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ABSTRACT 

 

            Solid-to-solid phase transitions induced by external stimuli underpin numerous 

technological applications and enable the stabilization of metastable polymorphs characterized 

by atomic connectivities and electronic structure distinct from that of the thermodynamic phase. 

Some strategies to stabilize metastable polymorphs include size reduction (such that surface 

energy preferences overcome bulk free energy differences), topochemical modification, 

application of high pressure, or interfacial strain. The primary focus of this work is on 

controlling solid-to-solid phase transitions to leverage the benefits afforded by stabilizing these 

metastable phases. 

Utilization of the insulator-to-metal transition in VO2 for use in thermochromic 

fenestration will be examined in detail. Briefly, nanocomposite thin films have been prepared 

containing VO2 nanocrystals embedded within methacrylic acid-ethyl acrylate copolymer 

matrices. Control over particle size, refractive index matching, and surface monolayer/surfactant 

mediated dispersion allows for mitigation of internal scattering mechanisms that negatively 

impact visible light transmittance and degrade the magnitude of near-infrared modulation. An 

unprecedented combination of visible light transmittance and solar heat gain modulation is 

demonstrated for hydrothermally prepared nanocrystals with a size of 44±30 nm encapsulated 

with a 5 nm thick SiO2 shell and dispersed within a methacrylic acid-ethyl acrylate copolymer 

matrix at a loading of 0.6 mg/mL.  

           Another noteworthy phase transition, cubic HfO2, a material that is only stable at 

temperatures >2600°C, can be stabilized as a result of outwards oxygen diffusion and epitaxial 

matching within core—shell VO2@HfO2 structures when annealed at 650°C under an Ar 



 

iii 

 

 

ambient. The VO2 is reduced to rhombohedral V2O3, which templates the nucleation of cubic 

HfO2 as a result of a crystallographic epitaxial relationship that facilitates nucleation of this 

metastable polymorph over that of the thermodynamically stable monoclinic phase. Free-

standing cubic HfO2 has been stabilized by acid dissolution of the V2O3 core. The process to 

embed these particles in nanocomposite thin films for gate dielectric applications will also be 

examined. The synthesis of the negative thermal expansion material, cubic HfV2O7, through an 

interdiffusion reaction between VO2@HfO2 precursors arranged in a core—shell configuration 

and ball-milling of HfO2 and ultrasmall VO2 in a 1:2 ratio will also be discussed as annealing the 

solid mixture in air at 600°C yields phase-pure, cubic HfV2O7. 
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CHAPTER I 

INTRODUCTION AND MOTIVATION 

 

I.1 Thermochromic Nanocomposite Thin Films Underpinned by Metal—Insulator 

Transitions of Embedded VO2 Nanocrystals  

With increasing global urbanization, the energy consumed by buildings continues to rise 

at an alarming pace.1–3 Much of this energy is consumed for temperature control, specifically, 

heating and cooling of these structures, which in turn is inextricably linked to lighting of 

interiors. Indeed, the United Nations recently published a report detailing the global use of 

energy and a staggering 20—40% of global energy consumption can be attributed to 

buildings.1,3,4 According to an estimate from the Department of Energy, the United States 

expends roughly 41% of its yearly energy consumption on buildings.3–6 Consequently, curbing 

the energy consumption of buildings has emerged as an urgent global imperative.1–3,5,6 The 

consequences of such burgeoning energy consumption extend beyond a monetary level and have 

serious implications for the environment given CO2 emissions associated with increased energy 

consumption.2,7 The energy footprint of buildings is largely determined by the building envelope, 

the boundary between the building and the environment, and more specifically, the fenestration 

elements, doors, windows, and glazed skylights through which solar irradiance enters the 

building and introduces solar heat gain.8–10 Efforts to control solar heat gain often rely on static 

silver coatings or electrochromic materials; the former encountering issues with visible light 

transmission and the “always on” concern that results in the reflection of the NIR spectrum in the 

winter when solar heat gain is desirable. In contrast, the latter requires energy expenditure to 

save energy and further necessitates considerable capital investments while retrofitting 
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buildings.11–13 A major drawback shared amongst these solar control technologies is the 

reduction of visible light transmittance through said films, which inevitably results in a 

significant reduction in ambient lighting. One solution to this problem is an intelligent 

dynamically switchable coating underpinned by an electronic or structural phase transition. One 

such transition is observed in the binary vanadium oxide, VO2. VO2 is characterized by a small 

band gap of 0.6 eV in its insulating phase, which upon heating, is closed to yield a correlated 

metal; the high-temperature phase of VO2 is metallic, resulting in the selective suppression of 

near-infrared (NIR) transmittance as a function of temperature.3,14–16 This signature transition 

occurs at ca. 67°C, in closer proximity to room temperature than analogous transitions, and can 

be lowered through the incorporation of dopants.17–21 As a result, VO2 shows potential to 

alleviate many of these drawbacks in that it responds dynamically to changes in temperature by 

rapidly switching to a metallic phase that blocks NIR transmittance under high ambient 

temperatures. The utilization of VO2 within thermochromic glazing requires the design of 

nanocomposite thin films that are readily retrofittable onto existing buildings, can be prepared 

through scalable manufacturing processes, and show high visible light transmittance.3,4,22–27 

Much of the difficulties with the practical utilization of VO2 arises from its lack of robustness in 

thin films and the tendency of oxide films to crack under repeated thermal cycling; however, 

preparation of nanometer-sized particles, as accessible from hydrothermal methods, alleviates the 

stresses associated with thermal cycling and considerably overcomes this challenge.14,28 

Additional challenges stem from the need to have well-dispersed ultrasmall nanocrystals with 

excellent dispersion with a continuous polymeric medium such as to mitigate light scattering. 

Three main parameters must be considered when developing dynamic window films: (i) 

the degree of NIR suppression; (ii) the onset of NIR modulation (which) must be early in the  
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solar spectrum to maximize the extent of reflected NIR solar irradiance, but not so early as to 

introduce visible coloration); and (iii) visible light transmittance (luminous transmittance, which 

must be maximized). Figure I. 1 schematically illustrates the challenges associated with the 

embedding of VO2 nanoparticles within composite films regarding the three aforementioned 

metrics. Briefly, large particles cause scattering of light (Mie scattering) and reduce visible light 

transmittance. Such a scattering background also shifts the onset of NIR suppression further into 

the NIR region of the electromagnetic spectrum. A top-down milling approach can be used to 

reduce particle size, but damages the crystallinity of the material, thereby degrading the 

magnitude of the transition and its efficacy.3,4 A bottom-up approach we have designed utilizing 

a more soluble precursor, NH4VO3, yields small single crystalline particles, but if these particles 

 
Figure I. 1 Designing the optimal VO2 nanocomposite glazing. A) Large particles scatter 

light (Mie scattering) and reduce visible light transmittance. B) Agglomeration of small 

particles behaves in much the same way as large particles in A, and thus dispersion of 

individual particles is necessary. C) Small particles are desirable, but over-milling degrades 

crystal quality. D) The ideal case involves small (<50 nm based on optical simulations), 

individually dispersed particles embedded within a low dielectric constant medium. 
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are poorly dispersed, they suffer the same shortcomings of larger particles with regards to 

agglomeration.3,4 In Chapters II and III, we outline the synthesis of hybrid nanocomposites 

wherein VO2 nanoparticles of optimal dimensions (<50 nm diameter as determined from 

previous finite element analysis and geometrical optical simulations) are dispersed within a 

refractive-index-matched transparent medium such as to mitigate Mie scattering, facilitate 

maximal visible light transmittance, and provide an early onset of NIR suppression to maximize 

energy efficiency.3,4,29  

 

I.2 Stabilization of Metastable Phases of HfO2 and a Synthetic Route to HfV2O7  

SiO2 is ubiquitously used as a gate dielectric material in field-effect transistors (FETs); 

however, its limitations have led to an extensive search for new dielectrics and indeed 

amorphous HfO2 has been widely implemented.30 With the constant scaling of devices as per 

Moore’s law, the inherent problems with SiO2 have assumed particular importance.31–34  

  

C= 
ε

r A

t
                                                                                 (I. 1)                                                                                                                               

 

Equation I. 1 defines capacitance for a dielectric material where εr is the dielectric constant, A is 

the area, and t is the thickness of said material. The thickness of the dielectric layer within a FET 

is generally manipulated to manage capacitance due to downscaling of device sizes; however, 

this results in current leakage when scaled to a thickness of below ca. 2 nm.34–36 For example, the 

thinning of a SiO2 gate dielectric (SiO2 having a dielectric constant of ca. 3.5) in a FET from a 

thickness of ca. 35 Å to ca. 15 Å at a gate bias of ca. 1 V results in an increase of leakage current 

from 1×10-12 A/cm2 to 1×10 A/cm2.34,37–39 In other words, a twelve orders of magnitude current 
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leakage is induced for a mere factor of two reduction in thickness, which effectively negates any 

increase in capacitance.34 Furthermore, SiO2 is subject to silicidation and silicate formation at 

high temperatures, which strongly degrades the performance of the FET.36,40 Consequently, there 

is an urgent need for a material that is less chemically reactive and less susceptible to oxide 

breakdown if FETs are to keep pace with device scaling.40–42 

An alternative approach for achieving greater capacitance or maintaining a constant 

capacitance with decreasing area is adjusting the dielectric constant in accordance with Eq. I. 

1.35,36 Amorphous HfO2 has already started to be used as a replacement for SiO2 in electronic 

devices, such as the aforementioned gate dielectrics in FETs, for the following reasons: (i) high 

melting point (2758°C), (ii) high dielectric constant (up to 70), (iii) wide band gap (up to 6.11 

eV), and (iv) resistance to silicidation.30,31,36,39,40,43 HfO2 remains crystalline up to 2758°C before 

melting, as compared to 1713°C for SiO2.
30,44 Bulk hafnia crystallizes in a low-symmetry 

monoclinic unit cell (M, space group P21/c) with seven-coordinated Hf centers and exhibits a 

transition to an eight-coordinated high-symmetry, tetragonal phase (R, space group P42/nmc) 

upon reaching ca. 1720°C.36,45 The still higher symmetry cubic phase (C, space group Fm3̅m) of 

HfO2 is stabilized at temperatures of 2600°C or higher.32,45–47 An alternative phase diagram with 

the respective crystal structures can be constructed using pressure as a third axis in Figure I. 2 

with the diagram reprinted and adapted from Shin et al. with permission from Elsevier.48–50 The 

orthorhombic distortion, orthorhombic I (O1, space group Pca21) exists in the pressure range 

from 4.3 GPa—14.5 GPa; at still higher pressures, the orthorhombic II (O2, space group Pmn21) 

phase of HfO2 is observed.32,51 These phase changes are all diffusionless Martensitic transitions 

and result from displacive unit cell distortions.45,52,53  
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A value of ca. 18 is the generally accepted dielectric constant of monoclinic HfO2, which 

is higher than that of SiO2; however, the dielectric constants of the tetragonal and cubic 

polymorphs, which are predicted to be as high as 70 and 30, respectively, are far more desirable 

for technological applications.30,36,45 Soft, low-energy phonon modes in the Hf—O bonds of 

HfO2 and a high Born effective charge tensor give rise to the high εr values observed for these 

HfO2 polymorphs.30,45 The higher coordination number of the Hf centers of the high-temperature 

tetragonal and cubic phases of HfO2 results in the weakening of the Hf—O bond strength, which 

allows for them to be more readily polarized; the more facile polarization is manifested in a  

higher dielectric constant.49 The already substantial band gap of HfO2 also increases from ca. 

