleus in the presence of an external magnetic field with strength
By.

A.1.4 Population and macroscopic magnetization

A real system consists of a collection of electrons (or nuclei) and the magnetic moment
of each electron (or each nuclei) occupies one of the different energy states. Atthermal
equilibrium, the magnetic moments are distributed over the different energy levels
according to the Boltzmann distribution. This distribution is given in Equation[A.28|in
which kg and T stand for the Boltzmann constant (i.e. kg = 1.381 - 10 2 J/k) and the
temperature.

o)
l\Ij = N—E] (A.28)
Zj g(_"lTT)

N is equal to the number of magnetic moments in the collection. Ejand N; correspond
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to energy of the considered spin state and its population. If an ensemble of electron
spins with s = 12 or an ensemble of nuclear spins with I = 1/2 is considered, the
Boltzmann distribution is used to determine the population differences between

both spin states (Equation [A.29).

Nhigh energy state ox (_E)
~ P

In NMR, the energy difference between both spin states is very small, leading to only
a small excess in the low energy state (e.g. 68 ppm at 9.4 T for a collection of 'H
nuclei). IN EPR, the energy difference between both spin states is larger which results
in smaller population of the high energy state and increases the sensitivity of an
analysis. Inboth NMR and EPR, the population difference results in (i) a macroscopic,

(A.29)

Niow energy state

—>
longitudinal magnetization in the z direction, My, with the same orientation and
direction as the applied magnetic field and (ii) no net, transverse magnetization in
the xy plane. This magnetization is shown in Figure

Figure A.3: Macroscopic magnetization of a collection of electrons or nuclei with a spin quan-
tum number s or I = 1/2 in the presence of an external magnetic field with strength
By.

A.1.5 The resonance condition

In magnetic resonance experiments (such as EPR and NMR), transitions are induced
between two energy levels (in accordance to the selection rule Am = +1) by irradiation
of the system with electromagnetic waves. A transition from the lower to the higher
energy states corresponds to the absorbance of energy and a transition from the higher
to the lower energy state correspond to the emission of energy. Both transitions are
possible and result in a change of the spin orientation. Due to the population excess
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in the lower energy state, the absorbance of energy is the dominating process. This is
observed as a signal whose intensity is proportional to (i) the population difference
(i.e. Nigy energy state "Nhigh energy state)s (11) the total number of spins in the system and
(iii) to the concentration of magnetic resonance active species. If the populations
are equal (i.e. Nijy cnergy state = Nhigh energy state)s the absorption and emission process
cancel each other and no signal is observed. This is called saturation.

Such a transition can only be achieved if the energy of the electromagnetic radiation
matches the energy difference between both energy states: see Equations and
for the energy difference in case of electron spin states or nuclear spin states,
respectively. The frequency of this electromagnetic radiation is called the resonance
frequency or the Larmor frequency, vi. The Larmor frequency for an electron spin
transition v, s and a nuclear spin transition vy s is expressed in Equations and

respectively.

B
Free electron spin : vy s = gey; 0 (A.30)
hiB B
Free nuclear spin: vy = v 7 0= % (A.31)

A.2 Modulation of the macroscopic magnetization

Despite their similar resonance condition, NMR and EPR methods have developed
separately. Therefore, it is not obvious or possible to transfer NMR methods or ideas
to EPR and vice versa. Thus, the specific methods in NMR or in EPR and their
parameters will be discussed separately. Nevertheless, the basic idea behind pulsed
NMR and pulsed EPR is the modulation of the macroscopic magnetization. This
modulation will be introduced in this section.

The equilibrium state of the macroscopic magnetization is shown in Figure[A.3] This
macroscopic magnetization is due to the small population difference between the
energy states and corresponds to a stable, thermal equilibrium. In pulsed magnetic
resonance techniques, the aim is to modulate this macroscopic magnetization and to
analyze its return to its thermal equilibrium.

A.2.1 Pulse

The magnetization can be modulated by inducing transitions from the low energy
state to the high energy state to such an extent that both spin states are equally
populated. This can be realized by exciting all the spin states simultaneously by a
radio frequent pulse, operating at the appropriate frequency and originating from an
additional, oscillating magnetic field B; along the laboratory x-axis. This radiation
is only switched on for a very short time, the pulse time 7,. This pulse time is
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typically in the order of us and ns for a pulsed NMR and a pulsed EPR experiment,
respectively. In this context a 90° (7/2) and 180° (7) pulse are defined if the pulse is
turned off exactly as ]\7)0 reaches the xy-plane and if the pulse is turned off exactly as
]\70 reaches its opposite direction, respectively. Figureshows the displacement of
]\To after a /2 and 7 pulse. Thus, immediately after a 7/2 pulse the initial macroscopic
magnetization along the z-axis is transferred to a macroscopic magnetization along
the y-axis. At this point, the spins are phase coherent in the xy-plane. The 7 pulse on
the other hand inverts the population of spin states.

Figure A.4: Displacement of 1\70 after a 7/2 pulse, macroscopic view (b), a 7/2 pulse, microscopic
view (c) and a 7 pulse, macroscopic view (d).[185]

A.2.2 Relaxation

After the 7/2 pulse, (i) a transverse magnetization exists along the y-axis and (ii) no
magnetization remains along the z-axis. Since this situation does not correspond
to the equilibrium condition defined by the Boltzmann distribution, the system will
try to restore its equilibrium. Two processes are responsible for the disappearance
of the transverse magnetization: spin-lattice (longitudinal) relaxation and spin-spin
(transverse) relaxation. Figure shows the origin of T, relaxation and the return
of the magnetization to its equilibrium positiorﬂ

In the longitudinal relaxation process, the excited spins transfer energy to their
surrounding molecular framework to re-establish their equilibrium condition. This
process leads to the re-gain of longitudinal magnetization and is described, expo-
nentially with time, by Equation The associated time constant is called the
spin-lattice relaxation time T, and is typically in the order of seconds (NMR) or mi-
croseconds (EPR). Typically, after a period of 5T,, the longitudinal magnetization
is recovered by 99 %. Temperature, solution viscosity, structure and molecular size
strongly influence this relaxation process and its time scale. In the transverse relax-
ation process, energy is transferred to neighboring nuclei. As a consequence, the
individual magnetization vectors will fan-out which ultimately leads to the loss of
net magnetization in the transverse plane. This process can be described by an expo-
nential decay with time (Equation[A.33) and is associated with a spin-spin relaxation

ZNote that the x and y axis in Figure correspond to the coordinates of the rotating frame which
rotates with the Larmor frequency with respect to the static, laboratory frame.
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Figure A.5: Longitudinal and transverse relaxation after a /2 pulse in function of relaxation
time.[185]

time T,. In general, it holds that T, < T; and that T, varies between microseconds and
seconds (NMR) or between nano- and microseconds. Due to the significant smaller
relaxation times, EPR analysis must be performed at very low temperatures (i.e. <
10 K). Inhomogeneity of the magnetic field and the presence of paramagnetic species
contribute largely to this spin-spin relaxation.

