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Abstract 

Energy-efficient or smart windows are an important part of net-zero energy housing as 

excellent candidates for energy conservation. They can control the amount of light and heat 

passing through them in response to an external stimulus such as heat (thermochromic) or 

electricity (electrochromic). Vanadium Oxide (VO2) is a potential thermochromic material to 

provide an automatic reversible semiconductor-metal phase transition from the monoclinic 

structure to tetragonal at 68 °C. However, there remain major challenges in fabricating 

desirable VO2-based films to meet the requirements for large-scale implementation. Mainly, 

the phase transition temperature (Tc) should be close to the ambient temperature (25 ºC), while 

the integrated luminous transparency (Tlum), and solar modulation ability should be high. 

Another obstacle is the preparation of pure and highly crystalline VO2 (M) with a small 

hysteresis width for fast switching ability while using green solvents and milder conditions for 

large-scale production. The selection of a suitable polymeric matrix for long-term stabilization 

of VO2 nanostructure is another crucial concern for industrial goals. This doctoral research 

project aimed to develop new approaches to the synthesis and fabrication of VO2 

thermochromic films using imidazolium ionic liquids (ILs) or imidazolium poly-ionic liquids 

(PIL). In “Chapter 2”, Vanadium oxide VO2 (M) synthesis is studied using supercritical CO2 

(scCO2), imidazolium ionic liquids (ILs), and their biphasic combination as environmentally 

benign solvents under mild condition. The role of ILs and scCO2 on the gelation yield as well 

as the crystallinity, morphology, and optical properties of final VO2 (M) is investigated. In 

“Chapter 3”, the role of different imidazolium ILs on stabilization of VO (acac)2 precursor is 

studied, and a new fabrication method is suggested to prepare pure and high crystalline VO2 

(M) using a fast processing time. In Chapter 4, two complementary methods for the fabrication 

of VO2 and VO2/ SO2 nanostructures are suggested using PIL as a dielectric host. In this 

doctoral thesis, we have tried to respond to the main challenges regarding the synthesis and 

fabrication of VO2 (M) thermochromic films with improved optical properties by using simple 

synthetic methods and green solvents.  
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Lay of Audience 

Energy consumption is continuously increasing worldwide, and energy conversion has been a 

great challenge to sustainable development. A substantial component of primary energy 

(~40%) is used in form of air conditioning and it is estimated that energy exchange through 

the windows is responsible for more than 50% of a building’s energy loss. Other than high 

energy costs, this energy loss can also lead to a higher carbon footprint through increased CO2 

emissions. Applying self-controlled coatings to glass windows or using so-called “energy-

efficient windows” can be one effective method to reduce energy loss. The energy-efficient 

windows or smart windows typically function by an external stimulus such as electricity 

(electrochromic windows) or heat (thermochromic windows). Vanadium oxide (VO2) as a 

typical thermochromic material has been receiving extensive attention as it undergoes a 

reversible semiconductor-to-metal phase transition which is accompanied by remarkable 

changes in electrical and optical properties. However, there are remaining challenges in the 

synthesis and fabrication of VO2. It is important to prepare pure and highly crystalline VO2 

with fast switching ability using green solvents and milder conditions. The selection of a 

suitable polymeric matrix for long-term stabilization of VO2 nanostructure is also another 

crucial concern for industrial goals. This doctoral research project is aimed to use ionic liquids 

(ILs) or poly-ionic liquids (PIL) to develop new approaches in the synthesis and fabrication of 

VO2 thermochromic films. 
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Chapter 1  

1  Introduction and Literature Review  

One of the current mega challenges is on finding new and efficient ways to reduce energy 

usage while transitioning to clean energy sources. In Canada, the building sector is a 

significant consumer of energy in the form of electricity and natural gas. The building 

sectors, which combines Residential and Commercial/Institutional sectors, consume 

approximately 30% of Canada’s Secondary Energy (Figure 1-1) (Office of Energy 

Efficiency 2013 report on Energy Efficiency Trends in Canada 1990-2010). Secondary 

energy includes resources that have been converted to other types of energy such as 

electricity while primary energy is unconverted or original fuels such as natural gas or coal. 

 

Figure 1-1. Total Secondary energy use by sector in Canada 

 

Figure 1-2. Commercial/ Institutional secondary energy use in Canada 
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Furthermore, space conditioning (space heating + space cooling) accounts for nearly half 

of the energy used in commercial and institutional operations (Figure 1-2). It is estimated 

that energy exchange through the windows is responsible for more than 50% of a building’s 

energy loss[1]. For reducing energy consumption, energy-efficient walls or windows, 

especially smart windows, have attracted considerable interest. Studies have shown that 

smart windows can reduce energy consumption in buildings by up to 20 % during winter 

and more than 40 % during warmer seasons. Researchers at Lawrence Berkeley National 

Laboratory (LBNL) estimate that smart window technologies could save as much as 1 

quadrillion BTUs of energy each year – more than 1 percent of the United States annual 

energy consumption, or more than $10 billion in annual energy costs. Consequently, the 

tremendous growth of energy needs and high energy costs, are promoting demand for 

innovative products to develop energy efficiency in buildings. This contribution to the 

energy efficiency of the building sector offers a proven pathway to generate positive effects 

on Canada’s economy and environment. 

Various intelligent coatings have been investigated to be used as energy-efficient materials 

in buildings. In terms of energy efficiency, two types of radiation flux should be regulated 

by windows: the longwave thermal radiation emitted at normal temperature and the solar 

radiation by the sun. “Low Emittance (low- E) Windows” and “Chromogenic Windows” 

are two typical energy-efficient windows for passive control of longwave thermal radiation 

and solar energy throughput. Low- E windows contain a coating film with low emissivity 

aimed to transmit visible light while blocking infrared (IR) and ultra-violet (UV) 

wavelengths which generally create heat[2,3]. Therefore, the long-wave thermal radiation 

from the outdoor environment cannot enter the room in the summer, and the thermal 

radiation from indoor surfaces cannot escape the room in the winter resulting in lower 

energy consumption during both seasons (Figure 1-3). 
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Figure 1-3. Diagrammatic sketch of ideal windows. The ideal windows for (a) 

summer and (b) winter are shown. The orange arrows represent solar radiation, 

the yellow arrows represent long-wave thermal radiation emitted by the outdoor 

environment, and the blue arrows represent the long-wave thermal radiation 

emitted by indoor surfaces[3] Reprinted with the permission of Scientific Report 

Journal 

There are two types of Low-E coatings, i.e. tin oxide-based hard coatings and silver-based 

soft coatings, both of which are high reflectance materials that can attenuate the 

propagation of IR radiation[2,4]. On the other hand, chromogenic windows are those that 

can change their optical properties due to some external stimulus. Thermochromic, 

photochromic and electrochromic materials are the most common types of chromogenic 

materials in which the stimuli are a change in temperature, irradiation by light, and an 

applied field respectively[5]. Thermochromic windows are those that exhibit temperature-

dependent changes in the optical properties of a material. Continuous thermochromism 

involves a gradual color change over a range of temperatures while discontinuous 

thermochromism refers to a structural phase change at a specific temperature which is 

called the transition temperature[6]. The phase change can be first-order or second-order, 

reversible, or irreversible depending on their thermodynamics. 
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The thermochromic coatings which are widely used as intelligent window coatings have a 

transparent state with a higher solar transmittance when the temperature of the window is 

below the transition temperature (Tc); consequently, the solar radiation and associated heat 

will reach the interior of the building. On the other hand, thermochromic coatings have an 

opaque state with a lower solar transmittance when the temperature of the window is above 

Tc, where part of the energy from the sun will be reflected due to the higher material’s IR 

reflectance[5,7,8]. Therefore, thermochromic windows have the potential to have excellent 

energy performance as the heat gain from solar radiation will be high in winter and much 

lower in summer, resulting in a reduction of energy consumption in space conditioning. 

Vanadium dioxide (VO2) is one of the most promising thermochromic materials with a 

transition temperature of about 68 °C for its pure single crystalline form. The optical 

properties of vanadium oxide change suddenly and reversibly at its transition temperature 

(Tc) due to a first-order metal-insulator transition [9].  

1.1 Vanadium Oxide (VO2) 

Vanadium oxides (VO2) is representative of a binary compound with a variety of crystal 

structures including monoclinic VO2 (B), monoclinic VO2 (M), rutile VO2 (R), tetragonal 

VO2 (A), orthorhombic VO2 (C)[10], and recently added VO2 (D). Among all VO2 

polymorphs, monoclinic VO2 (M) is the most important structure as it shows a reversible 

first-order metallic-insulator transition (MIT) at a specific transition temperature of 68 °C. 

VO2 (M) is an insulator and IR transparent while at the temperatures above Tc, VO2 (M) is 

changed to VO2 (R) which is metallic and highly IR reflective (Figure 1-4). It should be 

noted that the pure monoclinic VO2 phase is referred to as M1 since doping of vanadium 

(IV) oxide results in another monoclinic arrangement which is called M2. The nature of 

the metallic to insulator transition of vanadium oxide has been investigated via 

computational, experimental, and theoretical studies by many researchers[5]. However, the 

detailed mechanism of this transition is not exactly clear. Three VO2 phases exhibit 

different crystal structures while they have the same electronic properties, such as the 

existence of the semiconductor-to-metal transition, similar activation energies, and 

conductivities based on the Mott–Hubbard model of correlating electrons[11].  
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Figure 1-4. Left: The rutile structure of VO2, when T > Tc. The large red circles 

represent V4+ ions, and the small blue circles are O2
- ions, Right: The M1 

monoclinic structure of semiconducting VO2 when T < Tc. Two types of oxygen 

ions can be distinguished Reprinted with the permission of the Royal Society of 

Chemistry. 

Goodenough[12] performed theoretical studies using molecular orbitals and band structure 

diagrams as is shown in Figure 1-5. He proposed the possibility of an anti-ferroelectric 

transition which causes the metallic-semiconductor transition in vanadium dioxide. It was 

argued that V4+–V4+ pairing in the tetragonal phase becomes energetically stable on cooling 

after the rearrangement of the band structure in making the monoclinic phase. 

Subsequently, there are two transition temperatures, Tc as the result of anti-ferroelectric 

distortion and Tc’ due to the crystallographic distortion which happens to be synchronized 

for VO2. It was concluded that the anti-ferroelectric component of the monoclinic low-

temperature phase of VO2 is the driving force for the distortion. Tc was found to be not 

controlled by thermal excitation of electrons into the antibonding bands but by the entropy 

of the lattice electrons into the antibonding bands of vibrational modes. 
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Figure 1-5. Schematic band structure diagram of VO2. The hybridization of the V 

3d and O 2p levels reflects the symmetries of the atomic arrangement in the 

crystal lattice[5,13]. Reprinted with permission of the Royal Society of Chemistry 

The metallic-insulator transition is followed by a dramatic change in electrical conductivity 

and IR reflectivity in the NIR and with no change in the visible region [5]. The material 

reflects IR above Tc, but is transparent below Tc, which is crucial in applications such as 

thin-film coatings of “smart windows”. However, the critical temperature of VO2, 68 °C, 

is considered too high (in comparison to room temperature) for smart thermochromic 

windows applications. Therefore, many efforts have been made to reduce the transition 

temperature of VO2 by using different dopants[3]. 

1.2 Effect of Doping in Vanadium Dioxide (VO2) 

The ideal transition temperature for intelligent glazing is between 20 °C - 25 °C[3]. On the 

other hand, when the transition temperature is between 68 °C – 90 °C, VO2 can be used in 

solar thermal applications[14]. Introducing impurities at sufficient levels into the VO2 

lattice can tune the thermochromic switching temperature, making the VO2 more 

commercially viable.  

There are various theories about the action of doping in VO2 based on empirical 

observations and theoretical calculations. Goodenough[12] discussed in detail the doping 

effect based on x-ray diffraction observations proposing the existence of a second 
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semiconducting phase in doped samples between the low-temperature monoclinic phase 

and the high-temperature tetragonal phase. The semiconducting phase has an orthorhombic 

structure for low-valent dopant ions, and it has a rutile structure for high-valent ions. He 

then investigated different possible scenarios of doped VO2 based on his theory of metal-

insulator transition. Dopants that can participate through p-bonding, not the d bonds (e.g. 

Al3+, Ti4+, d0), decrease the crystallographic transition temperature. However, dopants that 

introduce electrons to the vanadium d bands (e.g. Mo6+, W6+, Nb5+) reduce the 

antiferroelectric stabilization of the low-temperature phase by introducing P* electrons into 

the antiferroelectric state. Subsequently, the antiferroelectric transition temperature Tc can 

be reduced. Furthermore, McChesney and Guggenheim reported that dopants with an ionic 

radius smaller than V4+ can increase the transition temperature while dopants with a larger 

ionic radius than V4+ decrease the transition temperature[15].  

Various metal ions have been doped into the VO2 lattice using different methods including 

physical vapor deposition (PVD)[16], chemical vapor deposition (CVD)[17], sol-gel[18], 

and hydrothermal methods[19]. Extensive studies have been conducted using tungsten as 

a dopant to reduce the thermochromic switching temperature of VO2. Substitutional doping 

with tungsten on average depresses both the metal to insulator and insulator to metal phase 

transition temperature by 23-26 °C/ at. % W[20]. For all methods of preparation, 

approximately 2 atom % W doped into vanadium dioxide films have shown a 

thermochromic temperature of 25 °C, which is ideal for intelligent window coatings[5].  

Even though tungsten can reduce the thermochromic switching temperature of VO2 by the 

greatest extent per atom%, several other dopants can be incorporated into vanadium 

dioxide including molybdenum, niobium, and gold or co-doping of molybdenum and 

tungsten[21]. Molybdenum (Mo) dopants cause a relatively smaller depression of phase 

transition temperature compared to tungsten dopants. However, the local symmetry around 

Mo atoms is closely related to the high-temperature rutile phase compared to the low-

temperature monoclinic phase.  This suggests a structural contribution of Mo atom to the 

depression of the transition temperature[22]. Indeed, the Mo atom not only adds electrons 

to the vanadium dioxide band structure but also serves as a seed for nucleation of the high-

temperature metallic phase[19].  
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Furthermore, it has been reported that the effects of doping are substantially amplified upon 

scaling to nanoscale dimensions as tungsten doping within nanowires induces an 80 °C/ at. 

% W depression in the phase transition temperature within a linear regime ranging up to 

0.90 at. % doping.[23] As was also noted, the influence of Mo doping is not as much as W 

doping, although a remarkable depression in transition temperature was noted from 20 - 29 

°C/at. % Mo using vanadium oxide nanowires. 

1.3 Synthetic Techniques to Synthesize VO2 (M) 

There are various synthetic methods to synthesize monoclinic vanadium oxide. However, 

to have an economical and environmentally friendly process, it is necessary to synthesize 

VO2 at low temperatures and durations using inexpensive and nontoxic precursors and 

environmentally friendly solvents. 

Thin-film formation by the sol-gel technique has been widely used[21,24,25] for depositing 

thermochromic VO2 thin films due to the simplistic nature of this method. The sol-gel 

method involves the formation of thin films by dip or spin coating substrates using metal 

alkoxide solutions[8]. To synthesize crystalline VO2, the initial coating is partially 

hydrolyzed and then annealed in a reducing atmosphere. The most common precursors for 

sol-gel method preparation of VO2 are vanadyl tri(isopropoxide) and vanadyl 

tri(tertamyloxide)[5]. Furthermore, Yin et al.[26] also indicated that V2O5 can be used as a 

precursor instead of vanadium alkoxide in a sol-gel process as it is cheap and easy to obtain, 

and the sol made by the quenching method is stable. Dopants such as tungsten[27] and 

molybdenum[21] can also be introduced in the precursor solution in the necessary 

proportion.  

Physical Vapor Deposition (PVD) has gathered great interest in depositing thermochromic 

VO2 film[5,8]. The technique involves the four steps of evaporation, transportation, 

reactions, and deposition. The material to be deposited is known as a target which is usually 

a solid-state metal precursor that is bombarded by a high energy source under reduced 

pressure conditions. Under these conditions, the atoms or molecules are displaced or 

vaporized from the surface of the metal target. The quantity of material removed from the 

target and the quantity of gas present in the deposition chamber can be used to control the 
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composition of the thin film on the glass. There are various systems employed to remove 

atoms from the target to prepare VO2 films including laser ablation[28], magnetic 

sputtering[29], or ion beam sputtering[30]. Doping can also be done by ion implantation 

on the substrate in the deposition chamber. However, the PVD method is an expensive 

process due to the reduced pressure and vacuum conditions and expensive 

evaporation/sputtering/ablation equipment[8]. 

The Chemical Vapor Deposition (CVD) method and especially the Atmospheric Pressure 

Chemical Vapor Deposition (APCVD) is a common industrial process for the production 

of VO2 thin films by using organometallic precursors[5,8].  In the CVD process, the 

substrate is exposed to a volatile precursor that reacts on the substrate surface to produce 

the desired deposit. Vanadyl tri(isopropoxide) or vanadyl tri(isobutoxide) are common 

precursors for CVD of VO2 films[31]. Vanadyl acetylacetonate, VO (acac)2 has also been 

used as a precursor to prepare VO2 (B),  which can then be converted to VO2 (M) by 

annealing under a controlled atmosphere[32].  

Recently, the hydrothermal method for the synthesis of VO2 has garnered significant 

attention due to its relatively simple route, low cost, and large scale production compared 

to other synthetic methods[10,33,34]. Hydrothermal synthesis is generally defined as 

crystal synthesis or crystal growth under high temperature and high-pressure water 

conditions[5,8]. Vanadium pentoxide (V2O5) is commonly used as the precursor for the 

hydrothermal process. Hydrogen peroxide (H2O2), ethanol, and oxalic acid have also been 

used as reducing agents during the process to produce VO2 with different morphologies. 

Different dopants can be introduced into the solution at the beginning of the process with 

appropriate compositions to reduce the transition temperature[21,35].  

 Although all the mentioned synthetic strategies including sol-gel, PVD, and hydrothermal 

methods can be used to prepare VO2 nanostructures, the variation of synthetic parameters 

can have a considerable effect on morphology and crystallinity of nanostructures, strengths 

of the metal-insulator phase transition, and extents of hysteresis.  
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1.4 Using supercritical CO2 in the sol-gel synthesis of metal 
oxides 

supercritical carbon dioxide (scCO2) has been used as an environmentally friendly solvent 

in a sol-gel process instead of common conventional solvents for the synthesis of metal 

oxide nanostructures[36–39]. The phase diagram of the carbon dioxide has been shown in 

the Figure 1-6. The sol-gel precursors such as alkoxides are often chosen in this technique 

due to their ability to dissolve in scCO2. The sol-gel precursors under a high-pressure 

reactor are converted into sol via polycondensation reactions. The sol can either form 

aerogel particles by depressurization or can be used for the formation of gel solid networks 

[38]. The aerogel particles normally have larger dimensions than the sol as a result of 

aggregation steps whereas the aerogel monolith maintains the size and shape of the original 

gel. ScCO2 is considered an environmentally benign solvent and a substitute for 

conventional organic solvents as it is nontoxic, nonflammable, inexpensive, and naturally 

abundant[40]. Another advantage of using scCO2 is that by ‘tuning’ the temperature and 

pressure during the process, the solvent physical properties such as density and solubility 

ability can be altered to produce various product structures. Additionally, isolating the 

product by venting the CO2 after the reaction leads to maintaining the microstructure of the 

aerogel. 