 

Figure I. 2 Phase diagram of HfO2 polymorphs and accompanying dielectric constants (ε) 

where available. The tetragonal and cubic dielectric constants noted here are estimates from 

first-principles calculations.30,31,32,36,45,50
 Phase diagram component reprinted and adapted 

from ref. 50 Calphad, 30, Shin, D; Arróyave, R.; Liu, Z. Thermodynamic modeling of the Hf-

Si-O system, 375-386, Copyright 2006, with permission from Elsevier.   
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5.78 to ca. 6.11 eV upon transitioning from the monoclinic to tetragonal phase, thereby reducing 

the leakage current when the material is used as a dielectric.36,54 The cubic, orthorhombic I, and 

orthorhombic II phases have thus far been impossible to access without substantial doping, and 

the dielectric properties of these compounds remain largely underexplored. Notably, these two 

metastable variants have been shown to exhibit ferroelectric behavior when stabilized under 

ambient conditions through doping (e.g., Si-doped HfO2); the observed ferroelectric behavior is 

desirable for applications such as transpolarizers and capacitors.47,55,56 The measured 

ferroelectric properties are attributed to the non-centrosymmetric structure of these metastable 

phases, which results in spontaneous polarization of orthorhombic HfO2.
47,55 The dielectric and 

ferroelectric properties afforded by the metastable phases of HfO2 are noticeably superior to SiO2 

and even superior in many regards to the properties of thermodynamically stable monoclinic 

HfO2; however, as explained above, these metastable phases remain largely inaccessible without 

considerable incorporation of dopants.36,45,51,57 Chapters III explores the stabilization of cubic 

HfO2, a metastable polymorph of HfO2 that has hitherto been inaccessible without extensive 

doping. Figure I. 3 is reprinted from Parija et al. with permission from the American Chemical 

Society and illustrates the similarities in energy landscape and exemplifies why these phases are 

difficult to stabilize in the absence of dopants.58    

HfO2 and ZrO2 show close parallels in terms of their physical and chemical properties 

and thus the more extensively explored phase space of the latter provides insight into the 

stabilization of metastable polymorphs of the former.30,32,45,55 The similarities between 

compounds of hafnium and zirconium can be traced in considerable measure to the lanthanide co  

ntraction phenomenon (from cerium to lutetium), which stems from electrons filling the poor 

shielding, inner 4f shell of these elements prior to outer shells.30,59–61 The ionic radii of Zr4+, 
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element 40, is 79 pm and Hf4+, element 72, is 78 pm.30,59,60 ZrO2 and HfO2 crystal systems also 

show similar lattice parameters for each phase, both exhibit Martensitic transitions, and each 

phase transition occurs with considerable homology in the sequence of crystal structures adopted 

with increasing temperature.45,47,55 Despite these similarities in physical and chemical properties, 

the temperature ranges at which phase transitions are observed are starkly different in the two 

compounds, reflecting strongly altered energy barriers between different phases.36,45,62,63 Bulk 

ZrO2 transitions from monoclinic to tetragonal ZrO2 at temperatures above 1170°C, much lower 

than the 1720°C transition temperature of HfO2; tetragonal ZrO2 transitions to cubic ZrO2 above 

2370°C, which is lower than the 2600°C transition temperature of tetragonal HfO2.
36,45,46,48,57,63 

 
Figure I. 3 Illustration of the energy landscape of HfO2 showing energy wells and the phase 

that is thermodynamically stable at each local minima. The overall minima sees the HfO2 (M) 

phase as the most thermodynamically favorable phase whereas temperatures of 1720°C and 

2600°C are required to reach the HfO2 (R) and HfO2 (C) local minima respectively. Figure 

reprinted with permission from ref. 58 “Parija, A.; Waetzig, G. R.; Andrews, J. L.; Banerjee, 

S. Traversing Energy Landscapes Away from Equilibrium: Strategies for Accessing and 

Utilizing Metastable Phase Space. J. Phys. Chem. C 2018, 122, 25709–25728.” Copyright 

2018 American Chemical Society. 
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The differences stem from several different origins. First, the monoclinic phase of HfO2 is 

favored over the tetragonal phase by a bulk free energy of 196 meV, whereas the monoclinic 

phase of ZrO2 is only favored by a bulk free energy of 140 meV.36,46,64 Next, the Zr—O bond 

length is longer than the equivalent Hf—O bond and it has been proposed that the extent of M—

O bond distortion is lower for ZrO2 as compared to HfO2 during the monoclinic to tetragonal 

transition.45,63–65 Finally, there is a volume increase that accompanies the return transition from 

tetragonal to monoclinic when these metal oxides are cooled.36,45,64,66 The volume increase for 

ZrO2 is much larger at 4.0% than the 2.7% value for HfO2, and thus the tetragonal to monoclinic 

transition is more energetically favorable for HfO2 and considerable superheating is required to 

trap tetragonal HfO2 and prevent the return transition.36,45,64,66 The tetragonal and monoclinic unit 

cells are distinguished by only a 9° shear distortion, which further allows both ZrO2 and HfO2 to 

readily revert to the monoclinic polymorph upon cooling and further compounds the difficulties 

with stabilizing metastable HfO2 phases.45,52 

One method to stabilize metastable phases relies on using size confinement to overcome 

bulk free energy terms with surface free energy terms.36,53,62,63,67,68 The ceramics industry 

currently uses this method to stabilize tetragonal ZrO2 at a critical size <30 nm; the 

transformation of tetragonal ZrO2 to monoclinic ZrO2 provides an effective means of energy 

dissipation as shown in Equation I. 2.36,46,53,62,63,67,68  

 

∆𝐺𝑡→𝑚 =  ∆𝐺bulk + ∆𝑈matrix + ∆𝑈surface + ∆𝑈interfaces                        (I. 2) 

 

ΔGbulk is the free energy difference between tetragonal and monoclinic phases.36,45,46 The bulk 

free energy of monoclinic is strongly negative and encourages stabilization of the monoclinic 
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phase.36,45,46 ΔUmatrix is the elastic strain of the transition and is positive in value as energy is 

required to complete the transition. ΔUsurface is the change in surface energy and ΔUinterfaces is the 

energy required to produce new interfaces.36,45,46 The bulk energy favors monoclinic ZrO2 by -

140 meV and can be counted with an increase in the ΔUsurface parameter by increasing the surface 

area to volume ratio of particles.36,45,46 

Several calculations suggest have suggested a critical size of 2—10 nm for stabilization 

of tetragonal HfO2 owing to the thermodynamic differences from ZrO2 described above.36,46,64 

Past work in our research group has led to the development of a non-hydrolytic sol—gel 

condensation approach for the synthesis of HfO2 nanocrystals based on the condensation of 

hafnium(IV) tert-butoxide (Hf(OtBu)4) with HfCl4. The addition of monomers, such as 

 
Figure I. 4 Size confinement stabilizes the metastable tetragonal phase of hafnia. Particles 

shown here are comprised of 97.64 at.% Hf and 2.36 at.% Ce as they were synthesized with 

2.0:2.0 mmol of HfCl4:Ce(OtBut)4 to slow the reaction and obtain 3.1±0.4 nm size particles. 

Figure reprinted with permission from ref. 36 “Waetzig, G. R.; Depner, S. W.; Asayesh-

Ardakani, H., Cultrara, N. D.; Shahbazian-Yassar, R.; Banerjee, S. Stabilizing metastable 

tetragonal HfO2 using a non-hydrolytic solution-phase route: ligand exchange as a means of 

controlling particle size Chem. Sci., 2016, 7, 4930” Published by The Royal Society of Chemistry. 
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cerium(IV) tert-butoxide and lanthanum(III) isopropoxide retards the condensation rate and 

enables precise control of nanocrystal size, yielding HfO2 nanocrystals with dimensions <10 

nm.36  A critical size in the range of 3.6—3.8 nm has been determined as the threshold size for 

stabilization of tetragonal HfO2, as illustrated in Figure I. 4 which has been reprinted from 

Waetzig et al. from Chemical Science published by the Royal Society of Chemistry.36 

Our group has further demonstrated that strain energy at twinning domains facilitates 

nucleation of the transition from the monoclinic to tetragonal phase of HfO2 because the energy 

at these twin interfaces allows the transition to overcome the 9° lattice cell distortion between the 

two phases more easily.45,52 While these synthetic schemes have successfully allowed for 

stabilization of tetragonal HfO2, synthesis of the cubic polymorph has been much more 

challenging. Cubic HfO2 has been stabilized by incorporation of 8.0 at.% La and exhibits a 

dielectric constant of 38.57 This value exceeds the predicted dielectric constant of cubic hafnia 

and further makes cubic HfO2 an attractive synthetic target.30,36,45 Chapters III and IV of this 

dissertation outline a method to exploit epitaxial relationships between HfO2 and V2O3 (derived 

from oxygen diffusion away from VO2(M1)) to minimize the extent of vanadium doping 

required to stabilize the high-temperature cubic phase of HfO2 under ambient conditions. 

Chapter IV further outlines a method for the preparation of dielectric films based on embedding 

HfO2 nanocrystals within poly(furfuryl alcohol) matrices.36,45,69 

VO2@HfO2 core—shell structures have the potential to provide a direct solid-state 

synthetic route to HfV2O7, a well-known, yet somewhat difficult to synthesize, negative thermal 

expansion (NTE) material.70–72 NTE materials show great potential for deployment in industry as 

an additive due to their ability to contract when heated, rather than expand as is typical of most 

materials. Consequently, embedding NTE materials within matrices exhibiting positive thermal 
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expansion can yield net zero thermal expansion properties.70–72 NTE materials are especially 

relevant in electronics, roads, cement, glassware, and many more structural materials.70–72 

MX2O7 materials are especially desirable because they exhibit isotropic negative expansion 

owing to their distinctive bonding motifs and cubic unit cell.70–72 Isotropic behavior in NTE 

materials makes them even more useful as they do not suffer damage from microcracking under 

repeated thermal cycling as is a rampant problem in anisotropic NTE materials.70 The realization 

of these materials as an additive at industrial scales has been hampered by the absence of 

scalable manufacturing processes.70,71,73 Chapter VI of this dissertation will outline a solid-state 

synthetic route utilizing VO2@HfO2 core—shell nanocrystals to provide a low-temperature, low-

pressure, scalable route to synthesize the MX2O7 family of materials. 
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CHAPTER II 

ELUCIDATING THE CRYSTALLITE SIZE DEPENDENCE OF THE THERMOCHROMIC 

PROPERTIES OF NANOCOMPOSITE VO2 THIN FILMS 

 

II.1 Introduction 

Buildings account for an inordinately large amount of energy consumption across the 

planet and are often static structures that remain unchanging in the face of changing seasons and 

diurnal temperature variations.1 A recent report from the United Nations estimates that 30—40% 

of primary energy usage across the world occurs within buildings.1 In the United States, the 

Department of Energy estimates that 41% of the total energy consumption can be attributed to 

buildings.2,3 Much of the energy consumed within buildings goes towards space cooling, space 

heating, lighting, and ventilation. Incorporating responsive elements that can adapt to external 

stimuli (e.g., external temperature and humidity) within structural elements has been proposed as 

a potential means of reducing the energy footprint of buildings.4,5 Fenestration elements such as 

windows, doors, and skylights, play an important role in determining the solar heat gain of a 

building. Such elements must balance the competing needs of enabling interiors to be lighted 

using natural daylight while modulating solar heat gain to acceptable levels. Consequently, there 

is great interest in the development of spectrally selective thin films that allow for transmission 

of visible light while enabling dynamical modulation of infrared transmittance in response to the 

external temperature.4–10 Such thin films are expected to bring about substantial energy savings 

by blocking infrared light during periods of high ambient temperature (thereby reducing the need  

*Reprinted from “Elucidating the Crystallite Size Dependence of the Thermochromic Properties of Nanocomposite VO2 Thin 

Films” by Fleer, N. A.¹; Pelcher, K. E.¹; Horrocks, G. A.; Braham, E.J.; Zou, J.; Farley, K. E.; Naoi, Y.; Amano, J.; Banerjee, S. 