I=1,(1-e") (A.32)

I=Te (A.33)

The most important mechanism for relaxation for nuclei with a nuclear spin of
/2 arises from the dipole interaction between spins. As two dipoles approach,
their associated magnetic fields interact (i.e. attraction or repulsion depending on
their relative orientation). Fluctuations in this interaction induce relaxation. For
nuclei that possess an electrical quadrupole moment, which occurs for nuclei with
a spin quantum number > 1/ as is the case for °'V, quadrupole relaxation is the
dominating relaxation pathway. An electrical quadrupole can be viewed as two
back-to-back electrical dipoles and arise from the ellipsoidal charge distribution of
the nucleus. This quadrupole moment is influenced by the local electrical field. As
the molecule tumbles at an appropriate frequency, this local field changes and causes
spin relaxation. An important factor influencing this quadrupole relaxation is the
magnitude of the quadrupole itself (i.e. —4.8fm? for the °'V nucleus[36]). Large
values result in a more efficient spin relaxation leading to a broader linewidth. Thus,
nuclei with small quadrupole moments are favored for NMR experiments.
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A.2.3 Time and Frequency Domain

The decay of the transverse magnetization is detected as a Free Induction Decay, FID.
If the sample contains a collection of electrons or nuclei in a specific chemical envi-
ronment (each with its characteristic resonance frequency), the different transverse
magnetization components are superimposed resulting in a complex FID. A few ex-
amples of such complex FID are given in Figure The direct interpretation of the
FID is very difficult and therefore the FID is converted from the time domain to the
frequency domain by a Fourier Transformation.

Time domain [> Frequency domain

"FF

T

T o
N

Time Frequency

Figure A.6: The detected NMR time response during the spin relaxation: a FID in the time
domain and its Fourier transformation to the frequency domain.[185]

A.3 Nuclear Magnetic Resonance

A.3.1 NMR Parameters
Chemical Shift

So far, only a collection of isolated nuclei have been considered which all resonate at
the same resonance frequency. However, the resonances are strongly influenced by
the chemical environment of the observed nucle_i). This chemical environment shields
the nucleus from the external magnetic field By. Thus the effective magnetic field
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_B>effect,-ve,1- observed by a nucleus i in a real system is always less than the external
magnetic field. This effect is observable and is expressed in Equation

= B,—0:B, = (1-0/)B, (A.34)

Beffective,i

The dimensionless shielding constant ¢; depends on the electron density around the
nucleus and differs for each nucleus in a different chemical environment. Due to the
variation in the effective magnetic field, the resonance frequency varies as well. Thus
each nucleus in a specific chemical environment has a specific resonance frequency,
v1,i (Equation [A.35). In conclusion, nuclei that are chemically non-equivalent are
shielded to a different extent and give separate resonance signals in the spectrum.

v = 2-(1- 0By (A.35)

The measured resonance frequencies depend on the magnitude of the external mag-
netic field and this would impede comparison between NMR analysis. Fortunately,
in NMR Spectroscopy a relative scale is employed: the chemical shift 6; Equation
[A36). In this chemical shift, the frequency differences are given with respect to
the resonance frequency of an arbitrary reference compound (e.g. tetramethylsilane
for 'TH NMR and VOCI, for 'V NMR). This relative chemical shift does not longer
depend on the magnitude of the external magnetic filed, but only on the chemical
environment (i.e. shielding constant) of the observed nucleus.

Vi = Vreference Oreference —

6 _ 9i_ 6
106 = 10° (ppm) (A.36)

Vreference Oreference

5 =

Spin-Spin Scalar Coupling (J-couping)

Up to now the interaction of the magnetic moments of nuclear spins between neigh-
boring nuclei is neglected. In reality, these magnetic moments will interact through
the bonds and cause a change in the effective magnetic field B, f.ctioe. This spin-spin
coupling affects the resonance frequency associated with both nuclei. In solution
- where the direct dipole-dipole coupling is canceled - only the through bond, in-
direct spin-spin coupling remains. The result of such a spin-spin or J-coupling is
the splitting of the signal in the NMR spectrum into multiple signals. The splitting
distance (expressed in Hz) is referred to as the Coupling constant, J. More details on
the spin-spin coupling can be found in the textbook of Friebolin: Basic One- and
Two-Dimensional NMR Spectroscopy.[183]

Integration

The peak area of a signal in the NMR spectrum is proportional to the amount of
chemical equivalent nuclei in the sample and proportional to the concentration of
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the species containing these chemical equivalent nuclei. This peak area is typically
visualized as an Integration line in which the height difference corresponds to the
peak area of the considered peak.

A.3.2 °'V-NMR
General

Vanadium(V) compounds are often analyzed using >’V-NMR due to the appropriate
properties of the vanadium nucleus, given in Table With a spin I = 7/, the 5V
nucleus belongs to the quadrupolar nuclei with a relatively small nuclear quadrupole
moment (Q = —4.8 fm?), resulting in reasonably narrow resonance lines. The stan-
dard commonly used in °'V NMR is VOCI,. Since this compound easily hydrolyzes,
it has to be handled under an inert and anhydrous atmosphere. Therefore, an aque-
ous solution of 0.1 M sodium orthovanadate (Na;VO,) at a pH of 12 is suggested as
the alternative standard. This solution contains two characteristic species: [VO,]*"
and [V,0,]*, with a chemical shift of -535.7 and - 559.0 ppm, respectively, relative to
VOCI;. The chemical shift range covers roughly 4600 ppm: from +2600 ppm at the
low shielding boundary to -2100 ppm at the high shielding boundary.[36} 58} [186]

Nucleus  Natural abundance = Magnetogyric ratio  Nuclear spin ~ Nuclear quadrupole

(%) y(x 107 1) I moment Q(fm?)
S0y 0.25 +2.6721 6 +21
Sly 99.75 +7.0492 72 -4.8

Table A.4: NMR parameters of naturally occurring vanadium nuclei.[58]

The basic requirement for a vanadium compound to be accessible for 'V-NMR is
their diamagnetic nature. This is the case for e.g. V(V) and V(III) with the [Ar] 3d°
and the [Ar] 3d? electron configuration, respectively. Mononuclear V(IV) species or
complexes with the [Ar] 3d! electron configuration are paramagnetic and thus result
in very strong line-broadening making the signals undetectable (Equation [A.37).
However, dinuclear V(IV) centers with a strong anti-ferromagnetic couplingﬂ are yet
detectable by NMR. Naturally, this anti-ferromagnetic coupling is only feasible if
both V(IV) nuclei are in their direct spatial environment.[36) 58} [186]

1
= — A.37
Vie = T (A.37)

3Such an anti-ferromagnetic coupling occurs if the magnetic moment of the unpaired, solitary electron
of the first V(IV) nucleus is opposite to the magnetic moment of the unpaired, solitary electron of the
second V(IV) nucleus.
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Shielding in an isotropic medium

In this section, shielding in an isotropic medium (e.g. an aqueous solution) will be
briefly discussed. In this isotropic medium, the species present continuously and
freely move from one position to another. On a very short timescale each species
occupies a certain position with a certain preferential orientation. However, on the
NMR timescale each position and orientation is averaged out. Thus, the NMR signal
is the signal of the average position or orientation of the considered species.