 

Figure 1-6. Carbon dioxide temperature- pressure phase diagram 



11 

 

1.5  Stability of Vanadium (IV) Oxide  

1.5.1 Chemical Stability of VO2 

VO2 films have poor long-term oxidation resistance in a wet ambient atmosphere due to 

the thermodynamical instability of VO2. It has been reported that VO2 can gradually be 

oxidized into V2O5 when exposed to the air for a long time, which leads to considerable 

deterioration of its thermochromic properties[41]. Therefore, enhancing the chemical 

stability of VO2 against oxidation is urgently required. In one successful method, the VO2 

nanostructure can be coated with an inert barrier shell to form a core-shell structure. The 

core-shell VO2@TiO2 nano-rods[41] and VO2@SiO2 nanoparticles[42] have been 

fabricated showing enhanced chemical stability. More recently, L. Zhao et al.[43] indicated 

that VO2-SiO2 composite film showed higher chemical stability against oxidation 

compared to VO2 film.  

1.5.2  Agglomeration of VO2 Nanostructures 

Agglomeration of VO2 nanostructures is another obstacle for the preparation of uniform 

VO2 nanostructures. Agglomeration can happen during the gel formation stage in a sol-gel 

method or during a post-heating process in the hydrothermal method due to the sintering 

effect[44,45]. Modification of VO2 nanostructures surface with a layer of inert capping 

layers such as SiO2 or TiO2 can eliminate the agglomeration issue[44,45]. X. Cao et al.[46] 

also reported that using freeze-drying in the fabrication of VO2 nanoparticles largely 

hinders agglomeration. 

1.5.3 Polymer-Based Coatings 

Another effective method to prevent VO2 nanostructures from agglomeration is the 

dispersion of particles in a polymer solution. Various transparent polymers such as 

polyvinyl pyrrolidone (PVP)[47] and polyvinyl alcohol (PVA)[48] have been used for the 

modification of VO2 films. It also has been shown that vanadium precursors can be 

stabilized in PVP polymer solution via interactions among polymers and V4+ aqua ions. L. 

Kang et al.[47] used different polymers such as PVP, polyacrylamide (PAM), and poly(N-

vinyl acetamide) (PNVA) for the synthesis of thermochromic VO2 thin films. It was 
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indicated that the polymer additive can be used as a film forming promoter due to the 

formation of a cross-linked gel film via the interactions of oppositely charged functional 

groups of polymer molecules with VO2
+. Furthermore, PVP additives could help induce 

the formation of M/R-phase VO2, which was attributed to an overlap of the crystallization 

temperature of VO2 with the degradation temperature of PVP. The prepared films showed 

excellent optical properties by Tlum of 54.5 % and ∆Tsol of 41.5 % due to the dielectric 

matrix provided as a result of addition of PVP. 

1.6 Optical Properties Measurement 

Incident light can interact with matter in three modes: it can transmit, reflect, or absorb. 

These processes must obey the energy conservation law (Equation 1) at each wavelength: 

𝑇 (𝜆) + 𝑅(𝜆) + 𝐴(𝜆) = 1 (1) 

where λ is the wavelength and T(λ), R(λ) and A(λ) refer to the wavelength-dependent 

transmittance, reflectance, and absorbance, respectively.  However, the part of absorbed 

energy that will heat the material is known as the thermal emittance, which is defined based 

on Kirchhoff’s law (Equation 2): 

𝐴 (𝜆) = ɛ𝑡ℎ𝑒𝑟𝑚(𝜆)                                                             (2) 

where ɛtherm (λ) is the wavelength-dependent thermal emittance, which is defined as the 

fraction of blackbody radiation released at a certain temperature and wavelength. 

As described above, VO2 based coatings are a semiconductor and fairly IR transparent at 

T < Tc, whereas they are metallic and IR reflecting at T > Tc. Hence, they can offer 

smartness and energy efficiency features to the window by controlled lighting and heat 

control. The wavelength-dependent luminous transmittance (Tlum), reflectance (Rlum), solar 

transmittance (Tsol) and reflectance (Rsol) are the characteristic features of thermochromism 

which can be defined as [7,49]:  

𝑇𝑙𝑢𝑚,𝑠𝑜𝑙(𝜆, 𝜏) =
∫ 𝜑𝑙𝑢𝑚,𝑠𝑜𝑙 (𝜆) 𝑇(𝜆, 𝜏)𝑑𝜆 

∫ 𝜑𝑙𝑢𝑚,𝑠𝑜𝑙(𝜆) 𝑑𝜆
 (3) 
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𝑅𝑙𝑢𝑚,𝑠𝑜𝑙(𝜆, 𝜏) =
∫ 𝜑𝑙𝑢𝑚,𝑠𝑜𝑙 (𝜆) 𝑅(𝜆, 𝜏)𝑑𝜆 

∫ 𝜑𝑙𝑢𝑚,𝑠𝑜𝑙(𝜆) 𝑑𝜆
 (4) 

where 𝞽 is the temperature, φlum is the luminous efficiency of the human eye, and φsol is the 

solar irradiance spectrum corresponding to the sun standing 37° above the horizon.  

 

Figure 1-7. Spectral reflectance (a) and transmittance (b) for a 0.05-μm-thick VO2 

film in semiconducting and metallic states. Panel (c) illustrates typical spectra for 

the luminous efficiency of the human eye and solar irradiance[7,50,51]. Reprinted 

with the permission of Elsevier. 

Figure 1-7 (a) and (b) indicate the typical spectral reflectance (Rsol) and transmittance (Tsol) 

expected from a 50 nm thick VO2 film on a glass substrate at 22 °C (blue line) and 100 °C 
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(red line)[7]. As shown, the optical properties at short wavelength are similar at both 

temperatures, while the IR reflectance is higher at λ > 1 µm for 𝞽 > 𝞽 c than for 𝞽 < 𝞽 c, 

indicating the metal insulator transition. As shown in Figure 1-7 (c), the spectral sensitivity 

of the human eye, φlum, is extended in the 0.4 < λ < 0.7 µm wavelength range and the solar 

irradiance spectrum is in the range of 0.3 < λ < 3 µm for an air mass of 1.5 (corresponding 

to the sun standing 37° above the horizon)[7]. 

There are two properties of thermochromic VO2 films that can limit their application as 

energy-efficient glazing[3]:  

(i) The solar transmittance modulation (∆Tsol) is used to evaluate the thermochromic 

switching performance of VO2 films which is not usually larger than 10 %. 

∆𝑇𝑠𝑜𝑙 = 𝑇𝑠𝑜𝑙 (𝜏 <  𝜏𝑐) −  𝑇𝑠𝑜𝑙 (𝜏 >  𝜏𝑐)                                               (5) 

(ii) The luminous transmittance (Tlum) is usually less than 40 % for the films with high 

∆Tsol. 

There is a current challenge to improve both Tlum and ∆Tsol by an economical method. 

Studies have shown that some dopants such as Mg2+ and F- can increase the visible 

transmittance by widening the bandgap of VO2 and lowering the visible absorption and 

inducing a blue-shift of the absorption edge[52,53]. Furthermore, VO2 nanocomposites 

offer much higher luminous transmittance combined with significantly enhanced solar 

energy transmittance modulation compared to a VO2 continuous film[54]. Optical 

calculations show that increasing amounts of pores with air in VO2 films is the other 

component that can improve ∆Tsol without decreasing Tlum resulting in a better optical 

performance of the film[55,56]. The optical properties of the VO2 film can be improved 

by increasing the film thickness as the result of enhancement in ∆Tsol; however, the 

optimized film thickness is required to avoid the depression of Tlum (Figure 1-8)[56]. 
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Figure 1-8. Thickness dependence of (a) transmittance and (b) reflectance 

spectra for typical samples with different thicknesses (43 nm, 102 nm, 215 nm, 

and 428 nm corresponding to the black squares, the red triangles, the blue 

pentagrams, and the green circles, respectively). The transmittance was 

measured at both 20 °C (lines with solid symbols) and 90 °C (lines with open 

symbols) and the reflectance was measured at only 20 °C[56]. Reprinted with 

permission of the American Chemical Society. 

Another method to enhance Tlum is the deposition of a single or multi-layered anti-reflection 

(AR) layer with high reflective index dielectric materials (such as TiO2, SiO2, and 

ZrO2)[57,58]. However, this method requires an additional heating process that affects the 

crystallinity of VO2 and the presence of the AR layer usually decreases the switching 

efficiency (∆Tsol)[43]. Mlyuka et al.[59] prepared a five-layer TiO2/ VO2/TiO2/VO2/TiO2 

film which showed relatively high luminous transmittance (Tlum = 45 %) but moderate solar 

modulation (∆Tsol =12 %) which is the best results compared to single-layer VO2 film (Tlum 

= 41.0 %, ∆Tsol = 6.7 %)[59] and double-layered TiO2/VO2 film (Tlum = 46.0 %, ∆Tsol = 7 

%)[60]. 
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Furthermore, it was reported that VO2 nanoparticles embedded in a dielectric medium can 

be considered as an “effective medium”[61] and the optical properties are intermediate 

between those of nanoparticles and their matrix. The effective dielectric function (ɛMG) can 

be shown as the following[7]:  

ɛ𝑀𝐺 = ɛ𝑚

1+ 
2

3
𝑓𝛼

1− 
1

3
𝑓𝛼

                                                              (6) 

where ɛm is the dielectric permeability of the matrix and f is the filling factor i.e. the volume 

fraction which is occupied by particles. The filling factor for VO2 film with a thickness of 

5µm is 0.01 and ɛm is usually set to 2.25, presuming that there are no strong near IR 

absorption bands in the embedding medium such as glass or polymer. There are many 

effective medium formulations applicable to different nano-topologies. Specifically, 

equation 6 is appropriate for a topology with nanoparticles dispersed in a continuous matrix 

based on the Maxwell-Garnett (MG) theory[62]. It should be noted that nanoparticle 

clustering is disregarded in this equation.  The parameter α is expressed as: 

𝛼 =
𝜀𝑝 − 𝜀𝑚

𝜀𝑚 − 𝐿 (𝜀𝑝 − 𝜀𝑚)
 

(7) 

where ɛp is the dielectric function of the particles and L is the appropriate depolarization 

factor which is L= 1/3 for sphere particles.   

Calculations have indicated that VO2 nanostructures embedded in a transparent dielectric 

medium show much higher luminous transmittance combined with significantly enhanced 

solar energy transmittance modulation.  This offers a new perspective to achieve desirable 

optical properties[54]. Li et al.[41] fabricated a core-shell VO2@TiO2 composite that 

exhibited thermochromic and photocatalytic properties with a solar efficiency of 10.3 % 

and luminous transmittance of 27 %. Gao et al.[42] prepared flexible VO2 nanocomposite 

foils based on SiO2/ VO2 core-shell with an improved Tlum from 29.2% to 55.3 %, while 

∆Tsol exhibited a decrease from 13.6 % to 7.5 %. There are also various reports about using 

SiO2 either as a coating matrix or as a shell for VO2 nanostructure. R. Li et al.[42] prepared 

thermochromic foils that were fabricated using VO2@ SiO2 core-shell nanoparticles, 
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showing a visible transmittance of 35.9 % and modulation ability of 8.4 %. More recently, 

VO2-SiO2 composite films were fabricated by L. Zhao[43], showing enhanced luminous 

transmittance (Tlum = 48.5 %) as well as an increase in solar modulation (∆Tsol = 15.7 %). 

1.7 Using Ionic Liquids (ILs) in Fabrication of VO2 
Nanostructures 

Ionic liquids (ILs) are molten salts with melting points typically below 100 °C. ILs possess 

a combination of outstanding properties such as non-volatility, thermo-oxidative stability, 

relatively high thermal stability, and high ion conductivity which can be tuned by changing 

the cation or anion counterpart[63]. F. Zhou first reported the excellent antioxidation 

properties of a series of imidazolium-based ILs as an additive for poly (ethylene glycol) 

for steel/steel contacts[64]. IL is an alternative candidate as a solvent for a sol-gel 

process[65,66]. It was shown that the anion counterpart of the IL has a significant role in 

catalyzing the reaction, hence reducing the gelation duration time [65,67].  Due to the wide 

range of properties of ILs, they have been investigated for several technologies including 

batteries[63,68], fuel cells[69], and dye-sensitized solar cells[70]. Some other desirable 

features of ILs such as high heat capacity make them excellent candidates for a new 

generation of heat storage materials[71]. Therefore, some specific properties of ILs such 

as transparency, high heat capacity, antioxidation properties, and their moderate-high 

dielectric constants draw our attention to their potential application as a modifier for VO2 

thermochromic coatings.  

1.8 ILs’ Heat Capacity and Optical Properties 

For the fabrication of thermochromic VO2 coatings, it is important to have a matrix to 

absorb the heat and light obtained from sunlight to help accelerate the optical switching 

process. Consequently, different polymers have previously been investigated as solar 

absorbing materials. However, it is important to have a transparent material as a coating to 

prevent any decrease in light transmission of the desired coating. Specific heat capacity is 

one of the factors indicating the quantity of heat which can be absorbed by one mole of a 

substance to raise its temperature by one degree. As shown in Table 1-1, imidazolium-

based ILs have a much larger specific heat capacity compared to the polymers which have 
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been used in the existing coatings[72–74]. Furthermore, studies on optical properties of 

imidazolium-based ILs have shown that they are transparent in most of the UV region and 

are fully transparent in the visible and near IR region[75,76].  Therefore, the high heat 

capacity of ILs along with their transparency makes them a potential candidate to be used 

as a coating’s modifier for thermochromic windows application. 

Table 1-1. Specific Heat Capacity 

Compound Specific Heat Capacity (J/Mol. K) 

Poly Vinyl Alcohol (PVA) 54.7[77] 

1-methyl-3-tetradecylimidazolium 

bis(trifluoromethanesulfonyl)imide  

680[74] 

1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

567.33[74] 

1.9 ILs’ Dielectric Constant 

As mentioned in section 1.4, VO2 nanoparticles in dielectric hosts show enhanced luminous 

transmittance and solar energy transmittance based on effective medium theory. IL is an 

ionic compound with a relatively high dielectric constant, which has dipolar as well as an 

ionic contribution[78,79].  

Table 1-2. Dielectric Constants 

Compound Dielectric Constant (ɛ) 

Silicon Dioxide (SiO2) 3.9[80] 

Titanium Dioxide (TiO2) 80[80] 

1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

12[78] 

1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

14[78] 

(2-hydroxyethyl) ammonium formate 61[78] 

(2-hydroxyethyl) ammonium lactate 85.6[78] 
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Like other properties of ILs, their dielectric constants can be tuned over a wide range by 

varying the cation or anion.  Replacement of highly symmetric anions with some dipolar 

anions can enhance the dielectric constant. Additionally, protic ILs show a higher value of 

dielectric constant than aprotic ILs. According to the dielectric constant data provided in 

Table 1-2, ILs can be great dielectric hosts for a new generation of thermochromic coatings. 

1.10 ILs as Stabilizer of Nanoparticles 

The synthesis of nanoparticles in ionic liquids has received considerable attention recently. 

There are several reports showing nanoparticles prepared in ionic liquids are mono-

dispersed and non-agglomerated because of ionic liquid stabilization. The physiochemical 

properties of ionic liquids can directly affect the size and size distribution of the 

nanoparticles[81,82].  

The most common mechanism for the stabilization of nanoparticles in ILs is the formation 

of an electrical double layer.  For this layer,  a  solvation shell of anion surrounds the 

nanoparticle surface, followed by a less ordered layer of cations and so on (Figure 

1-9)[81,83]. There is also some evidence regarding the stabilization of nanoparticles via 

interactions of nanoparticles with the imidazolium cation ring[84]. Furthermore, DFT 

calculations have been used to study the stabilization of nanoparticles in ILs showing the 

interaction of nanoparticles with different anion counterparts[85]. 
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Figure 1-9. a) Schematic of inclusion of metal nanoparticles (M-NPs) in the 

supramolecular IL network with electrostatic and steric stabilization is indicated 

through the formation of a suggested primary anion layer around the M-NPs[83]. 

Reprinted with permission of the Royal Society of Chemistry 

1.11 Poly Ionic Liquids (PILs) 

Despite the ILs’ properties as a potential coating for thermochromic materials, their liquid 

nature limits their application as a coating. Poly Ionic Liquids (PILs), which also are called 

polymerized ILs, are a new class of polymeric materials that feature IL species in each 

monomer repeating unit. PILs are attracting great interest, not only because of the 
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combination of the unique properties of ILs with the macromolecular architecture, but also 

a matter of amplifying the properties of ILs[86,87]. The main advantages of using a PIL 

instead of an IL are enhanced mechanical stability, improved processability, durability, and 

spatial controllability over the IL species[88]. Shen et al.[89] examined the dielectric 

properties of several PILs containing either imidazolium or ammonium cations. It was 

shown that PILs have a higher dielectric constant and dielectric loss compared to most 

common polymers, due to the high density of strong dipoles[90].  

PILs have also been used as dispersants to help stabilize single and multi-wall carbon 

nanotubes[88,91]. Furthermore, several imidazolium-based polymers have been reported 

as excellent stabilizers for metal nanoparticles. K. Vijayakrishna et al.[92] reported an 

imidazolium-based PIL stabilized Ni nanoparticles which are employed as a catalyst in 

transfer hydrogenation reactions of carbonyl compounds to their alcohol derivatives. 

Rhodium nanoparticles were also stabilized by ionic copolymers in IL which was used as 

a catalyst for benzene hydrogenation[93]. PILs have been used as vehicles for phase 

transfer of different nanoparticles and nanorods. This was achieved by the anion exchange-

induced precipitation of a cationic PIL in an aqueous dispersion of the corresponding 

nanomaterial[94]. It was also reported that PILs can trap the nanomaterials during their 

precipitation forming PIL nanocomposites[95]. A. Pourjavadi et al.[96] reported a 

functionalized PIL coated magnetic nanoparticle (Fe3O4@PIL) catalyst that was 

synthesized by polymerization of a functionalized vinyl imidazolium in the presence of 

surface modified magnetic nanoparticles. The synthesized nano-catalyst showed high 

thermal stability and recyclability as a result of the PIL coating. 

It has been indicated that further processing of PIL nanomaterials by spin coating can 

provide a simple method for preparing a new generation of nanocomposite material[87]. 

For instance, irreversible thermochromic behavior was observed for Au and Ag nanorods/ 

PIL nanocomposite films[97]. Using a similar methodology, PIL graphene oxide 

composite films were prepared and used as an electrode in high-performance 

supercapacitors[98]. PILs have also been used as a polymer matrix for QDs for practical 

applications such as optoelectronic devices[99]. In this regard, Shen et al. reported 

cadmium/tellurium/ fluorescent imidazolium functionalized ionic polyurethane[100].  
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Synthesis of PILs can be achieved by polymerization of IL monomers in which one or more 

polymerizable units are incorporated into the polymer structure. Polymerizable units can 

be either on the cation (cationic PILs) or anion part (anionic PILs) depending on the desired 

polymer architecture[87]. Furthermore, copolymerization of two IL monomers has been 

applied to tune the distribution of the IL species along the polymer chain and modify the 

physicochemical properties of the PILs. 

1.12 Research Objective 

Based on the literature review, there are still major challenges in the fabrication of 

thermochromic VO2 smart windows with desirable optical properties: 

1) Using environmentally friendly solvents along with mild temperature conditions for 

the synthesis of VO2(M) nanoparticles showing thermochromic properties. 