ACS Omega, 2018, 3, 14280-14293 https://pubs.acs.org/doi/10.1021/acsomega.8b02093 © 2018 Amercan Chemical Society. All 

rights reserved. Further permissions to the material excerpted should be directed to the ACS. 
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for space cooling) but permitting transmittance of infrared light during periods of low 

ambient temperature when the solar heat gain can be harnessed to reduce heating costs. Nearly 

45% of the total solar energy in the range between 400—2500 nm corresponds to near-infrared 

radiation (780—2500 nm); consequently, a reduction in the solar flux in the near-infrared region 

would drastically reduce the transmitted energy associated with solar heat gain.11  

Dynamically tunable glazing requires stimuli-responsive modulation of optical 

transmittance, which can be achieved variously by means of thermotropic or lyotropic phase 

transitions in polymers or hydrogels, electric-field-induced ion intercalation in redox-active host 

materials, reversible amorphous to crystalline transitions in phase-change materials, electric-

field-induced change of polarization of liquid crystals, or electronic solid—solid phase 

transitions.5,10,12–16 Thermochromic transitions are particularly important as a facile means of 

developing dynamically switchable glazing that does not require external voltage control.17 

Compounds that exhibit pronounced modulations of optical transmittance as a result of electronic 

transitions wherein the intrinsic electronic conductivity (carrier concentration and/or mobility) is 

dramatically altered are particularly attractive.14,18–20 However, there exists only a relatively 

sparse set of compounds characterized by large thermally induced modulations of electrical 

conductance; such electronic phase transitions are underpinned typically by either electron 

correlation or electron—phonon coupling.14,18,19,21–24 The binary vanadium dioxide (VO2) is 

notable in having an electronic phase transition that occurs in close proximity to room 

temperature.19,25 In the bulk, the metal—insulator transition of VO2 is observed at ca. 67°C but 

can be depressed through size control or the incorporation of substitutional/interstitial 

dopants.17,26–32 The underlying origin of the transition remains hotly contested given that the 

transition has both electronic (Mott—Hubbard) and structural (Peierls’) attributes.19,28,33–35 
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Regardless of the fundamental origin of the transition, the dramatic modulation of optical 

transmittance and electrical conductivity observed at the phase transition makes VO2 a useful 

material for practical applications.  

For deployment of VO2 within thermochromic thin films, wherein it can be integrated 

within various parts of the building envelope,9,10,36  three compelling requirements must be 

addressed: (a) the luminous transmittance (a quantitative measure of light in the region visible to 

the human eye) must be maintained as high as possible while maximizing thermochromic 

modulation in the near-infrared region of the electromagnetic spectrum; this requires mitigation 

of various light scattering mechanisms (vide infra); (b) the thin film must be thermally cyclable 

without strain-induced cracking; the substantial lattice strain accompanying the structural phase 

transformation renders the deployment of continuous thin films rather difficult and instead 

nanostructures embedded within suitable matrices are better able to accommodate such strain;37–

39 (c) the nanocrystallites need to be well dispersed within the host matrix to prevent light 

scattering and to ensure retention of mechanical integrity of the film across multiple thermal 

cycles. It is thus expected that a viable thermochromic thin film will comprise high-crystalline-

quality VO2 nanocrystals of the optimal particle size embedded within the appropriate host 

matrix.40–43 Some notable efforts in the literature, such as by Chen et al., have resulted in ∆Tsol, 

the modulation in transmittance from 400—2500 nm, reaching as high as 19.1% when VO2 is 

encapsulated in ZnO.44 Values of Tlum, luminous transmittance in the 400—780 nm range, as high 

as 62.1% have been demonstrated by Zhang et al.45 through grinding of VO2 particles. However, 
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fundamental mechanistic understanding of the influence of different scattering mechanisms on 

the thermochromic performance of nanocomposite films remains to be elucidated.  

Previous work has shown that high-crystalline quality VO2 nanocrystals are accessible 

through low-temperature hydrothermal methods.26,27,46,47 Such methods provide substantial 

control over particle size and dopant incorporation; the obtained nanostructures can be 

extensively thermally cycled without cracking. In past work, we have incorporated 

hydrothermally grown VO2 nanowires within an amorphous silica matrix utilizing a modified 

Stӧber method.48 The silica matrix permits adhesion to glass substrates and provides protection 

against oxidation. VO2 particles have further been used in other studies to prepare 

nanocomposite thin films using polymer-assisted deposition and through mixing with an acrylic 

resin.49,50 However, the first and third of the problems noted above: optimal particle size and 

good dispersion remain to be adequately resolved. Here, we contrast the visible light 

transmittance and infrared modulation obtained for different particle sizes of VO2 embedded 

within a commercially available methacrylic acid/ethyl acrylate copolymer, Acrysol ASE-60TM. 

The rheology of this matrix enables the use of draw-down coating for the preparation of 

nanocomposite VO2 thin films. Films formulated with four different sizes of VO2 nanocrystals at 

various mass loadings have been examined; a detailed evaluation of light scattering mechanisms 

occurring within the nanocomposite thin films underscores that a combination of both 

nanometer-sized dimensions and excellent dispersion at the crystallite level (without 

agglomeration as particles) is imperative to obtain the desired high degrees of visible light 

transmittance and thermochromic modulation. 
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II.2 Experimental 

Optical Simulations. To simulate the light scattering properties of a single VO2 

nanowire, finite element analysis (FEA) was used. Scattering cross sections, absorption cross 

sections, and angular distributions of scattered light intensity were obtained based on the FEA 

simulation. In order to evaluate the optical properties of nanowire composite films using the 

computed cross section and angular distribution, a conventional geometrical optics calculation 

(GO) was used. To simplify the calculation, the following assumptions were applied; (1) low fill 

factor of nanowires with no interactions between the nanowires, (2) nanowires aligned along the 

composite surface plane (which corresponds to the worst case for optical transmission), and (3) 

perpendicular incidence of light on the composite surface. A more comprehensive description of 

the simulation method and geometrical calculation has been published elsewhere.51 

Synthesis of VO2 Nanowires. VO2 nanowires were synthesized through a variation of 

the one-step hydrothermal method reported in our previous work.26 The process from synthesis 

of VO2 nanocrystals to casting of nanocomposite thin films is schematically outlined in Figure II. 

3 (shown later). Briefly, stoichiometric amounts of micron-sized V2O5 powder (Sigma-Aldrich, 

98%) were placed in a polytetrafluoroethylene receptacle with deionized water (ρ=18.2 MΩ·cm-

1, Barnstead Water Purification System) and a reducing agent (either 2-propanol or acetone). The 

cup was then sealed in an autoclave and heated at 210°C for 18—72 h.  The synthesized VO2 (B) 

powder was then vacuum filtered and washed with 2-propanol, acetone, and/or water. The 

powders were subsequently annealed at 550°C under inert Ar atmosphere for several hours to 

obtain phase-pure VO2 nanocrystals crystallized in the M1 phase upon cooling.47  

Milling of VO2 Nanowires. M1 VO2 nanowires synthesized hydrothermally via 

reduction with 2-propanol were dry-milled milled using methacrylate polymer beads. Samples 
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were milled in 100 mg quantities for a total of 150 min at 30 min intervals using three polymer 

beads per tube in a SPEX SamplePrep 510 Mixer Mill.  

Synthesis of VO2 NS. VO2 NS were synthesized via a two-step reaction based on the 

modification of a method reported in the literature.52–54 The first step involved the precipitation 

of VO(OH)2 from the reaction of NH4VO3 and H2NNH2 at 80°C in deionized water (ρ=18.2 

MΩ·cm-1, Barnstead Water Purification System). The VO(OH)2 precipitate was then placed 

within a hydrothermal vessel and heated at 210°C for 24—72 h. The product was finally isolated 

through centrifugation and used without further annealing or milling.  

Deposition of a SiO2 Shell and Preparation of VO2@SiO2 Nanocrystals. An 

amorphous silica shell was deposited onto nanoparticles using a modified Stӧber method.48,54 

Briefly, VO2 nanocrystals (in quantities ranging from 24 to 240 mg) were ultrasonicated in a 4:1 

(99.5% alcohol content. 100% non-denatured ethanol) ethanol:deionized water solution to obtain 

stable colloidal dispersions. For every 24 mg of VO2 nanocrystals utilized, 400 µL NH4OH 

(0.25M aqueous solution) was added as a catalyst followed by addition of 200 µL 

tetraethylorthosilicate (yielding a final concentration of 0.02 M). The reaction was allowed to 

proceed for 25 min and the VO2@SiO2 nanocrystals were collected by centrifugation. The solid 

collected via centrifugation was subsequently washed with copious amounts of 99.5% ethanol 

recovered by centrifugation. Three such cycles were performed prior to incorporation of the 

nanocrystals within the polymer matrices. 

Dispersion within Copolymer Matrix. Polymer dispersion was carried out as reported 

in a previous work and schematically outlined in Figure 3.54 VO2@SiO2 core—shell nanocrystals 

was dispersed in 10 mL of an alkaline aqueous solution (pH of ca. 11.3 prepared by addition of 

2-amino-2-methyl-1-propanol containing 5% added water (Amresco) to deionized water) in a 
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glass vial by ultrasonication. The dispersion was then gently stirred and methacrylic acid/ethyl 

acrylate copolymer, Acrysol ASE-60TM (Dow Chemical Company) was introduced at 1 wt.% 

relative to water (adjusted to account for Acrysol ASE-60’s solid content being around 28 wt.%). 

The solution was stirred more vigorously as the solution thickened to further homogeneously 

disperse the nanocrystals within the polymeric matrix. Upon dissolution of the methacrylic 

acid/ethyl acrylate copolymer in the alkaline solution (ca. 20 min), the dispersion was allowed to 

stand and used for casting thin films.   

Film Casting. Films were cast from the polymer dispersions in a manner previously 

reported.54 Nanocomposite thin films of VO2@SiO2 were cast onto borosilicate glass substrates 

using 1.25 mL of the methacrylic acid/ethyl acrylate copolymer/VO2 dispersion with various 

loadings of VO2 nanocrystals (4—8 mg of VO2@SiO2 dispersed in 10 mL of the acrylate 

aqueous solution). The dispersion was placed on the glass slide and drawn down using a BYK 

film casting knife set to a wet thickness of 1 mm. The films were then allowed to dry overnight 

in an air ambient. The dry thickness of the films was on the order of ca. 1—2 µm.   

Characterization. High-resolution transmission electron microscopy (HR-TEM) images 

of VO2 and VO2@SiO2 nanocrystals were obtained using a JEOL JEM-2010 instrument operated 

at 200 kV with a beam current of 100 mA and. SAED patterns were acquired using an FEI 

Tecnai G2 F20 ST field-emission TEM at a 200 kV operating voltage. Samples for HRTEM 

were prepared by dispersing the VO2 and VO nanoparticles in 2-propanol or ethanol and 

dropping the dispersion onto 300 mesh copper grids coated with amorphous carbon. The grid 

was then allowed to dry under ambient conditions.  
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Differential scanning calorimetry (DSC) was performed using a Q2000 TA Instrument 

calorimeter with Al sample pans and lids. A scan rate of 10°C/min was used in the temperature 

range between 0 to 100°C.   