The chemical shift, 6;, and the shielding constant, o; are directly related as given in
Equation In a compound with a negative 0; value, i.e. which resonates at a
lower frequency (or at higher field) with respect to VOCl,, the vanadium nucleus is
thus more shielded than VOC], and vice versa. The shielding constant, ¢;, itself can
be expressed by the sum of three terms in Equation[A.39}[36} 58, [186]

ovocl,; — 0i
5; = 2voch ~ 9i (A.38)
0vOCly
Oi = Odiai + Opara,i + Onli (A.39)

The term 0, ; stands for non-local contributions, i.e. contributions which do not arise
from the immediate coordination sphere of the vanadium nucleus. This term reflects
the influence of counter-ions and other matrix effects and is usually negligible in
SIV-NMR. The local term o,;,; governs the shielding caused by electron movement
around the nucleus. In the case of 'H-NMR, this term is the largest contribution
to the final shielding constant. However, for a 1V nucleus this 0,,; is dominated
by the core electrons and is essentially a constant term which does not account
for variations in the final shielding constant. Thus, the only term left is the local
paramagnetic term, opuq,. In this context, shielding originates from electronically
excited, paramagnetic states. These states arise from an electronic situation where
an electron from a paired, occupied, diamagnetic ground state is promoted to an
unpaired unoccupied state.[36} 58} [186]

Chemical shift in vanadates

In a series of vanadates, the chemical shift (and thus the shielding) varies with
coordination number and the coordination geometry. Table lists the chemical
shift of the main vanadate species present in an aqueous solution with ¢;, ~ 1 mM.
The vanadium nuclei in tetrahedral sites all resonate in the range of -530 to -590
ppm. The actual shift depends on its chemical environment (i.e. the nuclearity
and protonation state). The vanadium nuclei in octahedral sites on the other hand
resonate at much lower field as is observed for the nuclei in the decavanadate species.
The chemical shift of the vanadium nuclei in the central, octahedral site (V) at ~ -425
ppm is insensitive to the protonation site while the chemical shift of the vanadium
nuclei in the peripheral sites clearly change with the protonation state.[36) 58, [186]
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Notation Species Structure Site Os1y_numr (PPM)
v+ vO; Monovanadate(V) Td -542
v HVOi' Monovanadate(V) Td -534
\'A H,VO; Monovanadate(V) Td -560
\%4 HV,03 Divanadate(V) Td -564
\%3 H,V,0% Divanadate(V) Td -573
Vz' HV4O% Linear tetravanadate(V) Td -559
Vi‘ V4O‘E Cyclic tetravanadate(V) Td -577
Vg' VSO% Cyclic pentavanadate Td -585
v HV,,03  Complex decavanadate(V) ~Oh  -424 (V(), -499 (V) and -515 (V4)

V%a HZVIOO% Complex decavanadate(V)  Oh  -422 (V¢),-502 (V) and -519 (V1)
Vi H,V,,03; Complex decavanadate(V) ~Oh  -427 (V(),-515 (V) and -538 (V)

Table A.5: Polynuclear vanadium(V) species present in an aqueous solution and their chemical
shift in >*'V-NMR for ¢y ~ 1 mM.[36] 58, [186] The different vanadium sites in the
decavanadate species are shown in Figure

A.4 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPRﬂ applies to paramagnetic systems and is,
hence, complementary to NMR. An additional difference between EPR and NMR is
the energy scale: GHz in EPR and MHz in NMR. Note that in NMR the external
magnetic field is kept constant and the frequency is modulated to induce a transition
while in the classic EPR experiment the frequency is kept constant and the magnetic
field is swept. In this section, EPR will be briefly clarified, a thorough study is given
by Weil et al. in the Electron Paramagnetic Resonance: Elementary Theory and Practical
Applications textbook.[184]

A.41 The g-value

The electron spin resonance condition, stated in Equation assumes a free elec-
tron and its free electron g-value. In a real system, this unpaired electron is part of a
molecular or ionic system with a specific chemical environment. Just as in NMR, the
external magnetic field l?o is shielded by this environment. Thus, the effective field,
B ¢ fective, Observed by the electron differs from the external magnetic field (Equation
[A.34). In EPR, the shielding of the external magnetic field by the chemical environ-
ment of the unpaired electron is included in the effective g value (Equation [A.40).
The resonance condition is then expressed as a function of the effective g value in

Equation

% Also the less popular names Electron Spin Resonance and Electron Magnetic Resonarnce are used.
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g =g.(1-0) (A.40)

B
v =S8 fl . (A41)

A.4.2 Interaction types

The situation described by Equation[A.4T]only applies for a system with one unpaired
electron (S = ¥2), which is surrounded by non-magnetic nuclei.[187] However, most
systems — including transition metal ion complexes — the unpaired electron(s) is sur-
rounded by many magnetic nuclei with a nuclear spin I. Such system is characterized
by the following interactionsﬂ[184, 187]

The first interaction type and basic condition to perform EPR is the Electron Zeeman
interaction (EZ), discussed earlier and given in Equation[A.42} This electron Zeeman
interaction is very large and will dominate all other interactions.

Ep = mgpupgB, (A42)

A second interaction, i.e. the Zero Field Splitting, is only present for high-spin
systems (S > 5) and reflects the dipole-dipole coupling between the electron spins
and the spin-orbit contributions. This latter contribution is usually significant for
transition metal ion complexes.

Another possible interaction is the coupling between the unpaired electron and the
nuclei with a non-zero nuclear spin quantum number: the hyperfine interaction
(HF). The hyperfine interaction of an unpaired electron with a nucleus with a spin
quantum number I = 1/2 is given in Equation[A.43] The term A corresponds to the
hyperfine coupling constant and is, similar to the g-value, dependent on the chemical
environment and the orientation of the species in the external magnetic field. In an
isotropic medium, an average hyperfine coupling constant is obtained.

Egp = mm,A (A43)

If a nucleus with a non-zero nuclear spin quantum number is in the vicinity of the
EPR active unpaired electron, also the Nuclear Zeeman effect (NZ) will play a role
which results in an additional splitting of the energy levels (Equation[A.44). As stated
earlier, the energy splitting caused by the Nuclear Zeeman effect is in the order of
MHz, while the energy splitting due to the Electron Zeeman effect is in the order
of GHz. The contribution of the Nuclear Zeeman effect is small and is usually only
detected in an pulsed EPR analysis.

5A detailed and extensive description of the possible spin interactions can be found in the textbook of
Weil et al.
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E\z = -miyBg (A.44)

Figure[A.7jshows the energy level diagram of an unpaired electron with spin quantum
number S = 1/2 in the presence of a nucleus with a spin quantum number I = 1/2. The
first splitting is due to the Electron Zeeman effect, the second splitting is due to the
Nuclear Zeeman effect. Finally, the last derivation of the energy level originates
from the Hyperfine interaction. The energy of such a final magnetic state is given
in Equation The blue arrows in Figure indicate the allowed CW-EPR
transitions (Ams = +1 and Am; = 0). The green arrows indicate the allowed, nuclear
transitions (Am; = +1).