2) Synthesizing pure phase VO2 (M/R) with a shape-controlled nanostructure with sharp 

and narrow hysteresis loops for practical application in smart thermochromic devices 

3) Improving the solar modulation efficiency, ∆Tsol and luminescence transmittance 

(Tlum) simultaneously, which is the key factor for the evaluation of smartness of a 

window. 

4) Finding a suitable polymeric matrix and a dielectric host for long term stabilization 

of VO2 nanostructures 

5) Synthesis of pure and high crystalline VO2 with small hysteresis width for fast 

responding switching 

To address these issues, we proposed that complementary features of ILs can be used for 

the synthesis and fabrication of VO2 thermochromic coatings. In Chapter 2, we hypothesize 

that ILs as knowing green solvents can be used alone or in combination with supercritical 

CO2 in the sol-gel process for the preparation of pure and high crystalline monoclinic VO2
 

with good optical properties. In Chapter 3, we hypothesized that ILs can stabilize the 

precursor solution and would facilitate the formation of pure and high crystalline VO2 (M). 

In Chapter 4, we hypothesized that a polymerized ionic liquid with the advantage of 
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excellent optical properties, high dielectric constant, and high heat capacity can be used as 

a great alternative for thermochromic coatings with enhancing luminous transmittance and 

solar modulation ability. This work will also investigate the role of Mo doping in 

decreasing the transition temperature of VO2. Specifically, we hypothesized that post-

treatment of synthesized VO2 by annealing at high temperatures might induce the 

formation of pure nanostructure VO2 monoclinic with small hysteresis width for fast 

switching properties.  
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Chapter 2  

2 Sol-gel processing of VO2 (M) in supercritical CO2 and 
supercritical CO2/ ionic liquid biphasic system* 

 

*S. Nazari, P. Charpentier, Journal of Supercritical Fluids (165), 104989 

Abstract: Vanadium oxide VO2 (M) synthesis was investigated using supercritical CO2 

(scCO2), imidazolium ionic liquids (ILs), and their biphasic combination. VTIP was used 

as the vanadium precursor while examining [EMIM] ionic liquids based on anions of 

[TF2N]/ [TFO]/ [AcO]/ [HSO4]. Gelation yields up to 80 % were formed using scCO2/ 

HOAC or simply with [EMIM][TF2N] IL, indicating the role of scCO2 in the gelation 

process. The sol-gel temperature was found to have a large effect on the gelation yield 

compared to the pressure. TGA, XRD, and XPS results confirmed that the ILs were 

incorporated into the ionogel structure, having an effect on the surface area, porosity, and 

morphology of the VO2 (M). The optical properties of the VO2 films were analyzed using 

UV-Vis-NIR, showing good thermochromism for integration into smart windows. 
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2.1 Introduction 

Vanadium oxide (VO2) coatings have garnered a large amount of attention since they 

enable automatic solar/ heat control in response to environmental temperature, without the 

use of any external switching devices [101–103]. VO2 (M) is one of the polymorphic crystal 

structures of VO2, which undergoes a reversible metal-semiconductor transition at 68 °C, 

known as the critical temperature (TC). This metal-semiconductor transition is followed by 

drastic changes in the optical properties of VO2, which makes it a potential candidate for 

thermochromic smart windows [104,105]. VO2 coatings should have reasonable 

luminescence transmittance (Tlum) and solar modulating ability (∆Tsol) simultaneously in 

order to make them applicable for thermochromic smart applications [105,106]. There are 

various synthetic methods to synthesize monoclinic vanadium oxides (VO2 (M)) including 

sol-gel, [107,108], hydrothermal [109,110], physical vapor deposition (PVD) [16,111] and 

chemical vapor deposition (CVD) [17,112]. However, the sol-gel approach has been 

widely used for the preparation of VO2 considering that it can be tuned by parameters such 

as solvent, temperature, and aging time for desirable scalable synthesis [108,113]. In order 

to have an economical and environmentally friendly process, it is essential to synthesize 

VO2 at low temperatures using inexpensive and nontoxic reactants and solvents [113,114]. 

Supercritical carbon dioxide (scCO2) as a versatile and environmentally benign solvent has 

been used in many sol-gel processes [36–38]. The products which are prepared using a sol-

gel method in scCO2 have specific advantages such as maintaining nano-features and well-

defined morphologies after CO2 drying and venting [36,37]. Studies have also shown that 

scCO2 as a  functional solvent is able to shorten the synthesis time considerably, 

simultaneously affecting the pore characteristics of the obtained materials [36]. On the 

other hand, the volatile and non-polar characteristic of scCO2 makes an interesting bi-

phasic system with non-volatile highly polar ionic liquids (ILs) as the result of their 

different miscibility [65,67,115,116]. These systems are based on the principle that scCO2 

is partially soluble in ILs but ILs are not soluble in scCO2. Imidazolium ILs have previously 

been investigated during the sol-gel process instead of classical organic solvents, resulting 

in shorter synthesis times and materials with tunable properties [65,66,117,118]. Another 

advantage of potentially using ILs is that they can be adsorbed or incorporated into the 

crystal structure of the final product, resulting in a porous material called ionogel. Ivanova 
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et al. [65] reported using the scCO2/ IL biphasic system during the sol-gel process for the 

preparation of silica ionogel. They proposed that the anion component of the IL plays a 

significant role in catalyzing the reaction, resulting in a shorter gelation time for 

tetramethyl orthosilicate (TMOS) [39,65]. There are also studies showing ILs  having a 

role in gel growth due to their ionicity, anisotropy and multiple bonding capacity 

[39,119,120].  

This study focused on investigating the importance of scCO2 and imidazolium ILs on the 

polycondensation of vanadium oxide precursor for the formation of vanadium gels during 

sol-gel processing. The gelation yield and porous characteristics of the obtained gels are 

investigated. We have also studied the effect of temperature and pressure variation during 

the sol-gel process on the purity, crystallinity, and morphology of final VO2 products.  The 

sol-gel reaction was studied under different conditions: a) in scCO2 in the presence of 

acidic polycondensation reagent, b) in ILs under ambient pressure and c) in biphasic 

scCO2/ IL. In the reactions with ILs involved, no polycondensation reagent is used. The 

second step of the process involves the calcination of the gel to prepare crystalline and pure 

VO2 (M). 

2.2 Experimental 

2.2.1 Materials 

The ionic liquids 1-ethyl 3-methyl imidazolium acetate ([EMIM][AcO]) (97 %, Alfa 

Aesar), 1-ethyl 3-methyl imidazolium hydrogen sulfate ([EMIM][HSO4]) (98 %, Alfa 

Aesar), 1-ethyl 3-methyl imidazolium trifluoromethanesulfonate ([EMIM][TFO] (98 %, 

Alfa Aesar) and 1-ethyl 3 methylimidazolium bis (tri-fluoromethansulfonylimide) 

[EMIM][TF2N] (97 %, Sigma Aldrich) were used without any further purification. The 

structures of the investigated ILs are presented in Scheme 2-1. 
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Scheme 2-1. Chemical structure of ILs examined in this work: a) 1-ethyl 3 

methylimidazolium bis (trifluoromethansulfonylimide) ([EMIM][TF2N]), b) 1-

ethyl 3-methyl imidazolium trifluoromethanesulfonate ([EMIM][TFO]), c) 1-ethyl 

3-methyl imidazolium hydrogen sulfate ([EMIM][HSO4]), d) 1-ethyl 3-methyl 

imidazolium acetate ([EMIM][AcO]). 

Vanadium (V) oxy-tri-isopropoxide (VTIP) (98 %, Sigma-Aldrich) was used as the 

vanadium precursor. Acetic acid (HOAc) (99.7 %, ACS reagent) was used as a 

polycondensation reagent. Carbon dioxide (CO2) with a purity of 99 % was supplied by 

BOC Canada.  

2.2.2 Preparation of Vanadium Oxide Aerogel in scCO2 

A 25 mL stainless-steel high-pressure reactor equipped with two sapphire windows was 

used to synthesize vanadium oxide aerogel [38]. CO2 was passed through a chiller to cool 

down before being pumped into the reactor by a syringe pump (ISCO, Model 260D). In a 

typical experiment, a view cell reactor was preheated to the desired temperature between 

40 °C ± 2 °C and 100 °C ± 2 °C (controlled with a T-type thermocouple).  Then, the view 

cell was pressurized to the desired pressure between 27.6 MPa ± 1.4 MPa and 51.7 MPa ± 

1.4 MPa (measured with an Omega pressure transducer). A constant volume of 0.5 mL of 

VTIP (2.2 mmol) was used for all reactions. The reaction mixture was stirred constantly 
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(300 rpm) for 3h and then aged without agitation at the specified temperature and pressure 

for five days. After aging, CO2 was continuously pumped to the view cell to wash the 

formed gel at a rate of 0.2 mL. min-1 for 48 h at the reaction temperature and pressure to 

avoid the collapse of a solid network. The dried aerogel product was then collected from 

the reactor for gravimetric yield measurement and subsequent physicochemical analysis. 

The deviation in yield is calculated by repeating random reactions three times. 

2.2.3 Preparation of Vanadium Oxide Ionogel in ILs 

A reaction mixture of 2.2 mmol of VTIP and 2 mL of the IL in a flask was heated to reaction 

temperature and stirred for 3h. After the reaction, 10 mL of acetone or ethanol depending 

on the ionic liquid type, was added to the top of the reaction mixture. The solution was 

aged for five days on the lab bench, then the excess solution was decanted. The remaining 

solid product was transferred to the reactor to be washed with scCO2 (27.6 MPa ± 1.4 MPa, 

60 ºC) at a rate of 0.2 mL. min-1 for 48 h. 

2.2.4 Preparation of Vanadium Oxide Ionogel in scCO2/ IL 
Biphasic system 

To prepare the reaction mixture, 2.2 mmol of VTIP was mixed with 2 mL of ILs. In a 

typical experiment, the reactor was heated to the desired temperature between 40 °C ± 2 °C 

to 100 °C ± 2 °C (controlled with a T-type thermocouple). The reactor was pressurized to 

the chosen pressure between 27.6 MPa ± 1.4 MPa and 51.7 MPa ± 1.4 MPa (controlled 

with Omega pressure transducer). The reaction mixture was stirred constantly for 3h of 

reaction time. After five days of gelation, the view cell was depressurized until ambient 

pressure was reached. Then, the reaction mixture was transferred to a beaker, and 10 mL 

of acetone or ethanol was added to it at room temperature. The mixture was left for two 

days. The extra solvent was decanted from the top of the mixture and the remaining gel 

transferred to a view cell. The mixture was washed with CO2 at reaction supercritical 

pressure and temperature for 48 hours under 0.2 mL. min-1 flow rate to obtain a dry ionogel 

product. The collected aerogel/ ionogel products were calcined in a tubular furnace at 500 

ºC for (1 to 2) hours under N2 atmosphere with a heating rate of 20 ºC. min-1. 
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2.2.5 Characterization 

Vanadium gel products were characterized using Thermogravimetric Analysis (TGA) at 

10 °C. min−1 heating rate, using SDT Q600-TA instruments. The surface area, pore size, 

and pore volume of the materials were determined by Brunauer-Emmett-Teller (BET). A 

minimum of 80 mg of sample was degassed at 100 °C for 12 h before measurements to 

remove any moisture and other adsorbed gases. Photoelectron Spectroscopy (XPS, AXIS 

Ultra Kratos Analytical Ltd.) with a monochromatic Al K (alpha) source (15 mA, 15 kV) 

was used to analyze the surface elemental composition and chemical state of the prepared 

vanadium oxide samples. The instrument work function was calibrated to give binding 

energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer 

dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. 

The Kratos charge neutralizer system was used on all specimens. Survey scan analyses 

were carried out with an analysis area of (300 × 700) microns and a pass energy of 160 eV. 

High-resolution analyses were carried out with an analysis area of (300 × 700) microns and 

a pass energy of 20 eV. Spectra were charge corrected to the mainline of the carbon 1s 

spectrum (adventitious carbon) set to 284.8 eV. Spectra are analyzed using Casa XPS 

software and curve-fitting of the V2p peak was based on A. Gerson et al. data [121]. 

The calcined products were analyzed by an X-Ray Powder Diffractometer (XRD, D2 

Phaser) using Cu Kα (λ = 1.54056 Å) radiation from 2θ = 10° to 80° at a scanning rate of 

0.1°. min-1. The phase transition temperature (Tc) was tested by differential scanning 

calorimetry (SDT Q600, TA Instruments, USA) over the temperature of 10 °C to 90 °C 

and analyzed using Universal Analysis 2000 (TA Instruments, Inc.). The heating rate and 

cooling rate were set at 10 °C/min and 5 °C/min respectively. The morphologies and size 

of the samples were characterized by Scanning Electron Microscopy (SEM, Hitachi 

FlexSEM1000). The samples were coated with a thin layer of about 5 nm of 

gold/ palladium before SEM imaging. 

2.3 VO2 Film Preparation 

The synthesized VO2 (M) formed from different sol-gel conditions were dissolved in 10 

wt % PVP/ acetonitrile solution and sonicated for 10 minutes in a sonication bath. Each 
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film solution was loaded with 4 mg of synthesized VO2 (M). The solutions were cast onto 

2.5 cm × 7.5 cm × 1.2 mm borosilicate glass microscope slides that were cleaned with 

ethanol before casting. Films were deposited on the glass by a spin coating instrument 

(Laurel Spin Coater- Model WS400BZ) with a speed of 2000 rpm for 30 s. 

2.4 Results and Discussion 

2.4.1 Influence of Temperature and Pressure on Gelation Yield 

In a supercritical fluids system, both reaction equilibrium and the reaction rate can be 

adjusted by tuning temperature and/ or pressure [122,123]. Table 2-1 shows the influence 

of temperature and pressure on the yield of the sol-gel reactions in scCO2, in scCO2/ 

[EMIM][TF2N], and scCO2/ [EMIM][TFO]. 

Table 2-1 .Yield of gel product (wt %) prepared a-g) in scCO2 h-n) in 

[EMIM][TF2N] + scCO2 biphasic system o-u) [EMIM][TFO] + scCO2 biphasic 

system at different temperatures and pressures. 

 Ionic Liquid T (ºC) P (MPa) Yield (%) 

a 
- 40 27.6 76 

b 
- 60 27.6 80 

c 
- 80 27.6 82 

d 
- 100 27.6 82 

e 
- 40 34.5 78 

f 
- 40 41.4 78 

g 
- 40 51.7 80 

h 
[EMIM][TF2N] 40 27.6 60 

i 
[EMIM][TF2N] 60 27.6 78 

j 
[EMIM][TF2N] 80 27.6 80 

k 
[EMIM][TF2N] 100 27.6 80 
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 Ionic Liquid T (ºC) P (MPa) Yield (%) 

l 
[EMIM][TF2N] 40 34.5 65 

m 
[EMIM][TF2N] 40 41.4 67 

n 
[EMIM][TF2N] 40 51.7 65 

o 
[EMIM][TFO] 40 27.6 32 

p 
[EMIM][TFO] 60 27.6 47 

q 
[EMIM][TFO] 80 27.6 60 

r 
[EMIM][TFO] 100 27.6 61 

s 
[EMIM][TFO] 40 34.5 40 

t 
[EMIM][TFO] 40 41.4 42 

u 
[EMIM][TFO] 40 51.7 45 

As shown in Table 2-1, increasing the temperature of the reaction from 40 ºC to 60 ºC 

improves the isolated yield of gels in all media. However, it seems a further increase of the 

temperature from 80 ºC and 100 ºC does not help the conversion significantly (Figure 2-1- 

a). On the other hand, the temperature has a larger effect on the reactions in ILs/ scCO2 

system compared to those synthesized in the scCO2 system. When using scCO2 without IL, 

when the temperature was increased from 40 ºC to 80 ºC, the yield increased from 76 % to 

82 %. However, the yield increased from 60 % to 78 % when scCO2/[EMIM][TF2N] was 

used and from 32 % to 47 % when scCO2/ [EMIM][TFO] was used as a sol-gel media. 

Figure 2-1 shows the trend of gelation yield with temperature. This increase in yield with 

temperature is attributed to an acceleration in the hydrolysis and condensation sol-gel 

reactions [124,125]. 
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Figure 2-1. a) effect of temperature on the wt % yield b) effect of pressure on the wt % 

yield. Symbol (Δ) represents the reactions carried out in scCO2, the reactions symbol 

(○) represents the reactions carried out in scCO2 + [EMIM][TF2N] and symbol (□) 

represents the reactions carried out in scCO2 + [EMIM][TFO] 

 As shown in Figure 2-1 for the 3 investigated systems, increasing pressure enhances 

gelation yield, although does not have a significant effect. The reaction’s pressure in all 

systems increased from 27.6 MPa to 34.5 MPa, 41.4 MPa, and 51.7 MPa at a constant 

temperature of 40 ºC, but the gelation yield did not increase more than 5 % (Figure 2-1). 

Increasing CO2 pressure will increase the density of the system. Generally, in a direct sol-

gel reaction in a supercritical fluid, higher pressure increases the solubility of the solute, 

particularly near the critical pressure. However, acetic acid and CO2 are miscible in all 

proportion above 14 MPa. VTIP as a precursor is also shown to be miscible in CO2 in the 

range of 27.6 MPa to 51.7 MPa [126]. As a general rule, increasing the pressure in scCO2/ 

IL systems will increase the solubility of the CO2 in the IL [116]. As the pressure increases, 

the rate will slow down as the solubility stabilizes due to CO2 saturation [127]. 
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2.4.2 Influence of Solvent and Poly Condensation Reagent Ratio 
on Gelation Process 

In order to investigate the effect of different sol-gel media, the reaction’s temperature and 

pressure were maintained constant at 60 ºC and 27.6 MPa. Reaction (a) which was 

performed in scCO2 and in the absence of any IL, resulted in 80 % ± 5 % conversion. For 

reactions (b) to (e) in Table 2-2, different ILs were used to make a scCO2/ IL biphasic 

system in the absence of HOAc as the polycondensation reagent. As shown in Table 2-2 

the anion counterpart of the IL plays a key role in catalyzing the gelation process in the 

absence of HOAc. The yield of the reaction is 78 % when [EMIM][TF2N] was used, while 

the yield dropped to 47 % when [EMIM][TFO] was used. On the other hand, the 

[EMIM][AcO] and [EMIM][HSO4] IL systems gave very low gel yields.  These results 

show that either the [EMIM][TF2N] or [EMIM][TFO] ILs can be substituted for the acidic 

polycondensation agent in the gelation of VTIP. Although [TF2N] is the largest anion 

amongst all ILs investigated in this study, the number of fluorine atoms has an important 

effect on the catalytic properties of ILs in a sol-gel process. The catalytic properties of the 

ILs can either be due to their cation or anion component. It has been proposed previously 

that the imidazolium cation can act as Bronsted acid to catalyze the hydrolysis of silica 

precursors [128]. However, as the cation counterpart of ILs in this work is the same, the 

role of the cation in catalyzing the sol-gel process is similar in all reactions. It has also been 

reported that fluorinated ILs can promote the hydrolytic step during the sol-gel reaction of 

alkoxysilane leading to faster gelation times [129]. When undergoing hydrolysis, the 

fluorinated ILs have been shown to release HF, which is a powerful hydrolytic 

condensation catalyst [129].  
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Table 2-2. The yield of gel product (wt %) prepared, a) in scCO2 at 60 ºC and 27.6 

MPa in the presence of HOAc as a polycondensation reagent, b-e) in scCO2/ IL 

biphase at 60 ºC and 27.6 MPa and f) IL at 60 ºC and atmospheric pressure. (+) is in 

the  presence of scCO2, (-) is in the absence of scCO2 

 Ionic Liquid CO2 (+/-) Yield (%) 

A - + 80 ± 5  

B [EMIM][TF2N] + 78 ± 5  

C [EMIM][TFO] + 47 ± 5  

D [EMIM][AcO] + 2 ± 5  

E [EMIM][HSO4] + Negligible 

F [EMIM][TF2N] - 39 ± 5 

Improving the gelation time in the scCO2/ IL system can also be explained by the difference 

in solubility of CO2 in the ILs [116,130]. It has been reported that CO2 solubility in ILs 

changes based on the anion counterpart of the IL, in the order [TF2N]> [TFO]> [AcO]> 

[HSO4] [130–133]. The dissolved CO2 reduces the viscosity of the IL, leading to higher 

molecular mobility and higher condensation rate [129]. On the other hand, CO2 is well 

known to form acid in the presence of any moisture in the system, which can catalyze the 

gelation process. Poor solubility of CO2 in [EMIM][AcO] and [EMIM][HSO4] ILs and 

lack of fluorine atoms in their anion counterparts hinders the gelation process, leading to 

the small (2 %) and negligible ionogel (~ 0) yield respectively. There is a great decrease in 

yield (Table 2-2 reactions (e)) when the reaction was carried out in [EMIM][TF2N] IL at 

ambient pressure without CO2 involvement, confirming the role of scCO2 in the 

improvement of the sol-gel process by lowering the viscosity and mass transfer 

enhancement.  