Film thicknesses were determined using a Bruker Dimension Icon atomic force 

microscope operating in tapping mode. The AFM tip was a Mikromasch USA HQ:NSC35/Al BS 

three cantilever tapping mode n-type silicon tip with a radius of 8 nm, height of 12—18 µm, and 

a full tip cone angle of 40°. Powder X-ray diffraction (XRD) patterns were obtained using a 

Bruker D8 Advance Eco X-ray powder diffractometer utilizing Cu Kα radiation (λ = 1.5418 Å).  

Transmission spectra of nanocomposite films were obtained using a multi-wavelength Bruker 

Vertex-70 FTIR spectrometer utilizing a Pike Technologies temperature stage and allowed to 

equilibrate for 10 min at each temperature. A Perkin Elmer Lambda 950 UV/Vis/NIR 

Spectrophotometer with a 150 mm integrating sphere equipped with a custom designed and 

calibrated heating stage was also used for acquisition of transmission and absorptance spectra. 

Films were allowed to equilibrate for 5 min at each temperature. All transmission spectra were 

corrected for the transmission of the methacrylic acid/ethyl acrylate copolymer and glass by 

taking a blank spectra of glass and polymer and adding the reduction in optical transmittance 

attributed to the glass and copolymer alone; consequently the measured values correspond to the 

optical properties of the embedded VO2 nanocrystals.  

In order to standardize film performance, the solar (Tsol: 400—2500 nm), luminous (Tlum: 

400—780 nm) and NIR (TNIR: 780—2500nm) transmittance were determined according to the 

following Equations II. 1 and II. 255–57: 

 

𝑇𝑥 =
∫ 𝜑𝑥(𝜆)𝑇(𝜆)𝑑𝜆

∫ 𝜑𝑥𝑇(𝜆)𝑑𝜆
where 𝑥 = 𝑠𝑜𝑙/𝑙𝑢𝑚/𝑁𝐼𝑅                                (II. 1) 
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Δ𝑇𝑥 = 𝑇𝑥(𝑙𝑜𝑤 𝑡𝑒𝑚𝑝) − 𝑇𝑥(ℎ𝑖𝑔ℎ 𝑡𝑒𝑚𝑝)                                       (II. 2) 

 

where T(λ) is the recorded film transmittance, and φx(λ) is the solar irradiance spectrum 

distribution for air mass 1.5 (corresponding to the sun at 37° above the horizon) over the 

wavelength range specified.11 The wavelength ranges for the sol, lum, and NIR ranges of the 

electromagnetic spectrum denoted as subscripts in Equation II. 1 are defined as 400—2500 nm, 

400—780 nm, and 780—2500 nm respectively. 

An iPhone 5s was acquired from Eigen Imaging Inc. and was used to image the transition 

in the NIR region of electromagnetic spectrum. Removal of the factory installed 650 nm 

shortpass filter and utilization of a 850 nm longpass filter acquired from Thorlabs Inc. allowed 

for exclusion of shorter wavelengths. The sensitivity range of the camera is between 850 nm and 

1000 nm owing to the combination of longpass filter and spectral response of the CMOS sensor 

of the camera. During the imaging experiment shown in Video A. 1, a 5 mg/10 mL loading NS 

nanocomposite VO2@SiO2/ methacrylic acid/ethyl acrylate copolymer thin film was heated from 

35°C to 90°C with a heat gun. Post-processing of the video was done using Avidemux and 

Windows Movie Maker. The video is available as a supplementary file to compliment this 

dissertation.  

 

II.3 Results and Discussion 

The use of nanocrystals instead of continuous thin films provides several key advantages. 

First, as noted above, strain-induced delamination and cracking of continuous thin films resulting 

from the lattice mismatch at the monoclinic—tetragonal structural phase transition can be 



 

30 

 

 

 

mitigated.16,26 Secondly, nanocrystals embedded within flexible polymeric thin films serve as 

retrofittable solutions, providing a means of readily modifying existing solar control films, and 

thus can be deployed onto existing buildings without requiring replacement of insulating glass 

units in their entirety. Finally, nanocrystals can be prepared in a highly crystalline form by 

scalable solution-phase methods and do not require high-vacuum deposition chambers necessary 

for physical vapor deposition of VO2.
46 However, the utilization of nanocrystals within optical 

quality thin films brings its own set of challenges associated with determining the optimal 

crystallize size and ensuring good dispersion of VO2 nanocrystals within matrices such as to 

mitigate light scattering arising from the agglomeration of crystallites. 

Li et al. have suggested a pronounced size dependence for the optical transmittance and 

near-infrared modulation of VO2 nanocrystals embedded within a dielectric matrix.58 These 

authors have found that nanocomposite films constituted by dispersing spherical and elliptical 

shaped VO2 nanocrystals present several advantages over continuous thin films of VO2.  First, 

the spectral transmittance of the insulating phase of VO2 is predicted to be much higher for films 

with VO2 nanocrystals dispersed within a matrix as compared to continuous thin films. In 

addition, the near-infrared modulation for the particulate thin films was further found to be 

substantially greater than that of the continuous thin films. In order to elucidate the crystallite 

size dependence of the optical properties, simulations have been performed using effective 

medium approximation (EMA) and finite element analysis + geometrical optics (FEA+GO) 

models (Figure II. 1). The simple EMA approach assumes that the nanoparticle has a single 

refractive index (n) and extinction ratio (k), and assumes that the particles are homogeneously 

distributed throughout a low-n medium (Figure 1A). The simulated spectrum (Figure 1B) 

predicts a dramatic modulation at a maximum of ca. 40% in the near-IR region of the 
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electromagnetic spectrum when using the optical constants of bulk VO2 in the monoclinic (M1) 

and tetragonal phases.58,59 The simulation assumes a constant n of ca. 1.5 for the host matrix, 

which is typical of polymeric media.60,61 The FEA+GO simulations allow for a more detailed 

elucidation of particle-size-dependent optical properties. Spectra have been simulated for a 

 
Figure II. 1 A) Schematic depiction of configuration used to model optical spectra of 

nanocomposite thin films comprising VO2 nanocrystals embedded within a 5 μm thick 

polymer film cast onto a 1 mm thick glass substrate. Effective medium approximation 

(EMA) and FEA+GO methods are used to model the optical response for insulating and 

metallic phases of VO2. I1 is the incident radiation, I2 is the transmitted intensity at the first 

plane, and I4 is the reflected intensity at the first (coated surface). I3 and I5 are the 

transmitted and reflected intensities at the second (uncoated) glass surface, respectively.  

Bulk optical constants for the insulating and metallic phases of VO2 are used as described 

in the text. A fill factor of 3.7 wt.% is assumed for all films. A temperature-invariant 

refractive index of 1.5 is assumed for the host polymeric matrix.60 B) Transmittance spectra 

simulated based on the effective medium approximation model for spherical nanoparticles 

of insulating and metallic VO2. C) Transmittance spectra simulated based on the FEA+GO 

approach for a nanocomposite thin film with spherical VO2 nanoparticles of varying 

diameters (as labeled in the plot) in the insulating and metallic phase. D) Transmittance 

spectra simulated based on the FEA+GO approach for a nanocomposite thin film with 100 

nm length VO2 nanowires of varying diameters (as labeled in the plot) in the insulating and 

metallic phase.  
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composite with a fill factor of 3.7 wt.% of spherical VO2 nanoparticles of varying diameters 

again assuming a temperature-independent n of 1.5 for the polymeric media and the bulk optical 

constants for the insulating and metallic phases.60,61 As the diameter increases from 20 to 100 

nm, the near-infrared modulation is observed to remain constant at ca. 40% (Figure 1C). 

However, the maximum visible light transmittance (at 680 nm) decreases from 80% to 68% for 

the low-temperature phase. When considering a composite of 100 nm long VO2 nanowires with 

varying diameters, the 50 and 100 nm diameter nanowires show a maximum modulation of ca. 

45% in the near-infrared region of the electromagnetic spectrum, whereas the 20 nm nanowires 

are predicted to exhibit a maximum modulation of ca. 40% (Figure 1D). Although the NIR 

modulation is slightly diminished for the 20 nm diameter nanowires, they retain superior visible 

light transmittance. The substantial diminution in visible light transmittance with increasing 

particle is derived from the scattering background contributed by larger particles. Agglomeration 

of particles will to first order mimic the effects of having larger particles. A reduction in n from 

3.0 to 2.2 at 700 nm when transitioning from an insulator (M1) to metal (R) is also responsible 

for an increase in visible transmission in the metal phase, but this change is constant between 

films and has little impact on variations in film performance.62,63 These simulations indicate that 

the viability of utilizing VO2 nanocrystals for effective thermochromic modulation will depend 

sensitively on their dimensions and extent of dispersion within the host matrix.   

In order to experimentally study the effects of particle size on the optical spectra of the 

nanocomposite films, VO2 nanocrystals have been synthesized using different hydrothermal 

methods, as detailed in the experimental section.26,52,53  Four different particle size are examined 

here: Sample I are nanowires prepared by the hydrothermal reduction of V2O5 by 2-propanol and 

span 210±70 nm in diameter and range tens of microns in length as shown in Figure II. 2A.46 
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The use of acetone as a reducing agent yields nanowires that again span several micrometers in 

length but with reduced diameters of 180±70 nm (Figure II. 2B). These samples are referred to as 

Sample A. To reduce the longitudinal dimensions, the nanowires of Sample I have been dry-

 
Figure II. 2 TEM images of VO2 nanocrystals grown via: A) hydrothermal reduction of V2O5 

by 2-propanol (Sample I); B) hydrothermal reduction of V2O5 by acetone (Sample A); C) 

hydrothermal reduction of V2O5 by 2-propanol followed by dry-milling with methacrylate 

polymer beads (Sample I-BM); and D) precipitation of VO(OH)2 followed by hydrothermal 

crystallization (Sample NS). TEM images of VO2 nanocrystals coated with an amorphous 

SiO2 shell for E) Sample I and F) Sample NS. 
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milled with methacrylate polymer beads to obtain Sample I-BM (Figure II. 2C). Ball milling 

greatly diminishes the particle width to 110±90 nm but the nanocrystals are observed to be 

highly agglomerated and some amorphization of the crystallites is discernible. Histograms of 

size distributions obtained from statistical analysis of TEM images have been documented in our 

previous work.29 Finally, to achieve VO2 nanospheres with an approximate size distribution of 

44±30 nm, VO(OH)2 is first precipitated using sol—gel techniques, followed by hydrothermal 

crystallization (referred to as Sample NS, Figure II. 2D).52,53 The synthesis of VO2 NS by 

hydrothermal methods from reduction of pentavalent vanadium precursors has been reported in 

previous work by Zhou, Jin, and co-workers.53  Size Heating and cooling phase transitions for 

each of these samples is shown in Figure A 1 (Appendix A). Heating transition temperatures for 

I, A, and I-BM samples are between 66—70°C; comparable to bulk VO2, whereas the NS sample 

transitions slightly lower at 57°C likely due to surface effects as delineated in previous 

work.46,54,64 Scaling to finite size diminishes the transition temperature of both the heating and 

cooling transitions of VO2; surface-nucleation mechanisms allow for the monoclinic→tetragonal 

transformation to be initiated at lower temperatures upon heating; in contrast, the cooling 

transition is mediated by point defects and is suppressed as a result of the lower density of 

nucleation sites.60 Nucleation restrictions for smaller particle volumes (smaller nanocrystals 

allow for more facile migration of oxygen vacancies to surfaces, thereby diminishing the density 

of putative nucleation sites) bring about an increase in hysteresis as observed in Figure A 