Electron Zeeman Nuclear Zeeman Hyperfine

Figure A.7: Energy level diagram for an unpaired electron (S = 1/2) in the presence of a nucleus
(I =1/2). Adapted from reference [184]

E = m upgB,—mfiyBy + mmyA (A.45)

In conclusion, the Electron Zeeman effect and the hyperfine interaction are the main
interactions during an EPR experiment. The Electron Zeeman effect probes the local
symmetry, the chemical environment and the electronic state (e.g. the oxidation state
of a transition metal cation) around the unpaired electron. The hyperfine interaction
measures the electronic structure of the nearby nucleus and the distance between the
unpaired electron and the nearby nucleus.

A.4.3 EPR methods
Continuous Wave EPR (CW-EPR)

In the continuous wave (CW) experiment, microwavesﬁ with a constant frequency
are continuously irradiated on the sample, while the external magnetic field, B, is
swept. If the frequency matches the resonance condition, the electron spin state can

SMicrowaves are a part of the electromagnetic spectrum with a wavelength between 1 mm and 1 m, or
alternatively a frequency between 300 GHz and 300 MHz.
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change (Figure[A.8). Due to the instrumentation and detection method used in EPR,
the signal is not given in the expected absorption mode. The first derivative of this
absorption line is rather represented. A few examples of typical spectra are given in

Figure

290 300 310 320 330
B, /mT

Figure A.8: Schematic illustration showing the lifting of the degeneracy fo the electronic spin
states by an increasing external magnetic field B,. The three pair of lines corre-
spond to the situations found for E?O parallel to the g, axis (solid lines), g axis
(dotted lines) and g, axis (dashed lines) of an s = 1/2 system. The corresponding
powder CW-EPR spectra for this system are simulated at Q-band (35 GHz) and
X-band (9.5 GHz) microwave frequencies.[187]

As stated earlier, the Electron Zeeman interaction is characterized by the g-value.
This g-value depends on the chemical environment and the local symmetry. In
general, three cases can be distinguished. (i) In a system with a cubic symmetry,
all direction are identical which results in one g value: g=g, =g, =g, Thisis
typically observed for liquid samples (e.g. an aqueous solution analyzed at room
temperature) because the tumble time of the molecules present is much shorter than
the EPR time scale. (ii) A system with an axial symmetry has two different g values:
g and g, . An example of such a system is discussed in chapter Both g, and g, are
expressed as a function of the energy difference between two electronic states, the
orbital coefficients and the spin-orbit coupling constant (see equations|[1.16/and[1.17).
(iii) A system with rhombic symmetry is characterized by three different g values:
8x # 8y # §,- An example of an EPR spectrum of each symmetry type is given in

Figure[A.9]

Different types of EPR spectrometers exist. Each type is usually indicated by its
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Figure A.9: Typical polycrystaline powder spectra of a s = 1/2 spin system: a cubic or isotropic
spectrum with g =2.13; a axial spectrum with g =228 and g, =2.05 and a
rhombic spectrum with g, =2.01, g, =2.12 and g, = 2.32.[188]

operating microwave frequency (i.e. L-band: ~ 1 GHz, S-band: ~ 2-4 GHz, X-
band: ~ 9.5 GHz, Q-band: ~ 35 GHz, W-band: ~ 95 GHz, ...). The standard EPR
spectrometers operate at X-band with a magnetic field sweep between 0 and 1.4
T. The advantage of EPR analysis with higher microwave frequency is the gain in
spectral resolution. In Figure Van Doorslaer et al compare the EPR spectrum
obtained at X-band with those obtained at Q-band.[187] In this example it is clear
that the resolution between the g, and g, signals is lost in the spectrum obtained at
X-band and retained in the spectrum obtained at Q-band.

Pulsed EPR

CW-EPR can only resolve sufficiently large hyperfine interactions and hyperfine
interactions of simple systems (with a limited number of hyperfine couplings). In
transition metal complexes, this is feasible for hyperfine interactions with the central
metal ion. The ligand hyperfine interaction on the other hand, can seldom be resolved
in CW-EPR. Each EPR line of an electron (with s = 1/2) interacting with n nuclear spins
splits into numerous lines (see Equation[A.46), which leads to broad lines lacking all
substructure.[187].

EPR line splitting : | | (21+1) (A.46)
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In order to observe these different ligand hyperfine interactions, more advanced
methods must be applied. The following discussion will be limited to the pulsed
methods used in this work (i.e. pulsed methods based on the electron spin echo).
An extensive list of pulsed and double resonance EPR methods and a more detailed
description of the discussed EPR methods can be found in the textbook of Weil et
al.[184]

Electron Spin Echo detected EPR (ESE-detected EPR)

The first pulsed EPR experiment is formed by the 7/2—7 — m — 7 — echo sequence

(Figure[A.10).

T/ m

l elo /o\
o , e , o o ,
’ ’ /' \/ ’
-/

Figure A.10: Top: Pulse sequence for the ESE-detected EPR. Bottom: Graphical illustration of
the magnetization vector at characteristic time positions in the pulse sequence.
Note that x” and y’ correspond to the rotating frame rotating at the Larmor
frequency with respect to the laboratory frame.[189]

At thermal equilibrium, the magnetization vector A_)/Io is oriented along the z-axis.
The /2 pulse along the x-axis displaces the magnetization into the xy-plane along the
-y-axis (time point 1 in Figure[A.10). After this pulse, the different magnetic moments
start to precess in the xy-plane at their Larmor frequency. This Larmor frequency
depends on the chemical environment of the associated unpaired electron. As a
consequence, each magnetic moment will precess at a different Larmor frequency
and macroscopic magnetization vector shrinks. This process is called dephasing of the
transverse magnetization. After a certain time 7 (time point 2 in Figure[A.10), a 7 pulse
along the x-axis is given which flips each magnetic moment around the xz-plane.
After this m pulse (time point 3 in Figure [A.10), each magnetic moment continues
its precession. Since the precession direction of each individual magnetic moments
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is not changed by the refocusing pulse, all the vectors are re-aligned along the y-
axis after another time 7 (time point 4 in Figure [A.10). This results in a refocused
macroscopic magnetization along the y-axis. This is called the Electron Spin Echo.
(time point 4).

The main goal of spin echo experiments is the elimination of undesired inhomo-
geneities of the magnetic field. In the first T period, the magnetic moments diverge
by T, relaxation and by undesired inhomogeneities of the magnetic field. During the
rephasing after the 7 pulse, the magnetic moments converge and are corrected for
the magnetic field inhomogeneities. In conclusion, the decrease of the macroscopic
magnetization after a relaxation period 27 is only due to the T, and longitudinal Ty
relaxation.