2.4.3 Characterization of the Aerogel/ Ionogel 

Thermal behavior of [EMIM][TF2N] and [EMIM][TFO] ionogel samples and scCO2 

aerogel samples were investigated using thermogravimetric analysis (TGA), as shown in 

Figure 2-2 a.  
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Figure 2-2. a) TGA thermogram and b) differential thermal gravimetric (DTG) 

curves of gel samples prepared in scCO2/ [EMIM][TF2N] (black line), scCO2/ 

[EMIM][TFO] (red line), and scCO2 (blue line). The heating rate is 10 °C. min−1. 

The first step in all three curves (up to 180 ºC) corresponds to water release from the aerogel 

structure. The second step shows the main decomposition process for all three samples. 

The decomposition temperature at 50 % weight loss (Tg50) for [EMIM][TF2N], 

[EMIM][TFO] ionogel and scCO2 aerogel samples are 270 ºC, 284 ºC and 243 ºC, 

respectively. Not only is a difference in the Tg50 of the samples noticeable, but also the slope 

and shape of the Tg curves, indicating differences in the decomposition mechanism. The 

aerogel sample which was prepared in the absence of the IL shows the lowest 

decomposition temperature, with the highest decomposition rate (highest slope). The 

ionogel samples show higher decomposition temperatures compared to the aerogel sample, 

which can be attributed to the existence of entrapped ILs in the solid network of the ionogel 

[134,135].  
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The decomposition process of the samples was further investigated using differential 

thermal gravimetric (DTG) analysis, with the curves shown in Figure 2-2-b. The main 

peaks which can be assigned to vanadium aerogel are at 308 ºC ± 2 ºC, 330 ºC ± 2 ºC and 

390 ºC ± 2 ºC for scCO2, [EMIM][TFO] and [EMIM][TF2N] samples, respectively. 

However, the ionogel samples show a small peak at 530 ºC ± 2 ºC and 680 ºC ± 2 ºC which 

can be attributed to the degradation of the anion counterpart of ILs in ionogels [136]. 

Therefore, the TGA results confirm the incorporation of ILs into the structure of the dried 

gel, even after the washing and drying procedures.  

The x-ray diffraction of aerogel and ionogel samples is provided in Figure 2-3- a. The gel 

sample obtained from the sol-gel process in scCO2 shows vanadyl diacetate 

VO(CH3COO)2 peaks as a crystalline product of the reaction.  

 

 

   

Figure 2-3. a) XRD pattern of gel product prepared in scCO2 (blue line), in scCO2 + 

[EMIM][TFO] (red line), and in scCO2 + [EMIM][TF2N]. symbol of (*) represents the 

vanadyl diacetate peaks b) one-dimensional chain of VO6 octahedra in vanadyl 

diacetate.[46] 
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The result is matched and confirmed with the experimental results reported by M. Stanley 

Whittingham [137]. For ionogel samples prepared in scCO2/ ILs, there was no obvious 

peak that can be assigned to any crystalline vanadium complexes as the result of entrapped 

ILs in the structure, which would lower the crystallinity of vanadyl diacetate. Figure 2-3-b 

shows the crystal structure of VO(CH3COO)2 which consists of VO6 octahedra with double 

bond oxygen [137,138]. 

XPS analysis was performed on the aerogel and ionogel samples to examine the elemental 

analysis and to monitor any changes of chemical state for the prepared gels.  

 

Figure 2-4. XPS survey analysis of sample which is prepared in a) scCO2 only 27.6 MPa at 

60 ºC, b) scCO2/ [EMIM][TF2N] 27.6 MPa at 60 ºC and c) scCO2/ [EMIM][TFO] 27.6 MPa 

at 60 ºC. 
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The survey spectrum of samples prepared in scCO2 shows only the three elements of 

carbon, vanadium, and oxygen (Figure 2-4). However, the samples which were prepared 

in scCO2/ [EMIM][TF2N] and scCO2/ [EMIM][TFO], show N, S, and F atoms as well, 

which are related to the presence of  [EMIM][TF2N] and [EMIM][TFO] in the gel samples 

(Figure 2-4). The XPS results confirm that the ionic liquid was incorporated into the 

structure of vanadium gel during the sol-gel reaction. 

Figure 2-5 shows the XPS patterns of vanadium gels prepared using scCO2, 

scCO2/[EMIM][TF2N], and scCO2/ [EMIM][TFO].  

 

Figure 2-5. XPS spectra of the products prepared in a) scCO2 b) scCO2/ 

[EMIM][TF2N] c) scCO2/ [EMIM][TFO] at 27.6 MPa and 60 ºC. Black line 

represents V2p 3/2 V(V), red line represents V2p 3/2 V(IV), blue line represents 

V2p 1/2 V(V) and green line represents V2p 1/2 V(IV). 
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The vanadium alkoxide precursor was reduced to a mixture of vanadium oxides with 

different oxidation states including V5+and V4+ ions. Vanadium (V) species in the reaction 

were hydrolyzed to vanadium (V) gel. The vanadium (V) gel was then reduced to vanadium 

(IV) by the polycondensation reagent. V4+ ions are larger than V5+, favoring condensation 

and coordination leading to the formation of condensed species from the alkoxide 

precursors. The results reveal that the choice of ionic liquid does not have a significant 

effect on the oxidation state of the obtained gel. All three of the reaction media tend to 

form a mixture of pentavalent and tetravalent vanadium gels. 

As shown in Table 2-3 for the summary XPS analysis, the gel product which is obtained in 

scCO2/ IL biphasic condition has a higher percentage of V4+ compared to the one prepared 

in scCO2 condition.  

Table 2-3. Summary of XPS analysis for gel samples prepared in scCO2, scCO2/ 

[EMIM][TF2N], scCO2/ [EMIM][TFO] at 27.6 MPa at 60 ºC. 

 scCO2 scCO2/ [EMIM][TF2N] scCO2/ [EMIM][TFO] 

 Position % Area Position % Area Position % Area 

V2p ½ (V) 525.0 0 525.2 0 525.3 0 

V2p ½ (IV) 523.9 0 524.0 0 524.0 0 

V2p 3/2 (V) 517.6 62.7 517.9 58.5 518.0 60.4 

V2p 3/2 (IV) 516.5 37.3 516.6 45.1 516.6 39.6 

Table 2-4 provides the BET results for the prepared aerogel and ionogel samples. The 

sample which was prepared in scCO2 shows the largest specific surface area and the 

smallest average pore diameter compared to ones synthesized in the presence of ILs. The 

ionogel samples prepared in a scCO2/ IL biphasic condition show lower surface area and 

higher average pore size. 
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Table 2-4. BET results of gel samples prepared in a) scCO2 only b) scCO2/ 

[EMIM][TF2N] c) [EMIM][TF2N] only d) scCO2/ [EMIM][TFO] 

  
Ionic Liquids CO2(+/-) 

Surface area 

(m2/g) 

Average pore volume 

(cm3/g) 

a - + 483 0.07 

b [EMIM][TF2N] + 120 0.1 

c [EMIM][TF2N] - 68 0.2 

d [EMIM][TFO] + 320 0.1 

Using ILs during the gelation and extracting it after the reaction normally leads to a porous 

structure. The sample of [EMIM][TFO] shows a higher surface area and smaller average 

pore diameter compared to [EMIM][TF2N] in presence of scCO2. Although scCO2 has a 

higher solubility in [EMIM][TF2N] than in [EMIM][TFO], it seems the large size of 

[TF2N] anion has an effect on the average pore diameter and consequently the surface area 

of the final ionogel. Furthermore, the sample of [EMIM][TF2N] prepared in the absence of 

scCO2 shows the smallest surface area and largest average pore diameter, helping confirm 

the role of scCO2 during the sol-gel process for achieving higher surface area ionogels. 

2.4.4 Final Products of Calcination 

A more detailed XRD investigation was carried out on the calcined VO2 products, as 

changing the temperature and pressure of the sol-gel reaction would change the coordinate 

bond energy related to vanadyl diacetate,[126] leading to the formation of different 

vanadium crystal structures under annealing. The gels collected after different supercritical 

temperatures were calcined and analyzed by XRD. The results are compared with VO2 (M) 

peaks (JCPDS Card, no. 72-0514). The XRD results indicate the formation of V2O3 from 

ionogel prepared at 40 ºC after 1-hour calcination (Figure 2-6). 
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There are four strong peaks at 2θ = 24°, 33°, 36°, and 54° which are described to (012), 

(104), (110) and (116) crystal planes of V2O3 (JCPDS Card no.34-0187). Furthermore, 

there is no peak observed in the DSC curve of the product, confirming no VO2 (M) is 

formed after calcination (Figure 2-6). When the ionogel was prepared at 60 ºC, pure VO2 

(M) was formed after one-hour calcination (JCPDS72-0514, P21/c, a = 0.5743 nm, b = 

0.4517 nm, c = 0.5375 nm, and b = 122.61°). This observation is confirmed by the DSC 

data, which shows the transition temperature in the range of 60 ºC -73 ºC, which is typical 

of a transition temperature of VO2 (M). Further increase in the sol-gel temperature to 80 ºC 

 

Figure 2-6. XRD pattern of the product prepared in scCO2/ [EMIM][TF2N] 

prepared at a) 40 ºC, b) 60 ºC and c) 80 ºC at a constant pressure of 27.6 MPa and 

after one hour annealing. XRD pattern of the product prepared in scCO2/ 

[EMIM][TF2N] at d) 40 ºC, e) 60 ºC and f) 80 ºC at a constant pressure of 27.6 

MPa and after two hours. Symbol (¤) represents peaks of V2O3, symbol (*) 

represents peaks of VO2 (M), and symbol (Δ) represents peaks of V4O7. 
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leads to the formation of V4O7, which is indexed to JCPDS: 65-6448. By increasing the 

calcination duration to two hours, the ionogel which was prepared at 40 ºC, formed VO2 

(M) (Figure 2-6). However, the purity and intensity of the XRD peaks are similar compared 

to that prepared at 60 ºC after one-hour annealing, although not as sharp. The DSC curve 

of the product also shows a very broad peak, indicating poor crystalline structure for VO2 

(M) (Figure 2-7). 

 

 

Figure 2-7. DSC curves of product prepared in scCO2/ [EMIM][TF2N] prepared 

a) 40 ºC, b) 60 ºC and c) 80 ºC at constant pressure of 27.6 MPa and after one 

hour annealing. DSC curves of product prepared in scCO2/ [EMIM][TF2N] 

prepared at d) 40 ºC, e) 60 ºC and f) 80 ºC at constant pressure of 27.6 MPa and 

after two hours. Curve b) shows peaks of 60 ºC on cooling cycle and 73 ºC on 

heating cycle and curve d) shows peaks at 50 ºC on cooling cycle and 66 ºC on 

heating cycle. 
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Increasing the sol-gel reaction temperature from 40 ºC to 60 ºC facilitates the formation of 

crystalline VO2 (M), probably due to the decrease in viscosity of the IL and enhancing the 

mass transfer of the system. However, a further increase in the temperature of the reaction 

would likely decrease the solubility of CO2 in the IL, slowing down the formation of the 

final product. 

The effect of the sol-gel reaction pressure on phase purity of the final product was studied 

in the pressure range of 27.6 MPa - 41.4 MPa at a constant temperature of 40 ºC for both 

1 and 2 h calcination times (Figure 2-8).  

 

Figure 2-8. XRD pattern of the product prepared in scCO2/ [EMIM][TF2N] 

prepared at a) 27.6 MPa, b) 34.5 MPa and c) 41.4 MPa at a constant temperature 

of 40 ºC and after one-hour annealing. XRD pattern of the product prepared in 

scCO2/ [EMIM][TF2N] prepared at d) 27.6 MPa, e) 34.5 MPa and f) 41.4 MPa at a 

constant temperature of 40 ºC and after two hours. Symbol (¤) represents peaks 

of V2O3 symbol (*) represents peaks of VO2 (M). 
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Figure 2-8 shows that by increasing the sol-gel pressure, there is no significant difference 

in the XRD pattern of the final product after one-hour calcination. However, by increasing 

the calcination duration to 2 hours, VO2 (M) was formed but the crystallinity of the sample 

remains poor. It was previously reported that increasing the pressure of scCO2/ IL bi-phase 

reaction slightly decreases the solubility of the CO2 in the IL [116], which would hinder 

the formation of the crystalline phase of VO2. 

Figure 2-9 shows the DSC curves of the calcinated products which were prepared at 

different pressures.  

 

Figure 2-9. DSC curves of product prepared in scCO2/ [EMIM][TF2N] prepared 

at a) 27.6 MPa, b) 34.5 MPa and c) 41.4 MPa at a constant temperature of 40 ºC 

and after one-hour annealing. DSC curves of [EMIM][TF2N] ionogel prepared at 

d) 27.6 MPa, e) 34.5 MPa and f) 41.4 MPa at a constant temperature of 40 ºC and 

after two hours. Curve d) shows peaks of 50 ºC on the cooling cycle and 66 ºC on 

the heating cycle and curve f) shows peaks at 48 ºC on the cooling cycle and 66 ºC 

on the heating cycle. 
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By extending the annealing time to two hours, transition temperature peaks appear in the 

DSC curves. By increasing the pressure of the sol-gel reaction, the DSC peaks get sharper 

and the latent heat of VO2 improves, verifying an enhancement in the crystallinity of the 

system.  

The effect of temperature and pressure on the sol-gel process was also studied in the 

absence of the IL in scCO2 using HAOc as a polycondensation reagent. It seems 

temperature has more effect on the reaction without IL, compared to the reaction which 

was performed in biphasic IL/ scCO2 (Figure 2-10).  

 

Figure 2-10. XRD pattern of the product prepared in scCO2 at a) 40 ºC, b) 60 ºC 

and c) 80 ºC at a constant pressure of 27.6 MPa and after one-hour annealing. 

XRD pattern of the product prepared in scCO2 at d) 40 ºC, e) 60 ºC and f) 80 ºC at 

a constant pressure of 27.6 MPa and after two hours. Symbol (¤) represents peaks 

of V2O3, symbol (*) represents peaks of VO2 (M). 
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When the sol-gel reaction temperature was raised to 80 ºC after 1-hour calcination, good 

crystalline VO2 (M) was obtained. We have shown earlier that in order to obtain pure VO2 

(M) in biphasic IL/ scCO2, a sol-gel temperature of 60 ºC and calcination duration of 1h 

was required.  

Increasing the pressure of the sol-gel reaction after calcination leads to the formation of a 

mixture of VO2 and V2O3 as shown in Figure 2-11. However, even after 2 hours of 

calcination, it is not possible to form a pure and high crystalline VO2 (M) product (Figure 

2-11). 

 

Figure 2-11. XRD pattern of the product prepared in scCO2 at a) 27.6 MPa, b) 

34.5 MPa and c) 41.4 MPa at a constant temperature of 40 ºC and after one-hour 

annealing. XRD patterns of the product prepared in scCO2 at d) 27.6 MPa, e) 34.5 

MPa and f) 41.4 MPa at a constant temperature of 40 ºC and after two hours. 

Symbol (¤) represents peaks of V2O3, symbol (*) represents peaks of VO2 (M). 
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Table 2-5 summarizes the experimental conditions leading to the formation of pure and 

crystalline VO2 (M). When the reaction happens in biphasic [EMIM][TF2N] IL/ scCO2, 

VO2 (M) can be obtained at 27.6 MPa and 60 ºC sol-gel condition and after one-hour 

calcination. However, in the absence of scCO2 or by substitution of [EMIM][TF2N] with 

[EMIM][TFO], the annealing duration needs to be extended to 2 hours to achieve the same 

results. The reaction which occurs in the absence of ILs needs a harsher sol-gel condition 

to result in VO2 (M). 

Table 2-5. Sol-gel conditions to obtain crystalline and pure VO2 (M) 

Sample IL CO2 (+/-) Temperature 

(ºC) 

Pressure 

(MPa) 

Calcination 

duration (hr) 

1 [EMIM][TF2N] + 60 27.6 1 

2 [EMIM][TF2N] - 60 - 2 

3 - + 80 27.6 1 

4 [EMIM][TFO] + 60 27.6 2 

2.4.5 Morphology Studies by SEM 

SEM analysis was performed on the VO2 (M) samples with good crystallinity and purity 

(samples 1 to 4 of Table 2-5). The SEM images of samples are shown in Figure 2-12 The 

morphology of sample 1 which was prepared at biphasic [EMIM][TF2N]/ scCO2 shows a 

nanofiber structure that is slightly larger than sample 3, which was prepared using scCO2 

only. Sample 3 is prepared at a higher supercritical temperature compared to sample 1 and 

as the total solubility parameter decreased at a higher temperature, the formation of smaller 

particles is facilitated. Sample 4 which is prepared at biphasic [EMIM][TFO]/ scCO2 also 

has a nanofiber structure after calcination very similar to sample 1. 
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Figure 2-12. SEM images of vanadium oxide prepared in: a) in biphasic 

[EMIM][TF2N]/ scCO2 at 60 ºC and 27.6 MPa and after 1 h calcination (sample 1) 

b) in [EMIM][TF2N] at 60 ºC and ambient pressure and after 2h calcination 

(sample 2) c) in scCO2 at 80 ºC and 27.6 MPa and 1 h calcination (sample 3) d) in 

biphasic [EMIM][TFO]/ scCO2 at 60 ºC and 27.6 MPa and after 2 h calcination 

(sample 4). 

The sample which was prepared in IL and in the absence of scCO2 (sample 2) showed the 

formation of flower-like porous VO2 particles as the result of IL extraction and drying 

under scCO2 (Figure 2-12- b). Similar results are reported for the formation of silica 

xerogel after extraction of IL in a sol-gel process [139]. The result confirms the role of 

supercritical conditions on the formation of nanostructure crystal growth during the sol-gel 

process. The formation of agglomerated porous structure (sample 4) can negatively affect 

the optical properties of the VO2 (M) and limit their use for industrial application. 

a) b

c) d
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2.4.6 Optical Properties of the films 

VO2 (M) samples were cast onto glass slides by drop-casting. The UV-Vis-NIR 

transmittance spectra of the prepared films are characterized at two temperatures of 20 ºC 

and 90 ºC. The following equation is used for measuring the integrated luminescence 

transmittance (380 nm ≤Tlum≤ 780 nm) and integrated solar transmittance (250 nm ≤Tsol ≤ 

2500 nm) for all prepared films.  