1.53,54,64,65 Notably, the large hysteresis resulting from a reduced concentration of nucleation sites 

renders crystalline particles with much smaller dimensions of limited practical utility for 

thermochromic applications. Figures A 2 and A 3 exhibit powder X-ray diffraction patterns and 

selected area electron diffraction (SAED) patterns acquired for the nanoparticles used in this 
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study, respectively, confirming that they crystallize in the monoclinic M1 phase.46,66 The SAED 

patterns attest to the single-crystalline nature of the VO2 nanowires (Fig. A 3); a combination of 

discrete diffraction spots and diffuse rings are observed for the NS samples as a result of their 

agglomeration within polycrystalline agglomerates (Fig. A 3D). Extensive Raman spectroscopy 

characterization of hydrothermally prepared VO2 nanowires has been published in our previous 

work.46 The hydrothermal methods are documented to yield high-crystalline quality VO2 

nanocrystals exhibiting abrupt four orders of magnitude changes in conductance in single-

nanowire electrical transport measurements.46 The four samples examined here provide an 

effective means for elucidating particle size effects on visible light transmittance and near-

infrared modulation of nanocomposite thin films. Notably, the focus of this article is the 

elucidation of crystallite size effects on thermochromic performance for well-characterized 

nanostructures with varying dimensions with a particular emphasis on examination of the size-

dependence of light scattering mechanisms; consequently, parameters pertaining to the 

encapsulating matrix (dielectric shell thickness, surface functionalization of shells, and choice of 

polymeric matrix as will be discussed below) have been held constant while varying particle 

size. All of these parameters can undoubtedly be further improved to enhance functional 

performance.43 

Our previous work has illustrated the importance of protecting the VO2 nanocrystals from 

oxidative degradation by deposition of amorphous silica shells.48 The silica shells do not alter the 

magnitude or phase transition temperature but passivate the surfaces of VO2, endow stability up 

to temperatures of 300°C, allow for much improved dispersion in aqueous media, and facilitate 

refractive index matching (the refractive index of SiO2 is 1.8,67,68 intermediate between that of 

the embedded VO2 nanocrystals and the host polymer matrix (ca. 1.5)). In the absence of a SiO2 
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coating, VO2 nanocrystals dispersed in aqueous media are rapidly degraded to green 

substoichiometric vanadium oxides (such as V6O13) and orange V2O5. All four samples noted 

above have been coated with SiO2 using a modified Stöber approach.48 In previous work, we 

have demonstrated the functionalization of SiO2 shells with perfluorinated silanes, which further 

renders the nanocrystals superhydrophobic and ensures their long-term preservation at high 

relative humidities.54 However, this additional treatment has not been performed here to maintain 

well-defined interfaces with gradation of refractive indices (VO2/SiO2/polymeric medium).  

Figures II. 2E and F depict representative TEM images of silica-coated VO2 nanocrystals 

indicating an average shell thickness of 4.0 ± 0.6 nm following the procedure described in the 

methods section.  

In order to devise a scalable process for casting thin films of VO2 nanocrystals, a 

methacrylic acid/ethyl acrylate (MAA/EA) copolymer is used as a dispersant and thickener. The 

polymeric matrix is typically stored under acidic conditions; upon titration of a base, methacrylic 

acid groups within the copolymer become deprotonated and take on an anionic charge.69 Charge 

repulsion between anionic groups induces swelling of the copolymer, substantially modifying the 

rheology of the dispersion, and allowing for stabilization of solution-castable dispersions of 

VO2@SiO2 nanocrystals. Figure A 4A (Supporting Information) illustrates MAA/EA copolymer 

dispersions of VO2@SiO2 nanocrystals allowed to stand for up to 7 days after mixing. Figure A 

4B contrasts the stability of the VO2@SiO2 colloidal dispersions in deionized water, with and 

without the addition of the MAA/EA copolymer, as a function of time clearly illustrating the 

decreased sedimentation obtained for the dispersion where the polymer is present. The viscous 

acrylic dispersions have been used to cast VO2 nanocomposite coatings using a facile straight-

edge knife casting process. Figure II. 3 shows a process flow diagram for the preparation of the 
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nanocomposite thermochromic elements. The obtained films are visually transparent and smooth 

as depicted in Figure A 4C—Figure A 4F of Appendix A. As expected and discussed in greater 

detail below, the nanocomposite films embedded with the smallest particles show the least 

amount of haze and the highest optical transmittance in the visible region of the electromagnetic 

spectrum owing to the most effective mitigation of light scattering. For the same VO2 

 
Figure II. 3 Schematic illustration of the process used to prepare nanocomposite 

thermochromic elements. A. 1.) V2O5 powder is placed in a hydrothermal vessel with 

deionized water and the reducing agent of choice (either acetone to yield Sample A or 2-

propanol to obtain Sample I). The solution is heated at 210°C for 18—72 h. 2.) Vacuum 

filtering and washing of the retrieved VO2 (B) followed by 3.) Annealing of retrieved VO2 

under argon to obtain nanowires in the M1 phase. 4.) Retrieval of M1 VO2 nanowires 

followed by 5.) dry milling with methacrylate polymer beads to reduce size (Sample I-BM) 

followed by 6,7) coating with an SiO2 shell to minimize aggregation, provide gradation of 

refractive indices, and obtain VO2@SiO2 nanocrystals. Panel B shows the process for 

synthesis of VO2 NS. 1.) Reaction that results in precipitation of amorphous VO2. 2.) 

Hydrothermal treatment of amorphous VO2 to obtain NS crystallized in the M1 phase. 3.) 

Filtering and washing of M1 VO2 NS followed by 4.) coating with an SiO2 shell to obtain 

VO2@SiO2 nanocrystals. Panel C outlines the film casting process beginning with VO2 

dispersion in an aqueous solution methacrylic acid/ethyl acrylate copolymer followed by 1.) 

casting of films by depositing the dispersion on a borosilicate glass substrate and drawing a 

casting knife down along the surface to create an even film. 2.) Curing for 12 h to obtain a 

homogeneous nanocomposite film.  
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nanocrystal loading (0.6 mg VO2@SiO2/mL solution), it is clear that the nanowire samples with 

larger dimensions (Samples I, A, and I-BM) show considerably greater haze as compared to the 

NS nanocrystals indicating different absorption/scattering wavelength profiles. 

Visible-NIR transmission spectra of nanocomposite films prepared using the four 

VO2@SiO2 samples are shown in Figure II. 4. The corresponding transmittance and NIR 

modulation values are listed in Table II. 1. Three different nanocrystal loadings have been 

 
Figure II. 4 Vis-NIR transmission spectra acquired for nanocomposite VO2@SiO2/ 

methacrylic acid/ethyl acrylate copolymer thin films prepared from dispersions with 

nanocrystal loadings of 4 mg/10 mL (blue lines), 6 mg/10 mL (red lines), and 8 mg/10 mL 

(green lines). In each case, the solid lines represent spectra acquired at 35°C, whereas the 

dotted lines represent spectra acquired at 85°C after equilibration for 10 min. A) Sample I at 

different nanocrystal loadings; B) Sample A at different nanocrystal loadings; C) Sample I-

BM at different nanocrystal loadings; and D) Sample NS at different nanocrystal loadings. 
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contrasted in each instance. The visible light transmittance is diminished in each case with 

increasing loading in dicating higher absorption and scattering events within the nanocomposite 

matrix; the former as a result of the higher optical density resulting from the increased fill factor 

and the latter as a result of increasing agglomeration of crystallites or primary articles (vide infra). 

All spectra show a clear divergence of the high-temperature (dotted line) spectrum from the low-

temperature (solid line) spectrum in the NIR region of the electromagnetic spectrum. The 

insulating phase of bulk VO2 has a bandgap estimated to be ca. 0.6 eV, whereas with closing of 

the bandgap and sharp increase in carrier density upon metallization, the transmittance is greatly 

diminished in the NIR region of the electromagnetic spectrum. For samples I and A, with the 

largest dimensions of nanocrystals under consideration, four correlated observations point the 

operation of multiple scattering mechanisms: (a) the intriguing observation of higher visible-light 

transmittance (Tlum) at high temperatures for both sets of films at all loadings; (b) decreased 

transmission for sample A compared to I for any given loading; (c) relatively greater near-infrared 

Table II. 1 Collated data summarizing ∆Tsol (%), ∆TNIR (%), Tlum (%), and onset of NIR 

modulation for the four different size distributions of VO2 nanocrystals encapsulated within 

SiO2 shells for various particle loadings dispersed in an acrylate matrix. Tlum (%) is shown for 

films at 25°C. 
Sample 

(size in 

nm) 

∆Tsol (%) ∆TNIR (%) Tlum (%) (∆Tlum(%)) 
Onset of NIR 

Modulation (nm) 

 

4 mg/ 

10 

mL 

6 mg/ 

10 

mL 

8 mg/ 

10 

mL 

4 mg/ 

10 

mL 

6 mg/ 

10 

mL 

8 mg/ 

10 

mL 

4 mg 

/10 

mL 

6 mg/ 

10 mL 

8 mg/ 

10 mL 

4 

mg/ 

10 

mL 

6 

mg/ 

10 

mL 

8 

mg/ 

10 

mL 

I 

(210±70) 
-2.60 -2.00 -1.60 -0.90 -0.30 -0.20 

51.9   

(-3.5) 

34.8   

 (-2.8) 

29.4    

(-2.00) 
1730 1660 1660 

A 

(180±70) 
-0.90 -1.30 -1.00 1.00 0.80 1.30 

44.6   

(-1.8) 

32.4   

 (-2.8) 

22.2    

(-2.5) 
1380 1380 1380 

I-BM 

(110±90) 
-1.54 -0.83  0.25  6.13  7.52  9.08 

44.48 

(-

8.30) 

27.42 

(-7.42) 

17.30  

(-7.49) 
1208 1184 1150 

NS 

(44±30) 
 10.28  13.52  16.62  23.18  30.34  32.18 

61.44 

(-

3.43) 

44.44 

(-4.60) 

33.47  

(-4.04) 
749 746 741 
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modulation (ΔTNIR) for A as compared to I for any given loading; (d) a pronounced blue-shift in 

onset wavelength of ΔTNIR for sample A in comparison to sample I.  