The spin echo intensity is measured as function of the magnetic field strength and
results in a field dependent absorption spectrum (Figure [A.TT). In this absorption
spectrum, each field value (or observer position) corresponds to a certain orienta-
tion. These observer positions are essential in more advanced experiments such as
HYSCORE.

| 9y

r T T T T = T T 1

260 280 300 320 340
B0 /mT

Figure A.11: Example of an ESE-detected EPR spectrum with g, =2.05, g, =215 and
g, = 2.40 at9.3 GHz. The dotted lines mark the observer positions at the principal
g-values. The spheres represent the orientation selection.[189]

Electron Spin Echo Envelope Modulation (ESEEM)

An ESEEM experiment consists of the same pulse frequency as in the ESE-detected
EPR (i.e. the 72 — 7 —  — 7 — echo sequence). The echo intensity is monitored with
a variation in the time of the pulse intervals (i.e. 7). This leads to an one- or a
multi-dimensional time-domain signal. Subsequent Fourier transformation allows
the determination of the nuclear spin frequencies.[189]
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Hyperfine Sublevel Correlation (HYSCORE)

A HYSCORE experiment is essentially a 2D ESEEM technique with a pulse sequence
as given in Figure

T T/ T T/

Figure A.12: Pulse sequence for the hyperfine sublevel correlation (HYSCORE)
experiment.[187]

During the HYSCORE experiment, the times #; and #, are, independently, varied.
After Fourier Transformation, a 2D spectrum in the frequency domain is obtained
(Figure[A.13). As illustrated in Figure[A.13} the cross peaks relate to nuclear spin fre-
quencies. A HYSCORE spectrum is recorded at a fixed external magnetic field, which
corresponds to a certain observer position (see Figure[A.11). Thus, the spectrum only
reflects the nuclear spin frequencies corresponding to this specific orientation. For
a s =12 and I = 1/2 spin system, doublet peaks appear for nuclei for which the hy-
perfine coupling is less than twice the Zeeman interaction (i.e. weak coupling case).
These peaks are centered at the Larmor frequency and are separated by the hyperfine
coupling constant, A.[187,[189]
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Figure A.13: Left: Schematic representation of a HYSCORE spectrum based on a s = 1/2 and
I =1/ spin system in a weak coupling case (hyperfine coupling < twice the
Zeeman interaction). Right: Energy level scheme corresponding to this s =1/
and I = 1/2 spin system. vy, and v34 are the nuclear frequencies corresponding to
the Amg; = 0 and Am; = %1 transitions.[187, [189]
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A.4.4 Applications for V(IV) species

Most vanadium(IV) complexes have a s = 1/2 and I = 7/2 spin system, which results
in2I+1 =8 EPR lines (if resolved). Its electronic ground state (s = 1/2) splits in two
electronic states under the influence of an external magnetic field, characterized by
my=-1/2 and m,=1/2.[58]

| I
! - i | 2800 G 3400 G 4000 G
2900 G 3400 G 3900 G

Figure A.14: X-band EPR of an aqueous solution containing the penta-aqua vanadyl(IV) ion:
spectrum recorded at room temperature and at 9.521 GHz (a) or at 77 K and at
9.180 GHz (b). The spectrum at room temperature is a spectrum of an isotropic
(cubic) system with an isotropic, g-value. The spectrum at 77 K correspond to a
system with an axial symmetry (here C4y) and shows two orientation depended
g-values: g, and g.[46]

Figure shows a X-band EPR spectrum, reported by Chasteen, of an aqueous
solution containing the penta-aqua vanadyl(IV) ion either at room temperature or at
77K.[46] Under isotropic conditions, an eight-line pattern can thus be observed. In a
condition where the isotropic tumbling of the molecules is prevented (as is the case
for frozen solutions e.g. at 77 K), an anisotropic spectrum is obtained. This results
in an additional splitting of the eight EPR lines. In the case of a vanadyl species,
a system with an axial symmetry is observed in which the V=0 unit defines the
z-direction. For such a system, two sets of eight lines are observed with two g and
two A values: g1, g, A1 and A (Equations[A.47]and[A.48).[46) 58]

8L =8x =8y (A.47)

8| = 8z (A.48)

The parallel component coincides with the z-axis and the direction of the external
magnetic field. Equations and indicate the relation between (i) g, and g
and (ii) A, and A for a vanadium(IV) species or complex with a C4y symmetry.

g<8.,<2 (A.49)
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Ay AL (A.50)

The anisotropic hyperfine coupling constant A for a system with axial symmetry
reflects the equatorial ligands around the VO** ion. This hyperfine coupling constant
can be estimated by the additivity relationship, given in Equation established by
Chasteen.[46].

_ LAy

A|| 4

(A.51)

Equation assumes a square bipyramidal complex with the four ligands, each
with its own partial parallel hyperfine coupling constant (4;), in the equatorial po-
sition with respect to the V=0 unit. The fifth ligand, in the axial position, is assumed
to be a H,O ligand. For most complexes, an agreement between the calculated and
experimental value is within 1.5 - 10 ~4em~1.[46] Tablesummarizes Ay, values for
different ligand types.

Ligand type  Partial hyperfine coupling constant A); (10 “fem™')

H,O 457
R-CO; 27
R-NH, 40.1
R-OH" 38.7

R-O 35.3

R-S 319

Table A.6: Partial parallel hyperfine coupling constant A, for various ligand types.[46} 58]
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Appendix B

Overview of the Continuous
Wave and Pulsed - Electron
Paramagnetic Resonance

experiments

In this Appendix, all data concerning CW- and Pulsed-EPR are given. All the exper-
iments are performed by members the BIMEF (Laboratory of BioMedical Physics)
research group of the University of Antwerp, under the supervision of Prof., Dr.

Sabine Van Doorslaer.

Name Synthesis of the solution Removal of Final

NH,VO; Oxalicacid Citricacid  NH,4 (NH,),C,0,  Solvent [V](mM) pH
A XXX 31 - - H,0 6.5 24
B XXX 3:1 2:1 H,O0 5.0 1.4
D XXX 31 2:1 XXX - H,0 45 3.0
F XXX 31 2:1 XXX H,O0 49 5.0
I XXX 31 2:1 XXX H,0 4.6 7.0
] XXX 3:1 2:1 XXX - H,O 43 8.2
K XXX 31 2:1 XXX XXX H,0 3.3 57
L XXX 31 0.75:1 XXX XXX H,0 49 7
M XXX 31 1.50:1 XXX XXX H,0 5.1 7
N XXX 31 4.50:1 XXX XXX H,0 4.6 7