𝑇𝑖 = ∫ 𝜑𝑖 (𝜆)𝑇(𝜆)𝑑𝜆/𝜑𝑖 (𝜆)𝑑𝜆       (1) 

where T(λ) is the transmittance at wavelength λ, is lum or sol for the calculation, φlum is the 

luminescence efficiency of the human eye, and φsol is the solar irradiance spectrum 

corresponding to the sun standing 37° above the horizon. ΔTlum/IR/sol is obtained by 

ΔTlum/IR/sol = Tlum/IR/sol,20ºC -Tlum/IR/sol,80ºC. Figure 2-13 and Table 2-6 show the solar 

modulation efficiency and luminescence transmittance of the films. Tlum of sample 2 was 

prepared at the ambient pressure is 15.1 % at 25 ºC and 19.7% at 90 ºC. The ΔTlum is -4.67 

% exhibiting higher transmittance at a higher temperature. This reverse transmittance 

causes undesirable minus modulation for solar energy which deteriorates the whole 

efficiency of the film. This reverse transmittance might be attributed to the light scattered 

by agglomerated VO2 particles. Tsol of the sample is 26.0 % and 25.3 % at 25 ºC and 90 ºC 

(ΔTsol = 0.76 %) which is a weak solar modulation ability. 

Table 2-6. Solar transmittance and luminescence transmittance differences of VO2 

films at 25 ºC and 90 ºC. 

 

T sol (%) (250 nm-2500nm) T lum (%) (380 nm-780nm) 

25 ºC 90 ºC ΔTsol 25 ºC 90 ºC ΔTlum 

Sample 1 39.8 34.5 5.3 37.1 37.9 -0.7 

Sample 2 26.0 25.3 0.8 15.0 19.7 -4.7 

Sample 3 55.7 51.7 7.9 55.2 51.7 3.5 

Sample 4 55.7 50.9 4.8 51.7 50.9 0.8  
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On the other hand, samples 1, 3, and 4 which were prepared using scCO2, show a 

significantly improved solar modulation and luminous transmittance compared to sample 

2, which was prepared at ambient pressure. ΔTsol of sample 1, 3 and 4 are 5.31 %, 7.98 %, 

and 4.81 % respectively. The optical properties of the sample which are prepared in scCO2 

are slightly better than samples prepared in the presence of IL, likely due to the smaller 

nanofiber size. The integrated luminescence transmittance and solar modulation of the 

films are very close to the most typical reported single-layer VO2 film (Tlum: 41 % and 

ΔTsol: 6.7 %). 

 

Figure 2-13. UV-Vis-NIR transmittance spectra of (a) Sample 1 (b) Sample 2 (c) 

Sample 3 (d) Sample 4, at the measurement temperature of 25 ºC (black line), and 

at 90 ºC (red line) 
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2.5 Conclusions 

In the present study, the gelation of VTIP as a vanadium precursor is investigated in the 

presence of scCO2, scCO2/IL ([EMIM][TF2N], [EMIM][TFO], [EMIM][AcO], and 

[EMIM][HSO4]) biphasic system and in IL only. It has been shown that ILs with a 

fluorinated anion counterpart such as [EMIM][TF2N] and [EMIM][TFO] can be used as a 

substitute for HOAc as an acidic polycondensation reaction. The reaction which is 

happened in the biphasic system of [EMIM][TF2N]/ scCO2 showed 78 % gelation yield 

which is comparable with the 80 % yield which is gained from using a conventional 

catalytic reagent, HOAc, in scCO2. The gelation yield drops to 39 % when the reaction is 

carried out in [EMIM][TF2N] IL in the absence of scCO2 indicating the role of scCO2 in 

facilitating the gelation process. Characterization of aerogels and ionogels by TGA 

illustrated that ILs are incorporated into the structure of the dried gel and are not washed 

out during the drying procedure. Furthermore, BET results indicated that adding IL to the 

scCO2 system deteriorates the surface area of the obtained gel compared to the ones 

prepared in the only scCO2. It is also shown that the temperature of the sol-gel process and 

the calcination posttreatment condition have main effects on the formation of pure and high 

crystalline VO2 (M). The pressure of the scCO2 does not play a crucial role in the 

improvement of purity or crystallinity of the final product. When the reaction happens in 

[EMIM][TF2N]/ scCO2 biphasic, milder sol-gel and post-treatment conditions are needed 

for the formation of pure and high crystalline VO2 (M) compared to other reactions media 

mentioned in the papers. Morphology studies on the final samples showed that how 

choosing different sol-gel conditions can affect the morphology of the products. The optical 

properties of the samples were analyzed using a UV-Vis-NIR instrument. The results 

confirmed that using ILs during sol-gel affects the optical properties of the VO2 film 

negatively because of the formation of a bigger nano-size VO2 structure. 
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Chapter 3  

3 Stabilizing vanadyl acetylacetonate using imidazolium 
ionic liquids for VO2 thermochromic thin films  

 

*S. Nazari, P. Charpentier, Journal of Thin Film (725), 138640 

Abstract: This study examines the role of different imidazolium ionic liquids (ILs) on the 

stabilization of vanadyl acetylacetonate, VO(acac)2, as a vanadium precursor by using UV-

Vis spectroscopy. The possible stabilization mechanisms of VO(acac)2 in IL solution were 

investigated. Furthermore, a fabrication method is proposed to prepare monoclinic 

vanadium oxide VO2 (M) thin films using a mixture of ionic liquid and poly-ionic liquid 

(PIL). The ILs 1-ethyl 3-vinyl imidazolium bis(trifluoromethansulfonylimide) 

([EVIM][TFSI]), 1-ethyl 3-methyl imidazolium trifluoromethanesulfonate 

([EMIM][TFO]) and 1-ethyl 3-methyl imidazolium acetate ([EMIM][AcO]) were 

investigated. It is shown that ([EVIM][TFSI]) has the best coordinating ability to VO 

(acac)2 for protecting the central vanadium atom from oxidation. For thermochromic film 

formation, the effect of annealing temperature (250 °C – 400 °C) and time (10 minutes - 

120 minutes) on crystallization was studied using X-ray diffraction. The possible role of 

PIL decomposition on the formation and crystallization of VO2 (M) is discussed. The 

prepared films showed excellent thermochromic properties with 20.3 % solar modulation 

efficiency. 
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3.1 Introduction 

Vanadium dioxide (VO2) has received considerable attention due to its reversible metal-

insulator transitions (MIT) at 68 °C [101,108,140]. This transition is accompanied by a 

structural transformation between a low-temperature monoclinic phase and a high-

temperature rutile phase. VO2 (M) is an insulator and IR transparent while when above the 

MIT, VO2 (M) is changed to VO2 (R) which is metallic and highly IR reflective. The MIT 

transition involves drastic changes in the optical properties in the near-IR region, making 

VO2 a potential candidate for smart window applications [140,141].  

There are several synthetic methods to synthesize monoclinic vanadium oxide (VO2 (M)) 

including magnetron sputtering [142], pulsed laser deposition [143], chemical vapor 

deposition (CVD)[144], and sol-gel processing [108,113]. However, to have an economical 

and environmentally friendly process, synthesis at low temperatures and durations using 

inexpensive and nontoxic precursors is paramount for potential scale-up. Vanadyl (IV) 

acetylacetonate VO(acac)2 is known as a relatively cheap and non-toxic precursor for the 

synthesis of vanadium oxide using a sol-gel method. The vanadium valance of VO(acac)2 

is four, so a reduction of V5+ to V4+ is not required to prepare VO2 (M) [145]. However, 

VO(acac)2 will be oxidized to a vanadium (V) complex in many solvents including water 

and alcohol [146] during sol-gel processing. On the other hand, the long-term duration of 

aging to prepare VO2 (M) with reasonable thermochromic properties is time-consuming 

and economically inefficient. There is a report on accelerating the aging to 7 days by 

refluxing the sol solution at 80 ºC [147] which is still long for commercial application [147] 

R. Lipson et al. [148] suggested an allylic alcoholic solution containing β-methallyl alcohol 

to inhibit the oxidization of VO(acac)2 in solution by the involvement of an allylic group 

which coordinates to the central vanadium atom. However, β-methallyl alcohol is too 

costly to be considered as a solvent for the sol-gel process. There are also reports on the 

synthesis of VO2 (M) by direct confined space combustion of an alcohol solution of 

VO(acac)2 [149,150].  

Recently, ionic liquids (ILs) have received considerable attention due to their unique 

properties and applications including the tunability of their solvent properties by changing 

their anion or cation counterpart [39,151,152]. In this study, the effect of different 
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imidazolium ionic liquids on the stability of VO(acac)2 methanol solution was investigated 

by UV-Vis spectroscopy. We have tried to shorten the aging process by stabilizing the sol 

VO(acac)2 solution using different imidazolium ionic liquids. Although ILs are normally 

considered non-coordinating, if used in excess, the anion counterpart containing extra 

electrons might interact with a metal center to some extent [153]. There are also a few 

reports on the coordination of imidazolium ionic liquids to transition metal complexes 

including VO(acac)2 [154,155]. As previously shown, this type of organic bond 

coordination to central vanadium can inhibit the oxidation of VO(acac)2 in solution [148]. 

The coordination ability of the ILs depends mainly on the basicity of their anion 

counterpart [153]. The ILs with acidic protons were not chosen for this study as the proton 

can interact with vanadyl oxygen, leaving the coordination position free for oxidation 

[153]. The ionic liquids chosen for this study are [EVIM][TFSI], [EMIM][TFO] and 

[EMIM][AcO]. Furthermore, we have developed a novel sol-gel method for the preparation 

of VO2 (M) thin films with high thermochromic properties from a sol prepared with 

imidazolium IL. The effect of annealing parameters on the formation of pure VO2 (M) is 

also investigated. 

3.2 Experimental 

3.2.1 Materials 

As vanadium precursor, vanadyl (IV) acetylacetonate VO(acac)2 (98%, Sigma-Aldrich) 

was used as received. The ionic liquids 1-ethyl 3-methyl imidazolium acetate 

([EMIM][AcO]) (97%, Alfa Aesar), 1-ethyl 3-methyl imidazolium 

trifluoromethanesulfonate ([EMIM][TFO] (98%, Alfa Aesar) were purchased and used 

without further purification. 1-ethyl-3-vinyl imidazolium bis 

(trifluoromethanesulfonylimide) ([EVIM][TFSI]) ionic liquid was synthesized in the lab 

using T. Inoue et al. procedure [156]. The structure and purity of the ionic liquid were 

confirmed by 1HNMR. Chemical structures of the ionic liquids used in this study are shown 

in Scheme 3-1 
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Scheme 3-1. Chemical structure of ILs examined in this work: a) 1-ethyl 3 vinyl 

imidazolium bis (trifluoromethansulfonylimide) ([EVIM][TFSI]), b) 1-ethyl 3-

methyl imidazolium trifluoromethanesulfonate ([EMIM][TFO]), c) 1-ethyl 3-methyl 

imidazolium acetate ([EMIM][AcO]). 

3.2.2 Synthesis of 1-ethyl-3-vinyl imidazolium bis 
(trifluoromethanesulfonylimide)) ionic liquid 

11.6 g of 1-vinyl imidazole (Alpha-Aesar 99%) was added to 27 g of bromoethane (Alpha 

- Aesar 98%) in 8 mL of methanol. The mixture was heated to 50 °C for 2 days under 

vigorous stirring. Then, the excess methanol and unreacted bromoethane were evaporated 

from the solution to obtain 1-ethyl-3vinylimidazolium bromide as an intermediate product 

(Scheme 3-2-a).  
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Scheme 3-2. a) procedure to prepare 1-ethyl-3-vinyl imidazolium bromide b) to 

prepare 1-ethyl-3-vinyl imidazolium bis(trifluoromethanesulfonylimide) 

The collected sample was dried under a vacuum at 70 °C (yield of 99 %). 24.8 g of 1- ethyl 

-3 - vinyl imidazolium and 44.2 g of 3-bis (trifluoromethane) sulfonimide lithium (Sigma 

Aldrich) was dissolved in 60 mL aqueous solution with the mixture stirred for 4 days at 

room temperature. The resultant ionic liquid phase of 1-ethyl-3-vinyl imidazolium 

bis(trifluoromethanesulfonyl)imide was separated from the aqueous phase and washed 

with water three times. The remaining ionic liquid was dried under vacuum at 50 °C 

resulting in an 80 % yield (Scheme 3-2-b). The structure of the product was confirmed by 

1HNMR (600 MHz) in DMSO-d6 (Appendix). 

3.2.3 Preparation of Poly (1-Ethyl-3-Vinylimidazolium bis 
(trifluoromethanesulfonylimide)) 

Poly (1-ethyl-3-vinyl imidazolium bis(trifluoromethanesulfonylimide)) was synthesized 

via free radical polymerization of 1-ethyl-3-vinyl imidazolium 

bis(trifluoromethanesulfonylimide ionic liquid[156]. The reaction was initiated by AIBN 

in DMSO anhydrous at 60 °C for 16 hours. The molar ratio of monomer to initiator was 
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200 and the volume ratio of the monomer to the solvent was 10. After the reaction, the 

polymer was precipitated by adding excess ethanol to the solution (Scheme 3-3). The 

precipitation was repeated by dissolving the polymer in acetone and precipitating in 

ethanol. The PIL sample was characterized using 1HNMR (600 MHz) in acetone-d6 

(Appendix). 
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Scheme 3-3. Polymerization procedure to prepare poly (1-ethyl-3-vinyl 

imidazolium bis(trifluoromethanesulfonylimide)) 

3.2.4 Stability of vanadium acetylacetonate in different ionic liquids 

Vanadium acetylacetonate was purchased from Sigma Aldrich (98 %) and used without 

further purification. The mixture of VO(acac)2 and methanol 0.05 M were prepared to study 

the stability of the precursor using various volumetric amounts of IL as the stabilizer at 

room temperature. All the solutions were sonicated for 2 hours and they were aged for 

different time intervals. The solutions then were tested using a UV-Vis spectrometer 

(Shimadzu 3600) in the range of (400 - 900) nm. 

3.2.5 Preparation of VO2 thin film in IL/ MeOH solution 

To prepare VO2(M) thermochromic films, solutions of 0.05 M VO(acac)2 in methanol/IL 

(1 volume ratio) were prepared. To increase the viscosity of the sample, 2.5 w% of PIL 

was added to the solution and sonicated at 60 ºC for 10 minutes and left for aging for 1 

day. Subsequently, the glass substrate (VMR microscopic glass slides (25 × 25 × 2 mm) 

was ultrasonicated in the solution of 0.5 M HCl, deionized water, and ethanol for 30 

minutes and dried in a vacuum oven. 
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The solution was deposited on a glass slide using a spin coater (Laurel Spin Coater-Model 

WS400BZ) at 400 rpm for 6 seconds and 1000 rpm for 20 seconds. The prepared thin films 

were annealed at different temperatures for a pre-set time using a tubular furnace 

(Barnstead Thermolyne Tube furnace 21100) under a constant nitrogen flow. The 

thermochromic properties of the film were tested by UV-Vis spectrometry. The annealing 

films were removed from the glass slide for subsequent characterization by XRD and DSC. 

The SEM of the removed film was shown in the Appendix. 

3.3 Results and Discussion  

3.3.1 Stability of vanadium acetylacetonate in MeOH solution 

VO(acac)2 molecule has a C2V geometry [157] as shown in Figure 3-1-a. The central 

vanadium atom in this complex is chemically accessible to coordinate with different 

solvent molecules. Furthermore, the solvent molecule in the coordination sphere can be 

replaced with an oxygen molecule, which will help convert vanadium (IV) to vanadium 

(V) in many solvents such as water or methanol.  

 

Figure 3-1. a) Chemical structure of vanadium acetylacetonate, VO(acac)2, b) 

Electronic energy level of vanadium acetylacetonate, VO (acac)2. 

Figure 3-1-b shows the electronic energy levels of vanadyl (IV) complex with C2V 

symmetry for the square pyramid: b2 (dxy), e (dxz, dyz), b1 (x2-y2), a1 (dz
2). As b2 is 
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considered pure vanadium (3dxy orbital) and e (dxz, dyz) is a combination of vanadium and 

oxygen orbitals, a transition from b2 (dxy) to e (dxz, dyz) having the lowest transition energy 

should be the one most sensitive to axial solvent perturbations.[153,157,158]  The (dxy to 

dz
2) and (dxy to dxz,yz and dx

2-dy
2) transitions in VO(acac)2 structure will appear as two peaks 

at 570 nm and 780 nm in a UV-Vis spectrum. Therefore, UV-Vis can be used as a useful 

tool to study the oxidation of VO(acac)2 in solution. 

Figure 3-2 shows the UV-Vis spectrum of VO(acac)2 solution in methanol at day 1 (black 

line) and after aging for, 3, 7, and 25 days (red, blue, and green lines).  

 

Figure 3-2. UV-Vis spectrum of VO(acac)2 in methanol solution after different 

aging times. 

The color of the fresh VO(acac)2 solution in MeOH is dark blue, which gradually will 

change to orange by aging when exposed to air. The color change is attributed to the 
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oxidation of V(IV) to V(V) of the central vanadium atom of VO(acac)2. As shown in Figure 

3-2, the peak at 780 nm decreases in intensity with increasing time and the transition peak 

at 570 nm disappears with increasing time, indicating the oxidation of vanadium. 

Furthermore, there is a redshift in the charge transfer peak which is located near the UV 

region (<500 nm). The half-filled orbital of V(IV) atom consequently involves repulsion 

energy and the repulsion will be removed in the V(V) atom when oxidation occurs, 

resulting in the observed redshift in the transition peak. The oxidation of VO(acac)2 by 

molecular oxygen in methanol was investigated by R. Grybos et al. [146] as follows: 

4𝑉𝑂(𝑎𝑐𝑎𝑐)2 + 4MeOH + 𝑂2 +  2𝐻2O → 4VO(OH)(OMe)(acac)  +  4H (acac)  

Their study indicated the formation of  VO(OH)(OMe)(acac), hydroxometoxooxo 

(pentane-2,4 dionato) vanadium (V) [146]. The red/orange appearance of the solution is 

attributed to the formation of this complex. The complete conversion of VO(acac)2 to 

VO(OH)(OMe)(acac) was shown to take 50 days [147] at room temperature. The 

VO(OH)(OMe)(acac) complex needs to be reduced during an annealing process to 

synthesize VO2(M). It has been shown that the full conversion of VO(acac)2 to 

VO(OH)(OMe)(acac) is necessary to obtain VO2(M) with reasonable thermochromic 

properties. However, as the vanadium valance of VO(acac)2 is already four, a prolonged 

aging and annealing process is inefficient for VO2(M) formation. 
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Figure 3-3. UV-Vis spectrums of VO(acac)2 methanol solution with a) volume ratio 

of MeOH: [EVIM][TFSI]= 20, b) volume ratio of  MeOH: [EVIM][TFSI]= 1, c) 

volume ratio of MeOH: [EVIM][TFSI]=  0.2. 