The first and most notable observation is the significant increase in Tlum at higher 

temperatures and is explicable considering the change in n of the VO2 nanocrystals as a result of 

the insulator—metal phase transition. The value of n at 700 nm for VO2 is 3.0 for the M1 phase 

and 2.2 for the R phase,62,63 which results in a greater n mismatch between VO2 and the MAA-

EA copolymer host matrix at low temperatures. The SiO2 shell with an intermediate n value of 

1.8 facilitates refractive-index matching between the embedded nanocrystals and the host 

matrix,67,68 thereby serving as an anti-reflective coating and minimizing light scattering at the 

VO2/ MAA-EA copolymer interface depending on shell thickness. In this study, the shell 

thicknesses have been held constant for all of the four nanocrystal sizes. The differential in 

refractive indices of the two phases gives rise to an increased scattering component for the low-

temperature phase that is reflected as a negative ΔTlum value in Table II. 1; accordingly, there is 

no significant change in magnitude as a result of nanocrystal loading for either of these two 

samples. From a practical perspective, the negative term strongly effects the overall full-

spectrum Tsol performance values (Table II. 1), effectively negating any gains in energy 

efficiency derived from ΔTNIR given the higher weighting of the visible region in the AM1.5 

spectrum. The second and third observations related to a decrease in overall transmission and 

increase in NIR modulation between samples A and I go hand-in-hand, and return to the intrinsic 

trade-off of VO2-based thermochromic fenestration elements: increasing the loading of VO2 

increases the NIR modulation but also decreases visible transmission. In this comparison, the 

amount of VO2 within a given loading is constant but owing to the substantial change in 

morphology (thick nanowires as compared to thin ribbons) between samples, the absorption 
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cross-section is much higher for the ribbon-like sample A (note the lack of additional light 

scattering, as delineated by similar ΔTlum values in Table II. 1). While this effect is not drastic 

from a numerical performance standpoint, the observation does highlight an additional 

morphology effect not accounted for in the above theoretical models.  The final observation is 

the 280—350 nm blue-shift of the NIR modulation onset wavelength between samples A and I 

(Table II. 1). The inflection between high- and low-temperature spectra for samples I and A are 

observed at ca. 1660 nm and 1380 nm, respectively. The shift to shorter wavelengths is a result 

of smaller Mie scattering contributions as a result of the reduced size of the nanowires in sample 

A. These modulation onsets are clearly unviable for fenestration applications since the solar flux 

beyond this wavelength is minimal.   

The rather poor performance metrics of sample I and A is explicable based on the 

simulations in Figure II. 1. The low Tlum and ΔTNIR values, coupled with long-wavelength NIR 

modulation onsets clearly indicate a size-dependent light scattering mechanism. Mie scattering in 

the visible-NIR region becomes significant when the diameter of the particle is comparable to or 

greater than the wavelength of the interacting photon resulting in a scattering in the forward 

direction. With this in mind, we have examined I-BM and NS samples that have particle 

dimensions well below the 400—2500 nm range of the visible-NIR spectrum (Fig. II. 4C and D). 

Notably, the I-BM sample displays a substantial improvement in ΔTNIR; however, the ΔTsol values 

are still offset by a significant negative ΔTlum component (Table II. 1). Interestingly, the amount 

of light scattering in the visible region of the electromagnetic spectrum, characterized by ΔTlum, 

is significantly larger than that of the I and A samples. In contrast, the NS samples do not exhibit 

a scattering background. A significant increase in Tlum along with a substantial enhancement of 

ΔTNIR is deduced from the spectra of the NS nanocrystals (Figure II. 4D) and is clearly 
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manifested in the performance metrics enumerated in Table II. 1. These samples exhibit ΔTNIR 

values as high as 32.18% with ΔTsol values greater than 16% at high loadings. The improved 

visible light transmittance can be attributed to the reduction of Mie scattering, whereas the 

improved ΔTNIR performance can be traced to the formation of a localized-surface plasmon 

resonance (LSPR) with a maximum absorbance between 1200—1400 nm for particles sub-100 

nm in size. The LSPR wavelength is advantageous for thermochromic fenestration purposes as 

the onset of the resonance begins close to the visible/NIR crossover point in the solar spectrum. 

A fraction of the I-BM nanocrystals are also expected to be within the size regime wherein LSPR 

formation is expected.70 However, the NIR onset for I-BM samples is deep in the NIR region of 

the electromagnetic spectrum, which in conjunction with low Tlum values comparable to I and A 

samples and a significantly increased ΔTlum suggests an “effective” particle-size-dependent 

scattering mechanism is manifested owing to the agglomeration of the I-BM nanocrystals to 

form larger particles. 

Specular transmission data shown in Figure 4 provides vital optical performance metrics 

but provide limited mechanistic insight into optical processes such as scattering, reflection, and 

absorption within the nanocomposite films that underpin these metrics since all of these 

parameters are incorporated within the measurement of a singular intensity value at each 

wavelength. In order to derive deeper mechanistic understanding of the optical processes within 

nanocomposite thin films, absorptance (A) and diffuse transmission (Tdiff) spectra have been 

acquired for I-BM and NS samples and are depicted in Figure II. 5 where A is defined in 

Equation II. 3 as  

 

𝐴 = 100 − 𝑇𝑡𝑜𝑡 − 𝑅𝑡𝑜𝑡                                                                    (II. 3)    
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and Equation II. 4 as 

 

𝑇𝑡𝑜𝑡 = 𝑇𝑠𝑝𝑒𝑐 + 𝑇𝑑𝑖𝑓𝑓                                                                         (II. 4) 

 

where Ttot is the total transmission and Rtot is the total reflection collected using an integrating-

sphere-based spectrometer.  

 
 

Figure II. 5 Vis-NIR Absorptance (A, B) and diffuse transmission (C, D) spectra for 

nanocomposite VO2@SiO2/ MAA-EA nanocomposite films prepared from dispersions at 

nanocrystal loadings of 4 mg/10 mL (blue lines), 6 mg/10 mL (red lines), and 8 mg/10 mL 

VO2 (green lines). In each case, the solid lines represent acquired at 35°C, whereas dotted 

lines represent spectra acquired at 85°C after equilibration for 10 min. (A, C) Sample I-BM; 

and (B, D) Sample NS. The inset in (D) magnifies the 300—750 nm region highlighting the 

systematic red-shift of the band maximum with VO2 loading of the displayed spectra. 
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Absorptance of the films increase with higher loadings for both I-BM and NS samples 

but with very different spectral shapes. In the low-temperature phase, absorptance of I-BM is 

broad and featureless throughout the visible region of the electromagnetic spectrum before 

decreasing beyond 1500 nm, whereas in contrast, the NS sample has two defined absorption 

bands. The high-energy absorption is assigned to the O 2p π→π* interband transition, whereas 

the weaker low-energy absorption is assigned to the d║→π*  bandgap transition as described by 

Goodenough’s simplified model of the band structure of VO2.
71 In the high-temperature phase, 

when the bandgap is closed, the absorption across the O 2p transition is still observed but a 

pronounced LSPR dominates the NIR region of the electromagnetic spectrum.  For NS samples 

the modulation in NIR absorptance between low and high temperature films is clearly centered at 

the inflection point between the two absorption bands. Such is not the case for I-BM samples.  

Interpretation of the absorptance spectra for NS samples is straightforward with the NIR 

modulation derived from the appearance of the LSPR absorption upon closing of the bandgap. 

For I-BM samples, spectra for low-temperature films deviate between 600—1000 nm, absorbing 

broadly across the inflection point between O 2p π→π* interband and d║→π* bandgap 

transitions. We can conclude that in the low-temperature phase, significant internal light 

scattering within the film, arising from clustering of crystallites within larger agglomerates, 

facilitates a broad absorption in 600—1000 nm region. This broad absorption accounts for the 

NIR modulation onset beyond 1000 nm and further diminishes any LSPR-related ΔTNIR.  

We investigate light scattering profiles in the I-BM and NS samples further with diffuse 

transmission (Figs. II. 5C and D). Interestingly, for both samples the intensity of the scattering 

bands are not significantly different (< 5%); however, clear differences are observed in the 

spectral lineshapes and change in Tdiff with temperature. For NS samples, which are 
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homogeneous in terms of their dimensions and nature of encapsulation by a SiO2 shell, clear 

spectrally-resolved bands appear in the visible region and are diminished in the NIR region of 

the electromagnetic spectrum (Figure II. 5D). In fact, the observed scattering bands are 

remarkably close to those theoretically predicted for homogeneous spherical particles.70,72,73 

Scattering intensity in the low temperature phase is greater and slightly red-shifted than the high 

temperature phase; both attributes are explicable considering the differential in n between the 

MAA-EA copolymer host matrix and the M1 VO2 phase as compared to the R phase. Tdiff 

measurements exhibit a clear red-shift of the scattering bands with increasing VO2@SiO2 

loading concordant with predictions of size-dependent shifts (inset to Figure II. 5D).73 Since the 

crystallite size remains constant as a function of nanocrystal loading, the observed red-shift is 

attributed to an increasing “effective” particle size as a result of the agglomeration of 

nanocrystals to form larger particles within the MAA-EA matrix. In contrast, no discernible red-

shift is observed for low-temperature I-BM samples; instead the scattering is broader and less 

defined in the visible and extends well into the NIR. The magnitude of scattering between 600—

1000 nm is in good agreement with the associated absorptance spectra (Figures II 5A and 4C), 

signifying that the internal scattering is derived largely from the mismatch in refractive index. 

Given the extensive agglomeration of I- BM VO2 particles during encapsulation with SiO2, 

multiple VO2 nanocrystals are likely incorporated in close proximity within a heterogeneous 

SiO2 shell. Such heterogeneous agglomeration likely accounts for the large gradient of n 

scattering in these samples and gives rise to the broad scattering signal.  

Comparison of the absorptance and diffuse transmission spectra of the two samples 

highlight the significant impact that relatively subtle changes in disparate light scattering 

mechanisms (correlated directly or indirectly to size and size heterogeneity) can have on the 
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optical performance of nanocomposite films. Consequently, mitigating the disparate light 

scattering mechanisms within these nanocomposite films requires not just control of particle size 

to avoid Mie scattering but also homogeneity of the refractive-index matching layer and 

individual dispersion of VO2@SiO2 nanocrystals within the host matrix.74 Figure II. 6 provides 

a visualization of the onset of NIR modulation, visible light transmittance, and NIR modulation 

for the four nanocrystal dimensions at the same loading.  

As discussed above, the NS samples have the smallest dimensions (44±30 nm) and clearly 

show much greater visible light transmittance as compared to the I, I-BM, and A samples as a 

 
Figure II. 6 Three-dimensional visualization of NIR modulation and visible light 

transmittance plotted as a function of wavelength for the four sets of samples; I (purple 

spheres), A (blue squares), I-BM (black triangles), and NS (red diamonds). All samples 

shown here correspond to a concentration of 0.8 mg VO2@SiO2/10 mL dispersion. The 

maximum visible transmittance is the maxima in the visible region from each 8 mg/10 mL 

85°C plot in Figure 4 and is constant for each plot (represented by an arrow across the 

maximum visible transmittance/wavelength plane). 
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result of a reduced scattering background. The NS samples with the smallest nanocrystal 

dimensions exhibit the best combination of high NIR modulation and visible light transmittance 

(see also Table II. 1). The onset of NIR modulation at relatively shorter wavelengths implies the 

ability to dynamically adjust transmittance for a relatively greater region of the solar spectrum.75 

For the three samples I, I-BM, and A, the onset of NIR modulation does not begin until further 

into the NIR, ca. 1660 nm for sample I, 1380 nm for sample A, and ca. 1150—1200 nm for I-BM. 