Table B.1: Identification of the samples anaylzed by CW- or Pulsed-EPRP. All ratios are molar
ratios to VO** unless otherwise specified.
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Figure B.1: Experimental CW-EPR spectrum of sample A. The CW-EPR spectrum is measured
at 100 K using a modulation amplitude of 0.5 mT, a microwave power of 1 mW

and a modulation frequency of 100 kHz.
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Figure B.2: Experimental (black, top) and simulated (red, bottom) CW-EPR spectrum of sam-
ple B. The CW-EPR spectrum is measured at 10 K using a modulation amplitude
of 0.5 mT, a microwave power of 1 mW and a modulation frequency of 100 kHz.
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Figure B.3: Experimental (black, top) and simulated (red, bottom) CW-EPR spectrum of sam-
ple D. The CW-EPR spectrum is measured at 10 K using a modulation amplitude
of 0.5 mT, a microwave power of 1 mW and a modulation frequency of 100 kHz.
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Figure B.4: Experimental (black, top) and simulated (red, bottom) CW-EPR spectrum of sam-
ple F. The CW-EPR spectrum is measured at 10 K using a modulation amplitude
of 0.5 mT, a microwave power of 1 mW and a modulation frequency of 100 kHz.
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Figure B.5: Experimental (black, top) and simulated (red, bottom) CW-EPR spectrum of sam-
ple I. The CW-EPR spectrum is measured at 10 K using a modulation amplitude
of 0.5 mT, a microwave power of 1 mW and a modulation frequency of 100 kHz.
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Figure B.6: ESE detected EPR of sample I, recorded at 10 K using a delay time of T = 88 ns.
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Figure B.7: HYSCORE spectrum of sample I, recorded at 10 K and taken at observer position
B, =348 mT. The HYSCORE spectrum is measured using the pulse sequence:
Tfa—T — "p—t,—m — t,—"/2—T — echo, with t, = l6ns and t, = 32ns; t; and ¢, were
varied in steps of 16 ns. The spectrum is recorded for T = 96 and 172 ns.
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Figure B.8: Experimental (black, top) and simulated (red, bottom) CW-EPR spectrum of sam-
ple J. The CW-EPR spectrum is measured at 10 K using a modulation amplitude
of 0.5 mT, a microwave power of 1 mW and a modulation frequency of 100 kHz.
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Figure B.9: ESE detected EPR of sample J, recorded at 10 K using a delay time of T = 88 ns.
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Figure B.10: HYSCORE spectrum of sample ], recorded at 10 K and taken at observer position
B, =348 mT. The HYSCORE spectrum is measured using the pulse sequence:
mfa—T — "o—t,—m — t,—"2—1 — echo, with t, = l6ns and t, = 32ns; t; and ¢, were
varied in steps of 16 ns. The spectrum is recorded for T = 96 and 172 ns.
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Figure B.11: Experimental (black, top) and simulated (red, bottom) CW-EPR spectrum of sam-
ple K. The CW-EPR spectrum is measured at 10 K using a modulation amplitude
of 0.5 mT, a microwave power of 1 mW and a modulation frequency of 100 kHz.
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Figure B.12: ESE detected EPR of sample K, recorded at 10 K using a delay time of T = 88 ns.
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Figure B.13: HYSCORE spectrum of sample K, recorded at 10 K and taken at observer position
B, =348 mT. The HYSCORE spectrum is measured using the pulse sequence:
mfa—T — "o—t,—m — t,—"/>—1 — echo, with t, = 16ns and t, = 32ns; t; and t, were
varied in steps of 16 ns. The spectrum is recorded for T = 96 and 172 ns.
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Figure B.14: Experimental (black, top) and simulated (blue, bottom) EPR spectrum of sample
L. The spectrum is the sum of a mononuclear VO** complex (complex 1 in Table
B.1] of Chapter B) and a broad background signal simulated by assuming the
parameters of complex 1 with linewidths of 400 MHz (FWHM).
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Figure B.15: Experimental (black, top) and simulated (blue, bottom) EPR spectrum of sample
M. The spectrum is the sum of a mononuclear VO** complex (complex 2 in Table
B-TJof Chapter[3) and a small contribution of a broad background signal simulated
by assuming the parameters of complex 1 with linewidths of 400 MHz (FWHM).

EPR intensity/a.u.

250 300 350 400 450
magnetic field/mT

Figure B.16: Experimental (black, top) and simulated (blue, bottom) EPR spectrum of sample
N. Only the contribution of the mononuclear VO* complex (complex 3 in Table

of Chapter[3) is simulated.
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Appendix C

Experimental

In this chapter, all the experimental steps and analysis techniques will be clarified.
The focus is on the experimental parameters used in this work, rather than a detailed
theoretical description of each method or technique. (i) The experimental proce-
dures for the synthesis of the VO** solutions studied in this work is given. (ii) The
sequence of steps in the chemical solution deposition and subsequent film procession
is discussed in chronological order. (iii) The solution analysis techniques used in this
work are introduced. (iv) The powder characterization techniques and their thermal
analyses are handled. (v) The characterization techniques applied on the obtained
vanadium oxide structures will be described.

C.1 Solution synthesis

C.1.1 Oxalate rich citrato-VO?* solution (citrate:VO?** = 2:1)

In the first step of the synthesis of the aqueous VO** solution, ammonium metavana-
date (1.17 g, NH,VOj;, > 99 %, Merck) was dissolved in water under reflux conditions
(90 °C, 10 minutes). In a next step, oxalic acid dihydrate (C,O,H, -2H,0O, > 99 %,
Merck) was added, under reflux conditions (90 °C, 10 minutes), in a molar ratio to
VO;j ranging from 0.25:1 to 5:1. An optimal oxalic acid excess (3:1 against VO3)
was determined and maintained in the following steps. In the third step, citric acid
(CHzO,, 99 %, Sigma-Aldrich) was added to the cooled VO?** solution in a molar
ratio of 2:1 to VO**. Ammonia (NH,, 32 % aqueous solution, extra pure, Merck)
was then added dropwise to set the pH at 7. The synthesis conditions were set such
that a nominal vanadium concentration of 0.1 M was reached and experimentally
confirmed by Inductively Coupled Plasma-Atomic Emission spectrometry.
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C.1.2 Oxalate poor citrato-VO?** solution (citrate:VO** = 2:1)

Initially, an aqueous VO** solution was synthesized as described above. In this syn-
thesis, ammonium metavanadate (NH,VO;, > 99 %, Merck) and oxalic acid dihydrate
(C,0,H, -2H,0, > 99 %, Merck) were, consecutively, dissolved in water under re-
flux conditions (90 °C, 10 minutes) in a molar ratio of 3:1 (C,0,H, - 2H,O:NH,VO,).
For the synthesis of the oxalate poor citrato-VO?** solution, a separate solution of
ammonium citrate was prepared first by dissolving di-ammonium hydrogen citrate
(C¢H(O, - 2NH,, > 99 %, Merck) in water and by adding ammonia to this solution.
A nominal citrate concentration of 3 M and a pH value of 7 were experimentally
set. Before mixing the oxalato-VO?* solution with the citrate solution, the pH of the
VO?* solution was increased to a value of 7 by adding ammonia and the volume
was adjusted by H,O to achieve a nominal VO** concentration of 1.5 M. Next, both
solutions (1.5 M VO** solution with a pH value of 7 and 3 M citrate solution with a
pH value of 7) were mixed in a volume ratio of 1:1. This mixed solution was aged for
7 days at 4 °C to induce precipitation, which was subsequently removed by filtration
(Pall Life Sciences Supor 100 filters with 0.1 um pore sizes). The precipitate was
further washed with H,O and dried at 60 °C in an air flow furnace to allow further
analysis. Finally, the pH and volume of the filtrate were adjusted by adding NH,
and H,0, respectively, to obtain an aqueous citrato-VO** solution with a pH value
of 7 and a vanadium concentration of 0.1 M.