Figure 3-3 shows the UV-Vis spectrums of VO(acac)2 in methanol solution after adding 

different concentrations of [EVIM][TFSI] during different aging time intervals. As shown, 

when the volume ratio of the MeOH: [EVIM][TFSI] is 20, the solution is still undergoing 

oxidation by aging. When the volume ratio of MeOH: [EVIM][TFSI] was decreased to 1, 

there is a smaller decrease in intensity of the first d-d transition peak at 780 nm, even after 

25 days of aging. However, there is still a redshift in the charge transfer band after 3 days. 

This overlaps with the peak at 570 nm which is related to the other d-d transition. By 

decreasing the volume ratio of MeOH: [EVIM][TFSI] to 0.2, there is a very small decrease 
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in d-d transition peaks, and a slight red shift is observed by aging. The color of the precursor 

solution was not changed for over a month. As shown in Figure 3-3, [EVIM][TFSI] can 

stabilize the precursor by the vinyl bond of imidazolium cation or through a range of 

nitrogen or oxygen binding modes of its anion counterpart, depending on the electronic 

and steric demands of the metal center. 

Figure 3-4 shows the UV-Vis spectrum of VO(acac)2 methanol solution with the addition 

of different [EMIM][TFO] concentrations. 

 

Figure 3-4. UV-Vis spectrums of VO(acac)2 methanol solution with a) volume ratio 

of MeOH: [EMIM][TFO] = 20, b) volume ratio of  MeOH: [EMIM][TFO] = 1, c) 

volume ratio of MeOH: [EMIM][TFO] =  0.2. 
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The stability of VO(acac)2 in methanol solution increases with increasing concentration of 

[EMIM][TFO]. However, by comparing the results without IL in MeOH and when using 

[EMIM][TFO], [EVIM][TFSI] has a better coordination ability. The Lewis basicity of 

TFSI is lower than TFO and it is a bulkier anion. Therefore, its better coordination ability 

is likely to be due to the high charge distribution via four distinct binding modes: 

monodentate nitrogen or oxygen coordination and/or bidentate oxygen–oxygen or 

nitrogen-oxygen coordination [153]. There is another reason for the high coordination 

ability of [EVIM][TFSI], which is not attributed to its anion but its cation. The vinyl bond 

on the imidazolium cation can have a role in its coordination ability of the ionic liquid 

because of the π- system (Figure 3-3). The high coordination ability of [EVIM][TFSI] leads 

to the stabilization of VO(acac)2 solution and oxidation inhibition [148].  It has been 

previously reported that the π- system of the unsaturated vinyl bond of the solvent can 

stabilize VO(acac)2 solution for longer times aging [148]. 

Figure 3-5 shows the UV-Vis spectrum of VO(acac)2 methanol solution with the addition 

of different concentrations of [EMIM][AcO]. When the volume ratio of MeOH: 

[EMIM][AcO] is 20, the solution is going through oxidation after 3 days and there is also 

a dramatic decrease in the peak at 780 nm. After 7 days of aging, the peak at 780 nm has 

disappeared as a result of complete oxidation. When the volume ratio of MeOH: 

[EMIM][AcO] was decreased to 1 and 0.2, the rate of oxidation significantly increased. 

The results confirm that the acetate anion shows week coordination ability to vanadium 

atoms of VO(acac)2. The spectrum also shows that increasing the concentration of 

[EMIM][AcO] enhances the oxidation process of VO(acac)2 in solution. It has been shown 

before that acetate anions in [EMIM][AcO] form close contact with the imidazolium cation 

through C-H· · ·O hydrogen bonding [159] (Figure 3-3). This strong hydrogen bonding 

decreases the coordination ability of acetate anions to the central vanadium atom of 

VO(acac)2. There are also reports showing that ILs with AcO anion counterparts have 

promoted other oxidation reactions[160]. 
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Figure 3-5. UV-Vis spectrums of VO(acac)2 methanol solution with a) volume ratio 

of MeOH: [EMIM][AcO] = 20, b) volume ratio of  MeOH: [EMIM][AcO] = 1, c) 

volume ratio of MeOH: [EMIM][AcO] =  0.2 

These results show that some imidazolium ILs with high coordination ability can be used 

to inhibit oxidation of VO(acac)2 in the MeOH solution. Lewis basicity and a high number 

of coordination sites have the main effect in the stabilization of VO(acac)2. In the next 

section, a precursor sol solution that has been stabilized with [EVIM][TFSI] will be used 

as a casting solution for the preparation of VO2 thin film to examine the utility of this 

approach. 
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3.3.2 Preparation of VO2 thin film  

To prepare VO2(M) thermochromic films, solutions of VO(acac)2 in methanol/ 

[EVIM][TFSI] (volume ratio: 1) were prepared. To increase the viscosity of the sample, 

2.5 w % of PIL was added to the solution and sonicated at 60 ºC for 10 minutes and left 

for 3 days aging. The fresh sol without aging did not adhere well to the substrate. However, 

aging for 3 days enhanced adhesivity to the SiO2 of the glass slide which is attributed to 

the formation of VO(OH)(OMe)(acac).[161] The hydroxyl –OH groups of the precursor 

will interact with silanol –Si–OH groups of the Si-substrate and improve the adhesion at 

the deposition of the VO(acac)2–methanol sol films onto the substrate.[145,147] The 

precursor sol solution was cast onto the glass slides and annealed at different temperatures 

and duration. Figure 3-6-a shows the XRD patterns of prepared vanadium film samples 

after annealing. 

a) 
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b) 

 
Figure 3-6. a) XRD patterns of samples before and after annealing at different 

temperatures and duration, b) DSC Curve of the sample after annealing at 400°C 

for 10 minutes. 

When the annealing temperature was lower than 350 ºC, no crystalline sample was formed, 

even by extending the annealing duration to 60 minutes. Crystalline VO2 (JCPDS72-0514, 

P21/c, a=0.5743 nm, b=0.4517 nm, c=0.5375 nm, and b=122.61°) was formed at 350ºC 

after 30 minutes and by increasing the temperature to 400 °C, a better crystalline sample 

with sharper XRD peaks was formed after 10 minutes. The DSC curve of the film sample 

annealed at 400 °C for 10 mins also confirms the formation of VO2(M), showing the 

transition temperature of 66 °C and 62 °C at the heating and cooling cycle respectively 

(Figure 3-6). The hysteresis loop width of the transition is quite small (∆T = 4 °C), 

indicating the fast response of the product to the temperature change[162]. The annealing 

temperature and duration of the reaction are much lower than previously reported, leading 

to a simple and economical method for the production of VO2 (M). Furthermore, the 

stability of VO(acac)2 in IL solution and during the process provides a convenient method 

for the synthesis of VO2 (M).  

One concern that might arise during the annealing process is that the annealing temperature 

of 400 °C can partially decompose the PIL and IL. The PIL degree of decomposition by 

time at each annealing temperature (250 °C, 300 °C, 350 °C, and 400 °C) was investigated 

using TGA (Table 3-1). It has been shown that 40% of the poly-ionic liquid decomposes 

at 400 °C after 10 minutes. However, it seems the decomposition of the polymer likely 

induces the formation of the VO2 monoclinic phase. Similar results have been reported 
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regarding the influence of decomposition of poly- vinyl pyrrolidone (PVP) on the 

formation and crystallization of VO2 (M) by annealing at 600 ºC [47]. The authors 

suggested that the release of reductive gases can prevent vanadium (IV) from oxidation 

and facilitate the formation of VO2 (M) phase. If degradation of the polymer happens at the 

same temperature with VO2 crystallization, this potentially helps facilitate the formation of 

VO2(M). Nevertheless, at a lower temperature, the influence of polymer decomposition 

and the reductive gases prevents the crystallization of VO2.  

Table 3-1. Decomposition percentage of PIL at different temperatures. 

Temperature (°C) Time (Minutes) 
Decomposition percentage 

(%) 

250 120 4 

300 60 9 

350 30 27 

400 10 40 

The thermochromic and optical properties of the prepared VO2 thin films were evaluated 

using UV- Vis- NIR instrument at two temperatures of 30 ºC and 85 ºC (Figure 3-7). The 

solar modulation (Tsol) and the integral luminous transmittance (Tlum) were obtained using 

the following equation: 

𝑇𝑙𝑢𝑚,𝑠𝑜𝑙 =
∫ 𝜑𝑙𝑢𝑚,𝑠𝑜𝑙 (𝜆)𝑇(𝜆)𝑑𝜆

∫ 𝜑𝑙𝑢𝑚,𝑠𝑜𝑙 (𝜆)𝑑𝜆
 

where λ is the wavelength of light, φlum is the luminescence efficiency of the human eye, 

and φsol is the solar irradiance spectrum corresponding to the sun standing 37° above the 

horizon and T is the transmission of the VO2 thin film at different temperatures. The solar 

transmittance of the film is 79.1 % at 30ºC and 58.3% at 85 ºC.  
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Figure 3-7. a) Transmission spectra of VO2 film at 30°C and 85°C b) Hysteresis loop 

characteristic analysis of VO2 film c) Optical calculations of VO2 film 

As a result, we can calculate a solar modulation efficiency (20.8 %) which is usually used 

to determine the thermochromic properties of VO2 films. The result is encouraging as the 

solar modulation value is much higher than 6.7 % [163] for a single-layered VO2 film, 14.7 

% for nano-porous VO2 [55], 13.6 % for VO2/SiO2 [42]. The modulation efficiency of 

20.8% is obtained at luminescence transmittance of 72.5 % and 52.2 % at 30 ºC and 85ºC 

respectively (ΔTlum = 20.3 %) (Figure 3-7-c). However, there was also a drop in the UV-

Vis range when increasing the temperature.  This indicates a possible role for PIL in the 

switching properties of VO2.  

The hysteresis width of the transmittance as a function of temperature can be calculated 

during the metal-insulator transition of heating/cooling cycles, as shown in Figure 3-7. The 

hysteresis width of the film is calculated as 5 ºC (Figure 3-7-c) which is close to the DSC 

data. However, it seems the transition temperature range is between (55 - 60) ºC in the 

heating cycle, which is 5 ºC lower than the transition temperature which is observed for 

the VO2 powder in DSC data. It has been reported before that the transition temperature 



69 

 

drops when the VO2 is dispersed in polymer coating as it can inhibit the agglomeration of 

VO2 particles. Therefore, the energy needed for VO2 particles in polymer film to do the 

transition from monoclinic to tetragonal rutile face is reduced, leading to a lower transition 

temperature [164].  

3.4 Conclusion 

In this study, [EVIM][TFSI], [EMIM][TFO] and [EMIM][AcO] imidazolium ionic liquids 

were used to investigate the stability of the VO(acac)2 methanol solution for extended 

periods of aging time. It has been shown that sol solution in the presence of 1-ethyl-3-vinyl 

imidazolium bis (trifluoromethanesulfonylimide), [EVIM][TFSI] showed the highest 

stability compared to [EMIM][TFO] and [EMIM][AcO]. This is justified because of the 

high coordination ability of [TFSI] anion and the existence of the vinyl bond on the cation 

counterpart of the IL. [EMIM][AcO] showed a reverse effect on the stability of the 

precursor solution. By increasing the concentration of [EMIM][AcO], oxidation was 

accelerated. This can be justified by the fact that there is high internal hydrogen bonding 

between cation and anion counterpart of [EMIM][AcO], weaken its coordination ability. It 

has been also shown before that ILs with AcO anions can promote the oxidation process. 

The mixture of [EVIM][TFSI] IL/PIL/ methanol and VO(acac)2 was explored for the sol-

gel process to fabricate thermochromic films. After annealing at 400 ºC for 10 minutes, the 

film was formed very crystalline and pure VO2 (M) with narrow hysteresis of 4 ºC. We 

have proposed that the decomposition of the IL/PIL can induce the formation of the VO2 

monoclinic by preventing vanadium (IV) from oxidation. The VO2 (M) film showed great 

thermochromic properties with 20.3 % solar modulation properties of 20.3 %. However, 

the luminous transmittance of the film dropped within the UV-Vis region probably which 

enhanced the solar modulation efficiency.  Furthermore, using IL/PIL in the sol-gel 

solution promoted the formation of flower-like morphology which consists of a large 

number of uniform VO2 nano-sheets. 
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Chapter 4  

4 Novel Fabrication Methods Vanadium Dioxide Using 
Polymerized Ionic Liquid 

Abstract: Various intelligent thermochromic coatings have been investigated as optical 

switches for smart window applications. Vanadium oxide (VO2) coatings in particular have 

garnered significant attention since they show automatic solar/heat control in response to 

environmental temperature changes without using any external switching device. In this 

study, VO2 nanostructures are synthesized using a hydrothermal method, following by 

calcination treatment. It is shown that the calcination conditions can influence the 

crystallinity, hysteresis width, and latent heat of the VO2 nanostructures as well as their 

size and morphology. The role of VO2 loading on the optical properties of the films is 

investigated by integrating the nanostructures into a ethylene-vinyl acetate (EVA) polymer 

coating. Furthermore, the VO2 nanostructures are Mo-doped to decrease their transition 

temperature. The role of calcination on the morphology and size of the Mo-doped 

nanostructures is investigated. Moreover, improving the optical properties of the VO2 

nanostructures is followed by coating them with amorphous SiO2 coatings. The role of 

TEOS volume on the optical properties of the film is investigated. Two complementary 

methods for the fabrication of VO2 and VO2/ SO2 nanostructures are suggested using poly-

ionic liquid (PIL) as a dielectric host: 1) solution casting 2) UV-Curing. The optical 

properties of the resulting films showed prominent solar modulation using the UV-Curing 

method. VO2/SiO2 composite film prepared by UV-curing shows entrapped nanostructures 

in the polymer matrix by strong hydrogen bonding which can lead to better dispersion and 

great optical properties of the final film. 
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4.1 Introduction 

Vanadium oxide (VO2) has gained considerable attention because of its reversible first 

order metallic-insulator transition (MIT) at a transition temperature of 68 °C 

[101,102,165]. The MIT is followed by a crystallographic transformation from 

semiconductor to monoclinic phase, VO2 (M), at low temperatures to a metallic tetragonal 

rutile phase, VO2 (R), at high temperatures. The structure transformation can cause drastic 

changes in the physical properties of VO2, such as electric, optical and magnetic properties, 

etc., which makes it a potential candidate for a variety of applications such as 

thermochromic window coatings[105,140], light modulators, and storage media[166]. 

However, there are three main challenges to prepare thermochromic coatings for smart 

windows applications. The ideal transition temperature for intelligent glazing is between 

20-25 °C[3] while the critical temperature of VO2, 68 °C, is considered too high for this 

application. Furthermore, it is very challenging to prepare pure phase VO2 (M/R) with a 

shape-controlled nanostructure with sharp and narrow hysteresis loops for practical 

application in smart thermochromic devices[162,167,168]. Moreover, thermochromic VO2 

coatings have the drawback of low luminescence transmittance (Tlum) and low solar 

modulating ability (∆Tsol) and there is a great challenge to improve both properties 

simultaneously[105,106]. There are several reports which have tried to achieve optical 

enhancement by introducing special dopant ions (Mg2+, F-)[141,169] into the VO2 crystal 

lattice or depositing anti-reflection (AR) coatings such as TiO2[170,171] and SiO2[43,103] 

layers to enhance both the Tlum and ΔTsol.  There is a report[172] about developing a 

VO2/hydrogel hybrid which resulted in ultra-high thermochromic performance; however, 

the translucent appearance at higher temperatures limited its full application. For the 

fabrication of thermochromic VO2 coatings, it is important to have a matrix to absorb as 

much heat and light from sunlight as possible to accelerate the optical switching process. 

Consequently, different polymers have been already used as solar absorbing materials. 

Specific heat capacity is one of the factors indicating the quantity of heat which can be 

absorbed by one mole of a substance to raise its temperature by one degree centigrade. 

Imidazolium-based ILs are molten salts which have a melting point below 100 °C. They 

also have a large specific heat capacity value (~570 j/mol. K) compared to the polymers 

which have been used in the existing coatings materials for fabrication of VO2[72–74]. 
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Furthermore, studies on the optical properties of imidazolium based ILs have shown that 

they are transparent in most of the UV region and in the visible and near IR region[75,76]. 

Therefore, the high heat capacity and transparency of ILs make them a potential candidate 

to be used as a coating modifier for thermochromic window application. On the other hand, 

IL is an ionic compound with a relatively high dielectric constant which has dipolar as well 

as ionic contribution[78,79]. VO2 nanoparticles in dielectric hosts show enhanced 

luminescence transmittance and solar energy transmittance based on effective medium 

theory[173]. Like other properties of ILs, their dielectric constants can be tuned over a wide 

range of cations and anions.  Replacement of highly symmetric anions with some dipolar 

anions can enhance the dielectric constant. Despite the ILs’ great properties as a potential 

coating for thermochromic materials, their liquid nature limits their application as a 

coating. Poly Ionic Liquids (PILs), which also called polymerized ILs, are a new class of 

polymeric materials that feature IL species in each monomer repeating unit. PILs are 

attracting great interest not only because of the combination of the unique properties of ILs 

with the macromolecular architecture, but also a matter of amplifying the properties of 

ILs[86,87].  

In this study, all three challenges of preparing thermochromic coatings for smart glazing 

are examined. The hydrothermal process with a controlled calcination process was used to 

prepare VO2 (M), Mo-doped VO2, and VO2/SiO2 nanostructures with high purity and small 

hysteresis width (0 °C - 4 °C). Furthermore, nanostructures incorporated in poly (1-ethyl-

3-vinyl imidazolium bis (trifluoromethanesulfonylimide)) by different fabrication methods 

including solution-based spin coating and UV-curing. The thermochromic properties of the 

films were measured and compared by UV-Vis-NIR spectroscopy. 

4.2 Experimental 

4.2.1 Synthesis of nanorod VO2 (M) 

VO2 nanorods were prepared following the procedure proposed by Y. Li’s[41] group.  

V2O5 (Sigma Aldrich Reagent) and oxalic acid powder (H2C2O4.2H2O, Sigma Aldrich) 

were dissolved in 200 mL of deionized water (the molar ratio of oxalic acid and vanadium 

pentoxide 1:2). The resultant solution was stirred for 24 h at room temperature. Then, 
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40 mL of the suspension was transferred into a 100-mL Teflon lined autoclave and heated 

between 200 °C -250 °C for a preset time. After the hydrothermal procedure, the autoclave 

was cooled down to room temperature. The resulting black precipitate was washed three 

times with deionized water and alcohol alternatively, and then collected by filtration and 

dried at 60 °C in air overnight. The resulting precipitates were post-treated by annealing 

the powder at 400 °C -500 °C for a preset time to obtain crystalline VO2 (M) nanorods.  

The crystal structure of the synthesized VO2 (M) sample was collected by a Bruker 

benchtop X-ray diffractometer using Cu Kα radiation (λ for Kα = 1.54 059 Å) at 30 kV and 

10 mA. Scanning Electron Microscopy (SEM-LEO 1540XB) was used to study the surface 

morphology of the samples. Each sample osmium sputtered by an Edwards Auto500 unit 

at 15 mA/min for the 90 s to achieve a 5 nm - 7 nm osmium layer. All images were taken 

at 3 kV at different magnifications. The phase transition behavior of the prepared samples 

was measured by differential scanning calorimetry (DSC-SDT Q600) over the temperature 

of 10 °C to 90 °C. The heating rate and cooling rate were set at 10 °C/min and 5 °C/min 

respectively. 