In contrast, for the NS samples, the onset of the drop is blue-shifted to ca. 740—750 nm, partly 

due to the appearance of LSPR band. Notably, NIR modulation below 700 nm is not desirable 

since that will bring about a pronounced change of the visible appearance of the film. Figure 6 thus 

clearly indicates the vastly greater visible light transmittance and higher NIR modulation observed 

for the NS sample wherein light scattering is considerably mitigated as a result of the optimal 

nanocrystal dimensions, refractive index matching, and dispersion. A NIR modulation of as much 

as 32.18% is accessible within these nanocomposite films, which results in a total dynamical 

modulation of transmitted light approaching 16.62%. The optical performance of our NS samples 

is indeed comparable to other recently reported values for VO2 composite films where considerable 

effort has been made to reduce light scattering.44,45,70,76–78 Zhang et al.45 and Miao et al.70 reduced 

Mie scattering by decreasing the as-synthesized VO2 particle size through grinding or ball-milling 

treatments and achieved a Tlum of 62.1% with ΔTsol of 12.4% and a Tlum of 38.5% with 

ΔTsol of 16.9%, respectively. Guo et al. have prepared ultrafine VO2 nanoparticles using a unique 

one-step hydrothermal reaction in a self-released oxidizing atmosphere at relatively low 

temperatures and reported a Tlum of 54.26%. and a ΔTsol of 12.34%.76 As one of best-in-class 

examples, Chen et al. have reported a 31.1% increase (from 38.9% to 51.0%) in Tlum and an 11.0% 

increase (from 17.2% to 19.1%) in ΔTsol upon encapsulation of VO2 nanospheres within a ZnO 
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shell.44 Clear understanding and subsequent mitigation of light scattering mechanisms is of 

paramount importance to approach the limits of theoretically predicted performance. 

In order to examine the dynamical behavior of the nanocomposite thin films, a time-

dependent transmission experiment has been performed for nanocomposite thin films 

incorporating VO2 NS and is shown in Figure II. 7. The temperature of the film has been ramped 

from room temperature to 73°C and spectra have been acquired from 1250 nm to 1430 nm as a 

function of time. The temperature values have been selected based on the differential scanning 

calorimetry (DSC) trace shown in Figure A 1. At each time interval, the temperature of the film is 

Figure II. 7 Vis-NIR transmission spectra acquired as a function of time during heating for a 

VO2@SiO2 methacrylic acid/ethyl acrylate copolymer thin film prepared from dispersions of 

VO2 NS at loadings of 5 mg/10 mL. Full spectra are acquired before heating at 25°C (black 

line) and after heating at 85°C (red line) upon temperature equilibration for 10 min. The inset 

plots the temperature of the film as a function of elapsed time. The temperature is increased at 

a rate of 0.2°C/s. 
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read using an internal temperature sensor, as shown in the inset to Figure II. 7. The transmission 

data shows that the transmission of the sample decreases drastically between 104 s and 287 s 

(corresponding to film temperatures of 40°C and 73°C, respectively) and is constant thereafter. 

The maximum decrease in transmission at an elapsed time of 287 s is within 25 s of the internal 

film temperature reaching 73°C (marked with a dotted line in the inset). This indicates that the 

switching response time of the NS VO2@SiO2 nanocomposite films is well captured by the 

equilibration steps.79 Video A. 1 shows the discernible change in the NIR transmittance of a NS 

nanocomposite VO2@SiO2 methacrylic acid/ethyl acrylate copolymer thin film being heated from 

room temperature with a heat gun acquired using a NIR-enabled camera under solar irradiation. 

The substantial NIR opacity observed stands in stark contrast to the high visible light transmittance 

observed in Figure A 4F. A 850 nm longpass filter has been mounted on the camera to exclude 

shorter wavelengths. The sensitivity range of the camera is between 850 nm and 1000 nm owing 

to the combination of longpass filter and spectral response of the CMOS sensor of the camera. The 

speed of Video A. 1 has been digitally increased by a factor of ca. 11; upon reaching the transition 

temperature, the film is observed to transform within a few seconds. These measurements suggests 

that the films entirely transform within a few seconds of reaching the transition temperatures with 

the elapsed time likely reflecting the time taken for the nanocrystals to reach the transition 

temperature given the poor thermal conductivity of the polymeric matrix. The measurements 

suggest a transformation timescale well equipped to handle diurnal variations when embedded as 

fenestration elements in the built environment. 
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II.4 Conclusion 

In conclusion, thermochromic modulation of near-infrared solar flux represents an 

attractive route for controlling solar heat gain based on the ambient temperature without 

deleteriously impacting the visible light transmittance of fenestration units. The pronounced 

near-room-temperature metal—insulator transition of VO2 provides a means to modulate solar 

heat gain in a spectrally selective manner. Nanocrystals provide distinct advantages over 

continuous thin films in being able to better accommodate strains arising from thermal cycling 

and in affording a higher visible light transmittance, mitigating the thermal-cycling-induced 

pulverization of large crystals.80,81 However, the use of nanocrystals requires elucidation of 

optimal crystallite dimensions, refractive index matching, and the appropriate dispersion of the 

nanocrystals within a low-refractive-index medium. EMM and FEA+GO optical simulations 

indicate a pronounced size dependence of the visible light transmittance for VO2 nanocomposite 

thin films. Four different sizes of VO2@SiO2 nanocrystals have been synthesized and contrasted 

for thermochromic modulation and visible light transmittance after dispersion in an aqueous 

acrylate system and solution casting onto glass substrates. For larger nanocrystal sizes as well as 

agglomerations of smaller particles, dynamical modulation is diminished as a result of Mie 

scattering from both large individual crystallites and their agglomerations; refractive index 

mismatch between the low-and high-temperature phases of VO2 and the host polymer matrix; 

and the appearance of a LSPR band. The interplay between the fundamental scattering 

mechanisms have been examined in detail using temperature-variant absorptance and diffuse 

transmittance measurements of the different particles sizes performed as a function of 

nanocrystal loading in the polymeric medium. The smallest particle dimensions (44±30 nm, 

Sample NS) appear to provide the best combination of visible light transmittance and NIR 



 

51 

 

 

 

modulation (blocking up to ca. 16.62% of total solar energy and 32.18% of energy in the NIR) 

with an onset of NIR modulation in the range of 740—750 nm. This latter system provides a 

pathway towards the preparation of viable thermochromic elements, founded on detailed 

mechanistic elucidation of the multiple scattering mechanisms that need to be mitigated for 

deployment at scale. Future work will focus on optimization of the shell used for refractive index 

matching, surface functionalization to facilitate dispersion in the polymeric medium and enhance 

longevity of the nanocrystals, and selection of a high-visible-light transparency dispersion 

medium. The inclusion of substitutional and interstitial dopants will furthermore be utilized 

through modification of hydrothermal synthetic methods or post-synthetic modification to 

prepare nanocomposite thin films with transition temperatures designed to match the 

requirements of specific climate zones.29,60 
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CHAPTER III 

HYBRID NANOCOMPOSITE FILMS COMPRISING DISPERSED VO2 NANOCRYSTALS: 

A SCALABLE AQUEOUS-PHASE ROUTE TO THERMOCHROMIC FENESTRATION 

 

III.1 Introduction 

 Burgeoning construction worldwide, both in the form of residential dwellings and 

commercial structures, has led to buildings becoming a major source of energy consumption, a 

trend that has only been accelerated by rapid urbanization in the developing world.1,2 A recent 

report from the United Nations estimates that 30—40% of primary energy usage across the world 

occurs within buildings.2 In the United States, the Department of Energy estimates that 41% of 

the total energy consumption occurs within buildings.3,4 Much of the energy consumed within 

buildings goes towards space cooling, space heating, lighting, and ventilation. The inability of 

the built environment to interface with the natural environment in terms of climate control not 

only leads to increased energy costs, but also incurs a tremendous cost in terms of CO2 

emissions.1,5 Consequently, the building envelope, the barrier that separates the interior of a 

building from the exterior environment, is a target area for improvement in order to achieve the 

ideal of “net zero” buildings. Fenestration elements are a significant venue through which solar 

irradiance can enter the building and indeed mitigating solar heat gain is the primary objective in 

the summer or during warm days, whereas in the winter or during cold days, utilizing the solar  

heat gain to reduce heating costs is desirable.6–8 Many current technologies aimed at addressing 

this problem, most of which are coatings and films, suffer from major drawbacks, including a  

reduction in the transmission of visible light, thereby resulting in increased use of artificial  

*Reprinted with permission from “Hybrid Nanocomposite Films Comprising Dispersed VO2 Nanocrystals: A Scalable Aqueous-

Phase Route to Thermochromic Fenestration” by Fleer, N. A.; Pelcher, K. E.; Zou, J.; Nieto, K.; Douglas, L. D.; Sellers, D. G.; 

Banerjee, S. ACS Appl. Mater. Interfaces, 2017, 9, 38887-38900 © 2017 Amercan Chemical Society. All rights reserved. 
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lighting. Since these coatings are temperature-invariant in terms of their solar heat gain 

modulation, they are unable to offset cold-weather heating costs that would otherwise have 

resulted from solar heat gain. Dynamically switchable temperature- (or voltage)-responsive 

glazing could play an active role in modulating solar heat gain through fenestration units and 

indeed numerous electrochromic and thermochromic technologies have been evaluated for this 

purpose in recent years.7–13 

The binary vanadium oxide VO2 is characterized by an abrupt reversible phase transition 

from an insulator to a metal when heated to ca. 67°C and this phase transition is accompanied by 

a dramatic modulation of the electrical conductance and optical transmittance.13–18 The role of 

electron—electron and electron—phonon interactions in underpinning the dramatic modulation 

of conductivity observed in this intriguing material continues to be actively debated.16,19,20 

However, some recent findings suggest that the structural and electronic phase transitions can be 

decoupled both for thermally and optically excited transitions.19,21–23 The low-temperature 

insulating phase of VO2 has a bandgap of ca. 0.6 eV, which is closed upon metallization, 

resulting in a pronounced spectrally selective suppression of the near-infrared (NIR) 

transmittance.19,24,25 Several characteristics of VO2 make it particularly intriguing for fenestration 

applications. First, the suppression of transmittance as the material switches from being 

insulating to metallic is confined primarily to the NIR region of the electromagnetic spectrum 

and does not involve a substantial modulation of visible light transmittance. In other words, 

aesthetically unappealing changes in visible light transmittance that can furthermore increase 

lighting costs are almost entirely mitigated. Secondly, the transition temperature is close to room 

temperature and can be systematically decreased through scaling to finite size and by the 

incorporation of dopants, which allows the material to be customized to meet the requirements of 
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different climate zones.26–30 Next, the transition occurs on ultra-fast timescales rendering a 

homogeneous appearance for optical films31 and mitigating the inhomogeneities often observed 

for liquid crystalline or electrochromic devices. Fourth, optical films incorporating VO2 can be 

passively switched in response to the external ambient without requiring active electronic 

control, thereby mitigating the substantial investments oftentimes required by electrochromic 

units. Finally, vanadium is substantially cheaper than precious metals often used in reflective 

thin films. 

Despite the numerous advantages of VO2 enumerated above, there exist several 

impediments to its utilization that have thus far precluded commercial viability. A major 

impediment to the application of VO2 in systems that require thermal cycling is the strain that 

accompanies the structural phase transition. Inhomogeneous lattice strain, which can be as much 

as 4%, can bring about mechanical degradation or delamination of thin films. Scaling to 

nanometer-sized dimensions allows for better accommodation of strain, makes these materials 

resilient to the strain associated with prolonged thermal cycling, and furthermore avoids crack 

formation and delamination that plague larger crystallites and thin films of VO2.
19,32 Thermal 

stability issues represent a further challenge; VO2 is readily oxidized to V2O5 under ambient 

conditions, especially upon exposure to moisture. The deposition of amorphous SiO2 shells has 

been shown to enhance the thermal and chemical stability of VO2 nanomaterials.33  

In order to obtain high-quality optical films that demonstrate a large modulation of NIR 

transmission with retention of good visible light transmittance, optical simulations suggest that it 

is imperative to prevent Mie scattering, which gives rise to a mostly temperature invariant 

signature and haze.34 Mitigating the appearance of a scattering background requires the use of 

nanocrystals that are of the optimal particulate dimensions (but that are of good crystal quality 
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and still retain a large magnitude of the phase transition) and further requires the individual 

dispersion of the particles within low dielectric constant media. Agglomerates present a 

scattering background very similar to larger particles and thus obtaining a good dispersion of the 

particles is imperative for functional films. As an additional imperative, the nanocomposites have 

to be chemically and mechanically resilient, which necessitates a robust interface between the 

nanocrystals and host matrix. Furthermore, for the viable casting of large-area films, the use of 

aqueous processes is desirable given increasing concerns regarding the toxicity of organic 

solvents and curing agents.35–37 However, this in itself brings a fresh set of challenges since the 

low viscosity of water makes it difficult to cast films using conventional liquid-phase coating 

processes. As a direct attempt to address several of these challenges, we demonstrate an entirely 

aqueous processing approach for obtaining VO2 nanocomposite thin films showing a high degree 

of NIR suppression and visible light transmittance. The mitigation of scattering allows for a low 

onset wavelength of NIR suppression. Surface functionalization with perfluorinated silanes 

followed by dispersion within methacrylate matrices allows for homogeneous films exhibiting 

pronounced NIR suppression to be cast from aqueous solutions. 