C.1.3 Oxalato- and citrato-VO?* solutions (various citrate:VO?** ra-
tios)

Firstly, an aqueous VO** solution was synthesized by the consecutive dissolution
of ammonium metavanadate (NH,VO;, > 99 %, Merck) and oxalic acid dihydrate
(C,0,H, - 2H,0, > 99 %, Merck) in water under reflux conditions (90 °C, 10 min.)
in a molar ratio of 3:1 (C,0,H, -2H,0:NH,VO,). Secondly, a separate solution
of ammonium citrate was prepared by dissolving di-ammonium hydrogen citrate
(C,H,O, - 2NH,, > 99 %, Merck) in water and by adding ammonia to this solution.
A nominal citrate concentration of 3 M and a pH value of 7 were experimentally set.
Before mixing the VO** solution with the ammonium citrate solution, the pH of the
VO?* solution was increased to a value of 7 by adding ammonia and the volume was
adjusted by adding H,O to achieve a nominal VO** concentration of 1.5 M. Next,
both solutions (1.5 M VO** solution with a pH value of 7 and 3 M citrate solution
with a pH value of 7) were mixed in a volume ratio ranging between 2.67:1 and 0.44:1.
All solutions were aged for 7 days at 4 °C to induce (NH,),C,0O, precipitation, which
was subsequently removed by filtration (Pall Life Sciences Supor 100 filters with 0.1
pm pore sizes). Finally, the pH and volume of each filtrate was adjusted by NH; and
H, O to obtain aqueous citrato-VO?** solutions with a pH value of 7 and a vanadium
concentration of 0.1 M. The molar ratio of citrate to VO** is varied between 0.75:1 and
4.5:1 by varying the aforementioned volume. All nominal vanadium concentration



CHEMICAL SOLUTION DEPOSITION AND FILM PROCESSING 233

were experimentally confirmed by ICP-AES.

C.1.4 Vanadium free reference solutions

Vanadium free solutions of ammonium oxalate and ammonium citrate were prepared
by the dissolution of ammonium oxalate monohydrate ((COONH,), - H,0, 99.0 -
101.0 %, Alfa Aesar) or di-ammonium hydrogen citrate (C,;H,O, -2NH,, > 99 %,
Merck) in water, respectively. For both vanadium free solution solutions, ammonia
and water were added to obtain a solution with a pH value of 7 and a nominal oxalate
or citrate concentration of 0.3 M.

C.2 Chemical solution deposition and film processing

The solutions were spin coated (3000 rpm, 30 s, 1000 »"/s) onto small pieces (+ 6
cm?) of p-type Si with (i) 1.2 nm SiO,, 200 nm SiO,, 10 nm y-AlL,O; or Pt, cleaned
in a sulfuric acid peroxide mixture and ammonia peroxide mixture or (ii) 70 nm
TiN or 7.5 nm TiO, treated in an in-situ generated O, atmosphere (UV-O;, 50 °C, 30
minutes). A hot plate treatment was carried out on each deposited layer at 90 °C
for 2 minutes. An intermediate anneal was carried out in a rapid thermal anneal
system (Accutherm AW-610), systematically with a chamber N, flush of 2 minutes, a
heating rate of 10 °C-s~!, an isothermal period and a slow cooling (> 5 minutes) in a
N, environment (10 SLPM). During the isothermal period the following parameters
are varied: time (10 — 30 minutes), temperature (400 °C — 900 °C) and ambient (0 %
-1 % O,) by a controlled co-flow (5 SLPM) of high purity N, and 1 % O, (in Ar).
The deposition cycle (spin coating - hot plate - intermediate anneal) was repeated
multiple times to ensure sufficient substrate coverage. A post deposition anneal was
performed in the same rapid thermal anneal system under identical conditions with
identical parameters.

The low pO, anneals are carried out in a rapid thermal anneal system (Accutherm
AW-610). Prior to the anneal experiment, the chamber is flushed for 2 minutes with
N, (10 SLPM). Each anneal experiment is performed with a heating from Trym to
the desired temperature at a heating rate of 10 °C s in N, (10 SLPM). During the
isothermal period, 0.1 % O, ambient condition is obtained by a controlled co-flow
(5 SLPM) of high purity N, (4.5 SLPM) and 1 % O, in Ar (0.5 SLPM). After the
isothermal period, natural cooling is allowed in N, (10 SLPM). Though, these ex-
perimental conditions seem very solid, the following experimental deviations could
have appeared:

e The 1 % O, originates from fixed gas bottle (not from a central gas line, as is
the case for N,) which is manually operated. Small deviations in the output
pressure (regulated by a manual gas pressure reductor) could influence the
final 0.1 % O, atmosphere.
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e The 1 % O, gas flows through the gas line which is used in other experiments
as the 100 % O, gas line. A gas valve allows the choice between both gasses.
Thus prior to each set of experiments, this gas line is flushed with the 1 % O,
gas. As a consequence, the total volume of 1 % O, passed through the line is
the lowest for the first experiment(s) which might result in a slightly higher
oxygen content in comparison to the last experiment.

e The entire system is annually calibrated which might cause deviations in the
experimental parameters (such as temperature and co-gas flow) depending on
the time after the last calibration.

o The temperature is controlled by either a thermocouple or a pyrometer if the
temperature is below or above 600 °C which could cause deviations between
experiments performed below or above 600 °C.

o Additionally, the pyrometer is not able to control the temperature below 100
°C which is problematic during the natural cooling because you don’t know at
which temperature the furnace is opened and air is allowed to the sample.

Since, the 0.1 % O, condition is really on the lower limit of tool, the smallest variation
in one (or more) of the above mentioned parameters could undesirably influence the
experimental outcome.

C.3 Solution characterization

Electron Paramagnetic Resonance (EPR) spectroscopy

X-band CW-EPR

X-band continuous-wave EPR spectra are recorded on a Bruker ESP300E spectrom-
eter (microwave frequency of 9.43 GHz) equipped with a liquid helium cryostat
(Oxford Inc.), allowing for operation from room temperature down to 2.5 K. The tem-
perature, modulation amplitude, microwave power and modulation frequency vary
for every measurement. Simulations of all CW-EPR spectra were performed with the
EasySpin program, a MATLAB toolbox developed for EPR simulations.[190} [191]

Electron Spin Echo (ESE) detected EPR spectroscopy

ESE-detected EPR spectra were carried out with the pulse sequence: 7/2 - 7 - T - echo
with t-, = 16 ns, t; =32 ns and 7 = 88 ns.