4.2.2 Synthesis of Mo-nanorod VO2 (M) 

V1−xMoxO2 (x = 0.3 1.2, 2.4 at. %) nanowires were prepared by the hydrothermal 

reduction of V2O5 by oxalic acid in the presence of molybdic acid within a Teflon-lined 

autoclave vessel, heated at 250 °C for 48 h. The solid black residue was recovered by 

filtration and washed three times by deionized water and alcohol alternatively and dried at 

60 °C in air overnight. The resulting precipitates were post-treated by annealing the powder 

at 500 °C for 1 h. The Mo - doped VO2 (M) samples were characterized by a Bruker 

benchtop X-ray diffractometer and Differential Scanning Calorimetry. The elemental 

composition of doped samples was confirmed and quantified using the energy dispersive 

X-ray detection (EDX) feature of the SEM. 

4.2.3 Synthesis of VO2/SiO2 Nanorods 

A modified Stober method was used for the preparation of amorphous silica shells on VO2 

nanostructures. A solution of 24 mg of VO2 nanostructures in 4:1 (v/v) ethanol: water was 

ultrasonicated to obtain a homogeneous dispersion. Then, 400 μL of ammonium hydroxide 
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(NH4OH) (0.25 M final solution) was added to the solution. Subsequently, 200-800 μL 

tetra-ethylorthosilicate (TEOS) was added to this dispersion (0.02 M concentration of 

TEOS). The reaction was carried out for 25 minutes at room temperature and then the 

solution was centrifuged to collect VO2/SiO2 nanostructures. 

4.2.4 Preparation of EVA Thermochromic Films Using Solution 
Casting 

EVA solution (10 wt %) was prepared using chloroform as the solvent. Different loadings 

of VO2 (2, 4, 6, and 8 mg/ mL) nanostructures were dispersed in the solution using a 

sonication bath for 4 hours. The solution is casted on the glass slides (VMR microscopic 

glass slides (25 mm ×25 mm × 2 mm) using a spin coater (Laurel Spin Coater- Model 

WS400BZ) at 400 rpm for 6 S and 2000 rmp for 30 s.  

4.2.5 Preparation of 1-Ethyl-3-Vinylimidazolium 
bis(trifluoromethanesulfonylimide) 

The ionic liquid is prepared using Inoue et al.’s method[156]. 11.6 g of 1-vinyl imidazole 

(Alpha-Aesar 99%) was added to 27 g of bromoethane (Alpha-Aesar 98%) in 8 mL of 

methanol. The mixture was heated to 50 °C for 2 days under vigorous stirring. Then, the 

excess methanol and unreacted bromoethane were evaporated from the solution to obtain 

1-ethyl-3vinylimidazolium bromide as an intermediate product Scheme 4-1). The collected 

sample was dried under vacuum at 70 °C (yield of 99%). 24.8 g of 1-ethyl-3-vinyl 

imidazolium and 44.2 g of 3-bis(trifluoromethane) sulfonimide lithium (Sigma Aldrich) 

was dissolved in 60 mL aqueous solution. The mixture was stirred for 4 days at room 

temperature. The resultant ionic liquid phase of 1-ethyl-3- vinyl imidazolium 

bis(trifluoromethanesulfonyl)imide was separated from the aqueous phase and washed 

with water three times. The remaining ionic liquid was dried under vacuum at 50 °C 

resulting in 80 % product yield as determined (Scheme 4-2). The structure of the product 

was confirmed by 1H NMR (600 MHz) in DMSO-d6 (Appendix). 
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Scheme 4-1. Reaction scheme to prepare 1-ethyl-3-vinyl imidazolium bromide. 
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Scheme 4-2. Reaction scheme to prepare 1-ethyl-3-vinyl imidazolium 

bis(trifluoromethanesulfonylimide). 

4.2.6 Preparation of Poly (1-Ethyl-3-Vinylimidazolium bis 
(trifluoromethanesulfonylimide)):  

Poly (1-ethyl-3-vinyl imidazolium bis(trifluoromethanesulfonylimide)) was synthesized 

via free radical polymerization of 1-ethyl-3-vinyl imidazolium 

bis(trifluoromethanesulfonylimide ionic liquid[156] as shown in Scheme 4-1. 



76 

 

CH

N

N

H2C
nCH

N

N

H2C

NS S

O

O

O

O

CF3F3C
AIBN

60C/16 h

NS S

O

O

O

O

CF3F3C

 

Scheme 4-3. Reaction scheme to prepare poly (1-ethyl-3-vinyl imidazolium 

bis(trifluoromethanesulfonylimide)). 

The reaction was initiated by AIBN in DMSO anhydrous solvent at 60 °C for 16 hours. 

The molar ratio of monomer to initiator and the volume ratio of the monomer to the solvent 

was examined to result in different PIL molecular weights. After the reaction, the polymer 

was precipitated by adding excess ethanol to the solution. The precipitation was repeated 

by dissolving the polymer in acetone and then re-precipitating in ethanol two more times. 

PIL sample was characterized using 1HNMR (600 MHz) in acetone-d6 (Appendix). The 

viscosity of the polymers was measured using a Ubbelohde dilution viscometer. 

4.2.7 Preparation of PIL Thermochromic Composite Films Using 
Solution Casting 

PIL solution (10 wt %) was prepared using acetonitrile as the solvent. Then, VO2 or VO2/ 

SiO2 nanostructure (4 mg/ mL) was dispersed in the solution using a sonication bath at 

60 ºC for 4 h. The well-dispersed solutions were cast onto glass slides (VMR microscopic 

glass slides (25 mm ×25 mm × 2 mm) using a spin coater (Laurel Spin Coater- Model 

WS400BZ) at 400 rpm for 1 minute. The optical properties of the coated film were 

measured using a UV-Vis Spectrometer (Shimadzu 3600) in the range of 250-2500 nm. 

The morphology of the samples was investigated using Scanning Electron Microscopy 

(SEM-LEO 1540XB). A Veeco diMultiMode V atomic force microscope (AFM, Veeco, 

Plainview, NY, USA) was used to measure the thickness of the films via the Nanoscope 

V7.30 program software. 
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4.2.8 Preparation of PIL Thermochromic Films Using UV-Curing  

The solution mixture of IL monomer and VO2 or VO2/ SiO2 nanostructure (4 mg/ mL) was 

sonicated for 4 hours at 60 °C. Then, 2.5 wt % hydroxy-2-methylpropiophenon (Sigma 

Aldrich-97 %) was added to the solution as the photo-initiator. The 0 to 2.5 and 7.2 molar 

percentage of divinylbenzene (Sigma Aldrich- 80 %) was also added as crosslinker while 

purging the solution with Argon. The obtained viscous and homogenous solution was cast 

onto VMR microscopic glass slides (25 × 25 × 2 mm)) by dip coating. The Teflon plate 

was placed under a 365 nm UV-lamp (Fischer Black-Ray B100AP high-intensity UV-lamp 

-100W) for 10-40 minutes. The prepared films’ optical properties were tested using a UV-

Vis spectrometer (Shimadzu 3600) in the range of 250-2500 nm. 

4.3 Results and Discussion 

4.3.1 Effect of Calcination Condition on Synthesis of VO2 (M)  

The hydrothermal method was used as the first step of the reaction leading to the formation 

of VO2 (M) by reducing V2O5 as the precursor. Normally, the hydrothermal process forms 

the products of metastable and non-thermochromic phases rather than pure VO2 (M). XRD 

is used as the analysis method to characterize the hydrothermal process products (Figure 

4-1). The XRD results indicate the formation of V3O5 at 250 °C after 24 hours of reaction 

time from the oxidation of the V2O5 starting material. The XRD pattern of the V3O5 powder 

can be assigned to a monoclinic structure within the P2/c space group (JCPDS card 72‐

0977). Extending the reaction time to 48 hours and 72 hours does not show any significant 

changes. However, when the temperature is 200 ºC, VO2 (B) appears after 48 hours of 

reaction time. The peaks were indexed to VO2 (B) with space group C2/m, lattice 

parameters a = 12.0417(3) Å, b = 3.6892(8) Å, c = 6.4312(2) Å, and β = 106.965(2) Å; 

which match with JCPDS Card No. 01-081-2392. 
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Figure 4-1. XRD patterns of hydrothermal samples prepared at 200 °C -250 °C 

for different reaction times. (*) symbol represents V3O5 and symbol (□) represents 

VO2 (B). 

To obtain the pure monoclinic phase (M1) of VO2, the sample which was collected from 

the hydrothermal reaction at 200 ºC after 48 hours was annealed at various annealing 

temperatures and time. As shown in Figure 4-2, samples annealed at 500°C exhibit 

diffraction peaks which can be assigned to the pure monoclinic VO2 (JCPDS72-0514, 

P21/c, a=0.5743 nm, b=0.4517 nm, c=0.5375 nm, and b=122.61°). The intensities of the 

diffraction peaks are improved significantly as the annealing time increases to one hour, 

indicating an enhancement in the crystallinity of the sample. As shown in Figure 4-2, the 

conversion to VO2 (M) does not happen at temperature 400 °C, even though the annealing 

time was increased to 4 hours. 
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Figure 4-2. XRD patterns of samples at different annealing conditions; the 

annealing temperature varies from 400 °C to 500 °C and the annealing time varies 

from 30 minutes to 4 hours. Symbol (↓) represents VO2 (M). 

To investigate the influence of annealing temperature and duration on the transition 

temperature, hysteresis width, and latent heat (J/g) of VO2 (M), measurements were done 

using differential scanning calorimetry (DSC). Figure 4-3. DSC curves of samples after 

various annealing conditions. 
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Figure 4-3. DSC curves of samples after various annealing conditions. 

The latent heat of the phase transition (which is calculated as the area under heating) 

indicates the thermochromic properties of VO2 (M) nanostructure and corresponds to the 

value of solar energy modulation ability of VO2 (M)[174]. The thermal hysteresis width is 

defined as the difference between Tc in the heating cycle and Tc in the cooling cycling[168]. 

The hysteresis loop width should be as narrow as possible and the transition gradient should 

be sharp as possible to have a quick metal to insulator and insulator to metal transition to 

make it applicable for smart glazing[162,168]. It has been shown that ideal thermochromic 

glazing acts as an energy effective solar system when the hysteresis loop is sharp and 

narrow (between 0 °C -4 °C). 

As shown in Figure 4-3 and Table 4-1, by optimizing the annealing parameters, the latent 

heat of metal to insulator and insulator to metal transition in VO2 increases dramatically 

due to the high crystallinity of the sample. When the sample was calcinated at 500 ºC for 

1 hour, the latent heat is 3.25 j/g. However, by decreasing the temperature or the duration 
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of the calcination, the latent heat decreased due to the poor crystallinity of the samples. The 

hysteresis width as well as the DSC peak sharpness is improved by increasing the 

calcination temperature or duration (Table 4-1, Figure 4-3). The hysteresis of the sample 

which is calcinated at 500 ºC for 1 hour is as low as 4.5 ºC indicates a fast response and 

high sensitivity of the VO2 to the temperature changes and this may be associated with the 

high crystallinity at high annealing temperatures. There is another method which is recently 

reported in the literature for reducing the hysteresis width of VO2 samples which involves 

dehydration of a new intermedium, VO2 (M). 0.15H2O[167] or VO2 (M). 0.25H2O[175]. 

The hysteresis width of 4.3 ºC[167] and 3.4 ºC[175] are reported using this method. 

Table 4-1 DSC results for the heating and cooling cycles of samples obtained at 

different calcination conditions. 

Annealing 

Temperature (ºC) 

Annealing 

Duration (Min) 

Tc- heating 

(ºC) 

Tc-cooling  

(ºC) 

Hysteresis 

Width (ºC) 

Latent 

Heat (J/g) 

500 60 67.6 63.1 4.5 3.25 

400 240 66.3 61.8 4.5 1.75 

500 30 67.7 61.6 6.1 1.11 

400 120 66.4 60.0 6.4 0.80 

400 60 65.6 58.4 7.2 0.36 

400 30 66.0 58.5 7.5 0.32 

Scanning Electron Microscopy (SEM) was used to study the morphology of the samples. 

Figure 4-4 indicates the formation of nanorods after calcination. The SEM study shows the 

role of calcination conditions on the size of the nanostructure. By improving the calcination 

conditions, the average diameter of the nanorods changes from 330 nm for the sample 

calcinated at 400 ºC for 120 minutes, to 152 nm for the sample prepared at 500 ºC for 60 

minutes (Table 4-2). As shown in Figure 4-4, the calcination condition does not affect the 

nanostructure shape. 
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Figure 4-4. SEM images of samples after annealing a) at 500 ºC for 60 minutes 

b) at 500 ºC for 30 minutes c) at 400 ºC after 120 minutes d) at 400 ºC after 240 

minutes 

Table 4-2. Nanostructure size and shape by changing the calcination temperature 

and duration. 

Annealing 

Temperature 

(ºC) 

Annealing Duration 

(Min) 
nanostructure size 

nanostructure 

shape 

500 60 152 nanorods 

400 240 255 nanorods 

500 30 178 nanorods 

400 120 330 nanorods 
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The VO2 nanostructure were collected after annealing at 500 ºC for 60 minutes then 

dispersed into a EVA polymer solution at different VO2 loadings and cast onto glass slides. 

The following equation is used for measuring the integrated visible transmittance 

(380 nm ≤Tvis≤ 780 nm) and integrated solar transmittance (280 nm ≤Tsol ≤ 2500 nm) for 

all prepared films: 

𝑇𝑖 = ∫ 𝜑𝑖 (𝜆)𝑇(𝜆)𝑑𝜆/𝜑𝑖 (𝜆)𝑑𝜆 

where T(λ) is the transmittance at wavelength λ, is lum or sol for the calculation, φlum is the 

luminescence efficiency of the human eye, and φsol is the solar irradiance spectrum 

corresponding to the sun standing 37° above the horizon. ΔTlum/IR/sol is obtained by 

ΔTlum/IR/sol = Tlum/IR/sol,20ºC -Tlum/IR/sol,80ºC. The solar modulation efficiency and luminescence 

transmittance of the films are evaluated and compared in Table 4-3. 

Table 4-3. Optical properties of EVA films with different loadings of VO2 

To have a thermochromic film in practical window application, it is necessary to find an 

optimal balance between the luminous transmittance and solar modulation ability by 

finding an optimal loading of VO2 in the film[176]. Table 4-3 indicates that for the 2 mg/ 

mL dispersion, solar modulation of 6.7 % is obtained at a visible light transmittance of 42.3 

%. Increasing the active particle loading to 4 mg/ mL increases the solar modulation to 8.9 

%; however, the visible light transmittance is decreased to 39.8 %. Further increasing the 

Nanostructure Load in 

Composite 

Tlum (%)  Tsol (%)  

25 °C 90 °C ∆Tlum (%) 25 °C 90 °C ∆Tsol (%) 

2 mg 42.3 37.0 5.3 50.4 43.7 6.7 

4 mg 39.8 34.8 5.0 51.7 42.8 8.9 

6 mg 37.1 37.8 -0.7 39.8 34.5 5.3 

8 mg 15.0 19.6 -4.6 38.1 37.4 0.7 
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nanostructure loading to 6 mg/10 mL or 8 mg/10 mL negatively affects the luminous 

transmittance of the film.   

4.3.2 Effect of Mo-doping on VO2 (M)  

To decrease the transition temperature of the VO2 (M), molybdenum with 0.3, 1.2, and 2.1 

atm % is doped into the crystal structure of the vanadium oxide. Substitutional doping with 

molybdenum usually induces a 12 °C/ atm % -15 °C/ atm % decrease of the transition 

temperature[22]. However, we have observed ~20.5 °C/ atm % Mo-doped VO2 nanorods 

synthesized by the hydrothermal method (Figure 4-5). As it is shown in the DSC curve, the 

transition temperature is decreased to 20 °C- 24 °C by 2.1 at% Mo-doping. 

 

Figure 4-5. DSC curves of VO2 nanorods samples with 0.3, 1.2, and 2.1 atm% Mo 

In the previously reported value for Mo-doped nanowires, 2.5 at% of Mo is used to reach 

20 °C -25 °C of transition temperature while the hysteresis width between metal to insulator 

phase and insulator to metal phase is reported approximately 12 °C according to the DSC 

curve [22]. Nevertheless, we have observed unprecedented small hysteresis (∆T ~ 4 °C) 

for our synthesized Mo-doped VO2 nanostructure samples. EDX spectrum of the Mo-

doped samples confirms the dopant atom percentage of the VO2 sample (Figure 4-6). 
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Figure 4-6. EDX of Mo-doped VO2 (M) 

Figure 4-7 indicates the morphology of the doped samples before and after the annealing 

treatment. Studies have shown that incorporation of atoms into host lattices as a dopant can 

manipulate various crystal growth behaviors of nanomaterials. As shown in Figure 4-6-a 

and Figure 4-7-c, doping the VO2 samples promotes the formation of “snowflake” 

morphology along with hexagonal particles in micro-scales. Snowflake morphology for 

VO2 (M) and Mo-doped VO2 (M) has been reported by different authors[35,177]. 

However, it should be noted that VO2 particles with snowflake morphologies can limit 

particle dispersion, transparency, and overall application to smart windows[10]. 

Consequently, the Mo-doped samples were post-treated by annealing at 500 °C for 1 hour. 

The morphology of the annealed samples shows nanoscale particles indicating the rule of 

an annealing treatment in obtaining nanoscale particles in Mo-doped VO2 (Figure 4-7-b 

and Figure 4-7-d).  
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Figure 4-7. SEM images of a) VO2 (M) with 0.6 atm% Mo before annealing 

treatment b) VO2 (M) with 0.6 atm% Mo after annealing treatment c) VO2 (M) with 

0.3 atm% before annealing treatment d) VO2 (M) with 2.13 atm% after annealing 

treatment. 

4.3.3 Effect of SiO2 coating on optical properties of VO2  

To improve the optical properties of the VO2 films, they were coated with a SiO2 

antireflection layer. This layer can modulate the refractive index (RI) of the composite and 

decrease the scattering caused by inconsistent RI between the nanostructure and the 

polymer matrix[43]. Figure 4-8 shows the XRD patterns of VO2/SiO2 nanostructures with 

different TEOS volume. It is shown that all the nanostructures exhibit the typical 

diffraction peaks of M1 phase VO2. Since the synthesized VO2/SiO2 nanostructures were 

not annealed, the SiO2 remained amorphous.  

 

 

 

a) 
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Figure 4-8. XRD patterns of VO2-SiO2 nanostructures upon increasing the different 

volume of the TEOS. 

The VO2/SiO2 nanostructures were collected and well dispersed into EVA polymer film 

solution and cast onto glass slides for optical properties study. Table 4-4 depicts the change 

in the optical properties of the film in response to the variation of TEOS volume.  

 

Table 4-4. Optical properties of EVA films with the different TEOS volume 

ratio 

TEOS (V/µ) 

Tlum (%)  Tsol (%)   

25 °C 90 °C ∆Tlum (%) 25 °C 90 °C ∆Tsol (%) 

0 39.8 34.8 5.0 51.7 42.8 8.9 

200 45.7 36.8 7.9 62.0 52.4 9.6 

400 44.2 36.3 8.9 51.9 41.9 10.0 

600 50.8 45.1 5.7 56.8 44.0 12.8 

800 50.5 42.3 8.2 56.0 44.6 11.4 
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As shown, the visible transmittance of the film enhances greatly (from Tsol 39.8 % to 50.8 

%) by increasing the TEOS proportion from 200 µL to 600 µL due to the increase in the 

thickness of SiO2 shell layer[103]. The higher SiO2 proportion also improved the optical 

performance with a larger solar modulation ability from ΔTsol of 8.9 % to 12.8 %. However, 

a further increase in TEOS volume did not improve the optical properties significantly. 