Hyperfine Sublevel Correlation (HYSCORE) spectroscopy

The HYSCORE (hyperfine sublevel correlation) spectra[192] were recorded on a
Bruker Elexsys E500 spectrometer (microwave frequency 9.76 GHz) equipped with
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a liquid-helium cryostat (Oxford Inc.). The HYSCORE spectra were measured using
the pulse sequence: 752 - T -7/2-t - -t - 7/2- 7 - echo. A four-step phase cycle
was performed in all cases to remove the unwanted echoes. The HYSCORE traces
were baseline corrected using a third-order polynomial, apodized with a Hamming
window and zero-filled. After Fourier transformation the absolute-value spectra
were computed and the spectra recorded at different T values were added together
to reduce the blind-spot effect.

Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES)

The V** concentration is determined via ICP-AES (PerkinElmer Optima 3300V).
Each ICP-AES analysis, used in this work, consist of three steps. In the first step, a
calibration curve is set using reference solutions with a metal ion concentration of 0,
1,2,5and 10 ppm. In the second step, the concentration of the metal ion in the sample
is determined using these calibration curves. In the last step, the reference sample
of 5 ppm is remeasured (Quality Check) to identify a possible drift. All references
and samples are diluted in 5 % HNO; (J.T. Baker, 69-70 %, Baker Instra-analyzed
Reagent™) to obtain either a concentration within the 0 to 10 ppm calibration curve.
Table shows the characteristic emission lines used in this work.

Element Emission lines (nm)

Vanadium  270.093 292.402 309.310 310.230

Table C.1: Overview of characteristic emission lines used in this work to determine the metal
ion concentration via ICP-AES.

pH measurement

The pH of the aqueous solutions is measured by a Sentix 60 (3 M KCl) pH electrode.
This pH electrode is daily calibrated using buffer solutions at pH 4 an 7.

Ultraviolet-Visible (UV-Vis) spectroscopy

Solution UV-Vis spectra are recorded on a UV-Vis, Ultrospec’™ 100 pro spectropho-
tometer with a wavelength range of 330-830 nm, a spectral bandwidth of 8 nm, a
wavelength accuracy of + 2 nm and a wavelength reproducibility of + 1 nm. Dispos-
able macro-UV-cuvettes with a light path of 10 mm are used as container during the
UV-Vis measurement.

>l'Vanadium - Nuclear Magnetic Resonance (> V-NMR) spectroscopy

All °'V liquid-state NMR spectra are acquired at 78.9 MHz on a Varian Inova 300
spectrometer at room temperature in a 5 mm four-nucleus PFG probe. The chemical
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shift scale is calibrated at - 559.0 ppm with a 0.1 M sodium orthovanadate (Na;VO,,
99.9 %, Alfa Aesar) solution at pH 12.[36] Free induction decays are collected with
a 90 °pulse of 5.0 us, a spectral width of 292 kHz, an acquisition time of 0.1 s, a
preparation delay of 1 s and 300 accumulations. A line-broadening factor of 2 Hz
is applied before Fourier transformation to the frequency domain. All solution are
diluted, in a 1:2 volume ratio, by D,O (99 %, Cambridge Isotope Laboratories) to
guarantee a significant lock signal.

C.4 Powder characterization

Fourier Transform Infra-Red (FTIR) Spectroscopy

FTIR spectra are recorded at Treo, between 4000 and 400 cm™! on a Bruker Vertex 70
spectrometer (128 scans, 4 cm™! resolution). The sample is systematically dispersed
in KBr pellets (1 wt. %) and analyzed in transmission mode.

Thermogravimetrical Analysis (TGA)

The thermal decomposition pathway of the powders is examined by means of ther-
mogravimetrical (TG) analysis. All TG analyses are carried out on the as-received
commercial product or on a dried powder (60 °C), heated from room temperature to
a desired end temperature (typically between 600 °C and 800 °C) at a heating rate of
10 °C - min~!. After sufficient flushing with the analysis gas, the decomposition is
studied in dry air or in N, (100 mL - min™!). TG analyses are performed on (i) a TA
Instruments SDT Q600 (+ 5 mg of sample) for simultaneous TG—DSCE] analysis and
(ii) a TA Instruments TGA Q5000 (+ 2 mg of sample) coupled with a Pfeiffer Vacuum
ThermoStar™ MS for simultaneous TG-M|analysis.

Raman spectroscopy
Raman spectra were recorded on a Horiba Jobin Yvon micro-Raman (T64000) using
a 488 nm laser as excitation source (LEXEL 95 SHG) operating at 200 mW.

X-Ray Diffraction (XRD)

The obtained powders were analyzed by XRD on a Siemens D5000 Diffractometer,
operating in a Bragg-Brentano configuration (coupled 6-20 scan)

IThe abbreviation DSC corresponds to Differential Scanning Calorimetry and measures, in addition to
a standard TG analysis, the heat flow developed during the thermal decomposition pathway as function
of the temperature.

2The abbreviation MS corresponds to Mass Spectrometry and measures, in addition to a standard TG
analysis, the amount of ionized mass fragments (differentiated by their " ratio) developed during the
thermal decomposition pathway as function of the temperature.
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C.5 Vanadium oxide characterization

Atomic Force Microscopy (AFM)

The topography of the films was visualized by tapping mode AFM on a Veeco
Dimension microscope with Digital Instruments Nanoscope III controller and an
etched Si probe NANOSENSORSTM.

Contact angle

The films’ wetting properties were analyzed using contact angle measurements (Dat-
aPhysics OCA 230L Contact Angle System).

Energy Dispersive X-ray (EDX) spectroscopy

Chemical analysis is carried out by EDX with a Si(Li) detector and Bruker software,
performed in a scanning electron microscope (FEI Quanta 200FEG).

Grazing angle Attenuated Total Reflectance-Fourier Transform Infrared (GATR-
FTIR) spectroscopy

The obtained films were characterized by means of GATR-FTIR spectroscopy, using a
65° single reflection Ge-ATR (Harrick) crystal, placed inside the sample compartment
of a FTIR spectrometer (Bruker, Vertex 70, 32 scans, 4 cm™! resolution).

In-situ High-Temperature X-Ray Diffraction (HT-XRD)

HT-XRD analyzes are performed on a Bruker, Vantec Diffractometer, spanning 20
°20 with a step size of 0.014 °260. Heating occurred in a home-built heating chamber
using a dynamic dry air ambient (Vantec setup) with a heating rate of 0.2 °C - s™1.

Scanning Electron Microscopy (SEM)

The deposited structures were visualized with Scanning Electron Microscopy (SEM,
FEI, NOVA 200) in secondary electrons imaging mode. Both 45°-tilted and cross-
sectional (X-SEM) view were used.

Single-wavelength ellipsometry

Film thicknesses were obtained from single wavelength ellipsometry (Plasmos, 632.8
nm) using a single layer model with a refractive index of 3.1.
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X-Ray Diffraction (XRD)

The crystal phase of the vanadium oxide nanostructures was determined by means
of XRD (PANalytical X'pert Pro, Cu Ka) in a Bragg-Brentano configuration (coupled
0-20 scan) with a PIXcel detector in scanning mode (step size 0.0098 °).
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