Similar improvement in optical properties is previously reported [43] when Si/V molar 

ratio is increased in VO2-SiO2 composite films using a different synthesis approach. 

4.3.4 PIL Solution Casting method for fabrication of VO2 

The polymerized ionic liquid was synthesized via free radical polymerization of 

[EVIM][TF2N] as shown in Scheme 4.3 Polymerization was initiated by AIBN in DMSO 

using different molar ratio of the monomer to initiator M/I and volume ratio of the 

monomer to the solvent M/S at 60 ºC for 16 h (Table 4-5). As shown in Table 4-5, by 

increasing the M/I and M/S, the viscosity and subsequently the molecular weight of the 

polymer increased. The viscosity and molecular weight of the prepared polymers are 

comparable with the results reported by Inoue et. al[156]. 

Table 4-5. Viscosity (η) and molecular weight (Mw) of PIL by changing volume ratio 

of the monomer to the solvent (M/S) and the molar ratio of the monomer to the 

initiator (M/I). 

M/I M/S η (cm3. g-1) Mw/ 103 

25 3.0 44.6 201 

100 3.2 60.1 325 

200 9.8 74.2 457 

The viscosity (η) of the poly-ionic liquid was measured using a rotational viscometer and 

the molecular weight (Mw) is calculated by employing the Mark-Houwink_Sakurada 

equation [η] = KMv
a with parameters of K = 2.3×10-2 cm3. g-1 and a = 0.62. These 

parameters were determined in a polystyrene/MEK solution at 30 ºC. To have a targeted 

VO2- polymer composite, the find the best molecular weight of the polymer is important 
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for full coverage of the VO2 particles. 4 mg loading of VO2 particles dispersed in 

acetonitrile and 10 wt % PIL with different molecular weights, then the solution was casted 

onto the glass slides using a spin coater using different spin coating speeds. The optical 

properties of the obtained films are calculated as shown in Table 4-6.  

Table 4-6. The thickness and optical properties of the VO2-PIL films using PIL with 

different molecular weight and using various spin-coating speeds. 

Mw/103 
Spin Coating Speed 

(rpm) 
Thickness (nm) Tlum (%) ΔTsol (%) 

220 
400 

1000 
700 45.4 9.5 

360 
400 

1000 
971 28.7 10.3 

480 
400 

1000 
1203 15.9 12.6 

220 
400 

2000 
680 54.6 8.5 

360 
400 

2000 
879 35.8 11.0 

480 
400 

2000 
1093 19.1 11.4 

220 
400 

3000 
540 56.2 8.3 

360 
400 

3000 
717 39.4 9.6 

480 
400 

3000 
971 25.3 10.2 

By increasing the molecular weight of the polymer used in the solution, the viscosity of the 

solution is enhanced, and the thickness of the film increased accordingly. The approximate 
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thickness of the films is measured using AFM. However, the visible transmittance of the 

film at 25 ºC decreased by increasing the molecular weight of the polymer as the color of 

the polymer matrix became deeper. Therefore, PILs with higher molecular weights are not 

considered suitable based on the luminous transmittance being lower than 40 % at 25 ºC. 

The results show that when the polymer with Mw= 220×103 is used at 1000 rmp coating 

speed, it results in good solar modulation of 9.5 % while keeping the high luminous 

transmittance of 45.4 %. 

4.3.5 UV-curing method for fabrication of VO2 

The UV-curing method was examined for the in-situ incorporation of VO2 in the polymer 

structure for more uniform dispersion. VO2 nanostructure is well dispersed in the monomer 

solution, deep coated on the glass, and been polymerized under UV irradiation. The degrees 

of conversion of vinyl polymerizable groups from cross-linker mixtures (0, 2.5, 7.2 molar 

%) to PIL based films were assessed using Fourier transform infrared (FTIR) analysis 

(Figure 4-9). By increasing the crosslinker content in the mixture from 0 to 2.5 and 7.2 

molar %, the reaction time decreases from 40 minutes to 25 minutes and 10 minutes, 

respectively.      

The characteristic infrared absorbance bands were used to monitor the disappearance of 

the vinyl monomer at 1662 cm-1 (stretching vibration in C=C) and 995 cm-1 (out of plane 

bending of the -CH=groups). Simultaneously, the asymmetrical stretching vibrations of the 

-CH2- groups become more noticeable on PILs samples (2960 cm-1- 2850 cm-1). To prepare 

the casting solution, 4 mg loading of VO2 or VO2/ SiO2 was dispersed in 10 mL of 

monomer and a mixture of 7.2 % of crosslinker and initiator. The glass is then dip-coated 

in the casting solution and then UV-cured for 10 minutes. The optical properties of the film 

are determined and compared with the previous method in the next section.  
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Figure 4-9. FTIR spectra of monomer IL, monomer and crosslinker (CL) and PIL 

samples as a function of the crosslinker molar percentage. 

4.3.6 Comparison of optical properties of the films prepared by 
solution casting and UV-curing 

VO2 and VO2/SiO2 nanostructures were integrated into a PIL film using solution casting 

of final polymer and UV- curing of the IL monomer. The optical properties of the film 

were determined and compared to each other. Tlum of the VO2-PIL film, which was prepared 

by solution casting, is 45.40 % at 25 ºC and 36.52 % at 90 ºC, and the Tsol are 50.51 % at 

25 ºC and 40.99 %. The ΔTlum is 8.89 % and ΔTsol is 9.52 %. The one-layer sample of VO2-

PIL, which was also made by solution casting, presents an excellent thermochromic 

property with a reasonable integrated visible transmittance of as high as 45 %, while a good 

solar modulation ability of 9.52 % was retained. The integrated luminescence transmittance 

and solar modulation of this film are the best among the most typical single-layer VO2 
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(Tlum: 41 % and ΔTlum: 6.7 %)[163] indicating the role of PIL as a dielectric matrix with 

high heat capacity. 

Table 4-7. Comparison of optical properties of various VO2 films. 

Sample 
Tlum (%)  Tsol (%)  

25 °C 90 °C ∆Tlum (%) 25 °C 90 °C ∆Tsol (%) 

VO2-PIL Solution Casted 45.4 36.5 8.9 50.5 41.0 9.5 

VO2/SiO2-PIL Solution Casted 45.7 31.9 13.8 51.7 38.5 13.2 

VO2-PIL UV-Cured 64.9 46.8 18.2 65.3 47.1 18.2 

VO2/SiO2-PIL UV-Cured 83.6 52.9 30.7 84.5 53.8 30.7 

 

a) 
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b) 

 

Figure 4-10. UV-Vis-NIR transmittance spectra of a) VO2-PIL and 

VO2/SiO2- PIL prepared by solution casting b) VO2-PIL and VO2/SiO2- PIL 

prepared by UV-curing. 

By modifying the surface of VO2 nanostructured with amorphous SiO2, the solar 

modulation of the film increased to 13.2 % with maintaining the luminescence 

transmittance of 45.7%. The solar modulation and luminance transmittance of the VO2-

SiO2 film is significantly improved compared to the one which was prepared with a similar 

method but without PIL (ΔTsol of 7.5, Tlum of 55.3 %). Additionally, ΔTlum is enhanced 

compared to the VO2/SiO2 which was reported before[42,103]. Furthermore, the 

thermochromic properties of the composite films which were prepared by in-situ UV-

curing polymerization are evaluated. Tlum of the VO2-PIL film is 64.9 % at 25 ºC and 46.8 

% at 90 ºC and the Tsol are 62.3 % at 25 ºC and 47.1 %. The ΔTlum is 18.2 % and ΔTsol is 

18.2 %. The solar modulation efficiency increased to 30.7% with luminescence 

transmittance of 83 % at 25 ºC and 52.9 % at 85 ºC. The Tlum result is much higher than the 

Tlum of the best reported VO2 sample (83 % versus 45 % at 25 ºC, 52.9 % versus 40 %) 

which gives approximately 30 % ΔTlum. This large difference in transmittance in the visible 

range spectrum leads to a great enhancement of ΔTsol. Similar results were reported by Y. 
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Zhou et al.[172] on the formation of VO2 hydrogel hybrid thermochromic films with the 

highest ΔTsol reported of 35 % at with 79 % of Tlum at 25 ºC. Additionally, compared with 

the solution casting method, the VO2- PIL film prepared by UV-curing exhibited a higher 

Tlum at 25 ºC. This is attributed to the VO2 nanostructures being dispersed in the polymer 

matrix with a minimum scattering of light which leads to improved solar transmittance. 

By looking at UV-Vis- NIR spectrum of VO2/SiO2 composite film prepared by UV-curing 

(Figure 4-10 b), there are three peaks at approximately 1420 cm-1, 1610 cm-1and 1910 cm-

1. Two peaks at 1420 cm-1 and 1910 cm-1 indicate typical absorption of water due to O-H 

stretching and a combination of O-H and H-O-H bending, respectively[172]. The FTIR 

spectrum of the films are examined for further investigation (Figure 4-11). The peak at 

1610 cm-1 is also observed in FTIR spectrum. During the UV-curing process, VO2/SiO2 

can be trapped in the IL network by coordination through the strong hydrogen bond 

between hydroxide on silica shell and nitrogen or oxygen of TFSI anion. The peak at 1610 

cm-1 increased in intensity by increasing the temperature, indicating a weakened hydrogen 

bond at elevated temperature.  

  

Figure 4-11. FTIR of UV-Cured film in range of a) 600 cm-1 - 4000 cm-1 b) 

1400 cm-1 - 3500 cm-1 (Zoomed in). 

The results confirm that the casting method has a large effect on the optical properties of 

the films. The films that were prepared by UV-curing present a superior solar modulation 

efficiency compared to the films prepared by solution casting. However, the luminescence 

transmittance of the UV-cured samples decreases by increasing the temperature which 
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shows the involvement of VO2/SiO2-PIL composite film in thermochromicity. On the other 

hand, the films which were prepared by solution casting with a similar thickness and W % 

ratio did not show the transparency in the visible range compared to the one prepared by 

UV-Curing. This indicates enhanced dispersion of VO2 and VO2/SiO2 nanostructures in 

UV-cured composite film. 

4.4 Conclusion 

VO2 nanostructures were synthesized using the hydrothermal method following by 

calcination treatment. The results showed the best crystallinity and hysteresis width were 

obtained for calcination conditions at 500 ºC for 60 minutes. The VO2 nanostructures were 

Mo-doped with 2.1 atm% molybdenum to decrease the transition temperature of the VO2 

nanostructure to ideal room temperature (20 ºC – 24 ºC). The role of calcination on the 

morphology and size of the Mo-doped VO2 nanostructures were investigated using SEM. 

Furthermore, VO2 nanostructures were coated with amorphous SiO2 for improving the 

optical properties of the thermochromic films. A TEOS volume of 600 µL gave the best 

solar modulation along with the higher luminescence transmittance. Two novel casting 

methods were examined to prepare a thermochromic film with higher optical properties 

using PIL as a dielectric host: 1) solution casting 2) UV-curing. In the solution casting 

method, the role of polymer molecular weight and spin coater speed were studied to 

optimize the optical properties in this method. In the UV-curing method, the role of the 

crosslinker in the reaction time is investigated. The optical properties of VO2 and VO2/SiO2 

nanostructures incorporated in PIL coatings were investigated. The results showed that the 

solar modulation efficiency increased to 30.7 % with luminescence transmittance of 83 % 

at 25 ºC when VO2/ SiO2 nanostructures were integrated into PIL film using the UV-Curing 

method. This observation might be attributed to entrapped VO2/ SiO2 in the film as the 

result of strong hydrogen bonding between N- and F- atoms in the anion counterpart of PIL 

and SiO2.  
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Chapter 5  

5 Conclusion and future work 

In this doctoral project, we have proposed different methodologies for using ionic liquids 

in preparation of vanadium dioxide nanocomposites to overcome previous obstacles 

limiting the large-scale implementation of thermochromic VO2 smart windows: 

1) Finding green and convenient methodology for the synthesis of VO2 under mild 

synthesis conditions. 

2) Improving the solar modulation efficiency, ∆Tsol which is the key factor for the 

evaluation of smartness of a window. 

3) Decreasing the phase transition temperature close to the ambient temperature (25 ºC). 

4) Finding a suitable polymeric matrix and a dielectric host for long term stabilization 

of VO2 nanostructures. 

In Chapter 2, different imidazolium ionic liquids were used in a combination with 

supercritical CO2 (ScCO2) system as green binary solvents to synthesize VO2 at low 

temperatures. [EMIM][Tf2N], [EMIM][TFO], [EMIM][AcO] and [EMIM][HSO4] were 

the selected imidazolium ionic liquids with different counter anions. It was shown that ILs 

with a fluorinated anion counterpart such as [EMIM][Tf2N] and [EMIM][TFO] could be 

effectively used as a substitute for HOAc as an acidic catalyst in the sol-gel process. The 

reactions in the biphasic system of [EMIM][Tf2N]/scCO2 showed similar gelation yield to 

the ones using a conventional catalytic reagent, HOAc, in scCO2. The mechanism of ionic 

liquid catalytic involvement in the gelation process of the vanadium precursor was 

investigated. In the absence of scCO2 from the system, the gelation yield dropped 

significantly showing the role of scCO2 in catalyzing the gelation process. Characterization 

of ionogels and aerogels illustrated that ILs were incorporated into the structure of the dried 

gel and are not washed out during the drying procedure and deteriorated the surface area 

of the obtained gel compared to ones prepared in the only scCO2. Furthermore, the role of 

temperature and pressure during the gelation process was investigated. It was shown that 
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the calcination posttreatment temperature and duration had a crucial role in the 

improvement of purity or crystallinity of the final product. When the reaction happened in 

[EMIM][TF2N] /scCO2 biphasic conditions, milder sol-gel, and posttreatment conditions 

were needed for the formation of pure and high crystalline VO2 (M). Morphology studies 

on the final samples showed that how choosing different sol-gel conditions can affect the 

morphology of the products. The optical properties of the samples were analyzed using a 

UV-Vis-NIR instrument. The results confirmed that using ILs during sol-gel affects the 

optical properties of the VO2 film negatively because of the formation of a bigger nano-

size VO2 structure. 

In Chapter 3, imidazolium ionic liquids including [EVIM][TFSI], [EMIM][TFO], and 

[EMIM][AcO] imidazolium ionic liquids were used to investigate the stability of the 

VO(acac)2 methanol solution for extended periods of aging time. The highest stability 

achieved by using -ethyl-3-vinyl imidazolium bis (trifluoromethanesulfonylimide), 

[EVIM][TFSI] as the result of the high coordination ability of [TFSI] anion and the 

existence of the vinyl bond on the cation counterpart of the IL. It has been shown that ILs 

with AcO anions can promote the oxidation process. The mixture of [EVIM][TFSI] IL/PIL/ 

methanol and VO(acac)2 was explored for the sol-gel process to fabricate thermochromic 

films. After annealing at 400 ºC for 10 minutes, the film was formed very crystalline and 

pure VO2 (M) with narrow hysteresis of 4 ºC. We have proposed that the decomposition of 

the IL/PIL can induce the formation of the VO2 monoclinic by preventing vanadium (IV) 

from oxidation. The VO2 (M) film showed great thermochromic properties with 20.3 % 

solar modulation properties. Furthermore, using IL/PIL in the sol-gel solution promoted 

the formation of flower-like morphology which consists of a large number of uniform VO2 

nano-sheets. 

In Chapter 4, it was shown that the annealing parameters have a crucial role in the obtained 

morphology, size, and crystallinity of the synthesized VO2 samples. The synthesized VO2 

nanostructures showed sharp and narrow hysteresis width between (0 - 4) ºC. The VO2 

nanostructures were Mo-doped with 2.1 atm% molybdenum to decrease the transition 

temperature to ideal room temperature. The role of calcination on the morphology and size 

of the Mo-doped VO2 nanostructures was investigated using SEM. Furthermore, VO2 
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nanostructures were coated with amorphous SiO2 for improving the optical properties of 

the thermochromic film. Two novel casting methods were examined to prepare 

thermochromic films with higher optical properties using PIL as a dielectric host: 1) 

solution casting 2) UV-Curing. In the solution casting method, the role of polymer 

molecular weight and spin coater speed were studied to optimize the optical properties in 

this method. In the UV-curing method, the role of the crosslinker in the reaction time is 

investigated. The optical properties of VO2 and VO2/SiO2 nanostructures incorporated in 

PIL coatings were investigated. The results showed that the prominent solar modulation 

efficiency of 30.70 % with luminescence transmittance of 83 % at 25 ºC when VO2/ SiO2 

nanostructures were integrated into PIL film using the UV-Curing method. This 

observation might be attributed to entrapped VO2/ SiO2 in the film as the result of strong 

hydrogen bonding between N- and F- atoms in the anion counterpart of PIL and SiO2.  

Some challenges remained and need more detailed investigation which can be addressed 

in the future: 

❖ Surface-Enhanced Raman Spectroscopy (SERS) could be used to measure the 

dielectric properties of VO2 oriented nanostructures, which have shown a high 

plasmonic effect in the visible region.16 The unique vibrational information 

contained within Raman spectra makes SERS one of the most powerful analytical 

techniques for high spatial resolution and characterization including monitoring 

structural changes of molecules and molecular dynamics. 

❖ Both refractive index dispersion and absorption spectra should be measured using 

refractometers and ellipsometry instruments. To measure n and k coefficients for 

a given layer structure as a function of temperature, the complex dielectric 

function, and the individual layer thickness must be known. Commercial software 

(ATSOS) will be used which is based on the matrix formalism in connection with 

the Fresnel equations to model refractive and reflective behavior of multilayer 

optical systems. 

❖ Anti-Oxidation Properties: to explore whether VO2-PIL composite coating will 

improve the oxidation resistance of the as-prepared VO2 particles, the prepared 
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composite film can be annealed in air at elevated temperature for different time 

intervals and at a certain heating rate to study the stability of the film at the abused 

condition.VO2 film will readily oxidize into V3O7 or V2O5 at a high temperature 

which can be detected by XRD measurements. The long-term stability of VO2 

film is also will be studied by exposing the film to the air at room temperature for 

over 6 months. We are proposing that PIL can act as an effective barrier layer for 

the diffusion of oxygen into the VO2 lattice. 

❖ To have better dispersion of nanostructure, novel ionogel materials can be formed 

by infusing ILs in a solid phase of VO2 as the metal-oxide host. The modified IL 

tethered VO2 can be uniformly dispersed in a polymer matrix. Furthermore, the 

interaction between the IL and its host can be adjusted by modifying the cation 

and anion counterpart of the ILs. The ionic liquid- tethered SiO2 nanostructure 

[178] and ionic liquid-tethered TiO2 nanoparticle/poly (ionic liquid) [179] are 

prepared in the literature.  
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Appendices  

Characterization of synthesized IL and PIL by 1HNMR: 
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Appendix A: 1H NMR spectrum of 1-ethyl-3-vinyl imidazolium 

bis(trifluoromethanesulfonylimide) in DMSO-d6 

 

Appendix B: 1HNMR spectrum of poly (1-ethyl-3-vinylimidazolium 

bis(trifluoromethanesulfonylimide)) in acetone_d6 
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SEM of VO2 (M) film prepared from VO(acac)2 precursor 

 

Appendix C. The flower-like morphology consists of a large number of uniform 

sheets with nano-size width and thickness and micro size length  
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