 

III.2 Experimental 

 An Aqueous-phase Synthetic Route to VO2 Nanocrystals. A two-step proceedure was 

developed to prepare phase-pure VO2 nanocrystals based on modification of a previously 

reported method.38,39 The first step involves the precipitation of VO(OH)2 from a reaction 

between ammonium metavanadate (NH4VO3) and hydrazine (H2NNH2) in deionized water 

(ρ=18.2MΩ/cm, Barnstead Water Purification System) at 80°C (Fig. 1). The second step was the 

hydrothermal annealing of the VO(OH)2 precipitate within a hydrothermal vessel at 210°C for 
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24—72 h. The product was recovered by centrifugation at 8500 rpm and the aqueous supernatant 

was decanted. The solid was then dispersed in acetone via ultrasonication, centrifuged at 8500 

rpm, followed by the decanting of the acetone supernatant. This acetone washing process was 

carried out a total of three times.  

For comparison, two sets of VO2 nanowires were also used; nanowires prepared by 2-

propanol reduction of V2O5 had widths of 210 ± 70 nm and lengths of 4.0 ± 3.0 μm; whereas 

nanowires prepared by acetone reduction of V2O5 had widths of 180 ± 70 nm and lengths of 1.6 

± 0.9 μm as described in our previous work.19,40   

Deposition of a SiO2 Shell onto the VO2 Nanocrystals. Amorphous silica shells were 

constituted using a modified Stöber method, as reported in previous work.33 Briefly, 24—48 mg 

of VO2 nanocrysals were ultrasonicated in an 4:1 (v/v) ethanol:water solution to obtain a 

homogeneous dispersion. 400 µL of ammonium hydroxide (NH4OH) (0.25M final solution) was 

used as the catalyst with 24 mg of VO2 nanocrystals. The catalyst was added to the VO2 

dispersion in 8 mL nanopure water and 32 mL ethanol under vigorous ultrasonication over a 

period of 10 min. Subsequently, 200 µL tetraethylorthosilicate (TEOS) was added to this 

dispersion (yielding a 0.02M concentration of TEOS). After reaction for 25 min at room 

temperature, the VO2@SiO2 core—shell nanocrystals were collected by centrifugation. The solid 

was purified by redispersing in ethanol and collection by centrifugation over three cycles.  

Surface Functionalization with Fluorinated Silanes. Hydrothermally grown VO2 

nanocrystals have a high density of surface hydroxyl groups, which can be reacted with silanols 

to create V—O—Si linkages.33 Such condensation reactions allow for installation of molecular 

monolayers on VO2 surfaces when appropriately functionalized silanes are used. A 

perfluorinated silane has been grafted directly onto the VO2 surfaces or onto the surfaces of 
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VO2@SiO2 core—shell nanocrystals. In both cases, a 0.02M solution of (heptadecafluoro-

1,1,2,2-tetrahydrodecyl)trimethoxysilane in tetradecafluorohexane (>96% purity) was prepared 

and stored within polypropylene receptacles. In a typical reaction, 24 mg of VO2 (or VO2@SiO2) 

nanocrystals was added to the 0.02M perfluorinated silane solution in tetradecafluorohexane, 

ultrasonicated for roughly 5 min, and allowed to stir overnight to graft the fluorinated siloxane 

layer onto the nanocrystal surfaces. No water was added during the reaction but the 

hydrothermally prepared VO2 nanocrystals contain surface adsorbed water that facilitates 

hydrolysis of the silane. After reaction, the solid was purified by redispersing in 

tetradecafluorohexane and collection via centrifugation for a total of three cycles to remove 

adsorbed silanes. After surface functionalization, the nanocrystals can no longer be dispersed in 

water but are readily dispersible in tetradecafluorohexane, which provides a rapid means of 

evaluating the success of the grafting step. As-prepared VO2 nanocrystals functionalized with the 

perfluorinated silane are denoted as VO2@-F. Core—shell VO2@SiO2 nanocrystals were also 

functionalized with the perfluorinated silane and are designated as VO2@SiO2-F.  

Aqueous Dispersions of Functionalized VO2 Nanocrystals using a Perfluorinated 

Surfactant. Potassium perfluorooctanesulfonate (PFOS) was used to disperse the functionalized 

VO2@-F and VO2@SiO2-F in water. Briefly, a given amount of the VO2@-F and VO2@SiO2-F 

solid was dispersed in 10 mL of water at a pH of ca. 11.5 along with 1 mg of PFOS and the 

mixture was ultrasonicated for ca. 20 min. Subsequently, additional amounts of solid PFOS were 

added in increments of 1—2 mg until the solids were homogeneously dispersed in the alkaline 

deionized water solution. Care must be taken to ensure that a minimal amount of surfactant is 

utilized in order to avoid surfactant agglomeration and micelle formation that can degrade the 

optical quality of thin films. The proportions of PFOS to the functionalized VO2@-F and 
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VO2@SiO2-F solids used to obtain homogeneous 10 mL dispersions were as follows:  2 mg 

fluorinated solid to ca. 1.1 mg PFOS, 4 mg fluorinated solid to ca. 1.5 mg PFOS, 6 mg 

fluorinated solid to ca. 1.7 mg PFOS, 8 mg fluorinated solid to ca. 1.6 mg PFOS, 10 mg 

fluorinated solid to ca. 3.0 mg PFOS, 12 mg fluorinated solid to ca. 3.2 mg PFOS, and 16 mg 

fluorinated solid to ca. 3.0 mg PFOS.  

Polymer Nanocomposites. In order to prepare nanocomposites, VO2 nanocrystals were 

homogenously dispersed within a methacrylic acid/ethyl acrylate copolymer (Acrysol ASE-60TM, 

a commercially available high-shear viscosity thickener obtained from Dow Chemical).41,42 

Dispersions of VO2, VO2@SiO2, VO2@-F, and VO2@SiO2-F nanocrystals were prepared in the 

following manner. Briefly, ca. 3 mg of nanocrystals were dispersed by ultrasonication for 5 min 

in 9.67 mL of deionized water with pH adjusted to ca. 11.5 by the addition of a solution of 2-

amino-2-methyl-1-propanol containing 5% added water (Amresco). As-prepared VO2 and 

VO2@SiO2 were dispersed in water after synthesis without further processing, whereas VO2@-F, 

and VO2@SiO2-F nanocrystals were dispersed in water with the help of PFOS as outlined above. 

Next, the colloidal aqueous dispersion was stirred using a magnetic stir plate and 0.33 mL of the 

methacrylic acid/ethyl acrylate copolymer solution in water was introduced to obtain a 1 wt.% 

final concentration of the polymer (the solid content was ca. 28%). Care was taken to avoid 

foaming and vortex formation in the vial. The alkaline pH induced thickening of the solution; the 

stirring speed was successively increased to ensure homogeneous dispersion of the nanocrystals. 

The dispersion was stirred was for at least 20 min after it turned clear (from the initial milky 

white appearance).  

In addition to methacrylic acid/ethyl acrylate copolymer, polyacrylate and 

hydroxyethylcellulose (Rheolate-1TM obtained from Elementis Specialties and Natrosol BTM 
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obtained from Ashland Chemicals, respectively) matrices were also attempted. However, the 

polyacrylate dispersions had a low viscosity and did not yield high-quality optical thin films; 

hydroxyethylcellulose dispersions could be cast into high-quality homogeneous thin films; 

however, the optical transmittance of the cellulosic matrix was substantially lower than 

methacrylic acid/ethyl acrylate copolymer and thus only the latter is discussed in subsequent 

sections. Several phosphate ester surfactants (DextrolTM and StrodexTM from Ashland 

Chemicals) were further examined for their ability to facilitate dispersion of the nanocrystals in 

the methacrylic acid/ethyl acrylate copolymer aqueous dispersion but yielded only marginal 

improvements in the stability of the dispersions and did not substantially enhance the optical 

performance of the obtained thin films. Subsequent sections thus focus on studies of VO2 or 

VO2@SiO2 nanocrystals dispersed within the methacrylic acid/ethyl acrylate copolymer matrix 

without the use of any additional surfactants and VO2@-F and VO2@SiO2-F nanocrystals 

dispersed with the help of PFOS. 

Film Preparation. Films were cast on 2.5 x 7.5 cm borosilicate glass microscope slides 

that were cleaned with ethanol and low-lint wipes prior to casting. Films contained a range of 

VO2, VO2@SiO2, VO2@-F, and VO2@SiO2-F nanocrystal loadings (for 2—16 mg of VO2 

nanocrystals in 10 mL of the methacrylic acid/ethyl acrylate copolymer aqueous dispersion). 

Films were cast onto glass substrates by drawing out ca. 2.0 mL of the dispersion into a syringe. 

The previously described borosilicate glass substrate was then placed on an even surface. The 

dispersion was then placed along a straight line down the center of the borosilicate glass 

substrate. A casting knife from BYK Wesel, Germany set at a wet thickness of 1 mm was drawn 

across the substrate. The film was then allowed to cure overnight at room temperature under 

ambient conditions. After curing, the average dry film thickness was ca. 1—2 µm.  
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Characterization. Transmission electron microscopy (TEM) images were recorded on a 

JEOL JEM-2010 instrument operated at an acceleration voltage of 200 kV. Energy dispersive X-

ray (EDX) maps were obtained using a JEOL JSM-7500F scanning electron microscope operated 

at an acceleration voltage of 15 kV with an emission current of 10 µA and a probe current of 12 

µA. Powder X-ray diffraction (XRD) data was obtained using a Bruker D8-Focus Bragg-Brentano 

diffractometer equipped with a Lynxeye detector. Differential scanning calorimetry (DSC) traces 

were recorded on a Q2000 TA Instrument calorimeter using Al pans and lids. A scanning rate of 

15°C per minute under argon was used for the DSC measurements. FTIR data were acquired on a 

Bruker Vertex-70 FTIR instrument equipped with a Pike MIRacle™ single reflection horizontal 

ATR accessory. Evaluation of film thicknesses was carried out with a Bruker Dimension Icon 

atomic force microscope operating in tapping mode. Adjustments to solution pH were monitored 

with a HACH HQ411d benchtop pH/mV meter utilizing an IntelliCal™ PHC201 standard gel-

filled pH electrode. Microindentation for characterization of mechanical properties was 

accomplished using a Hysitron TI Triboindenter equipped with a Berkovich tip utilizing an applied 

force of ca. 70 µN. Adhesion testing was performed in accordance with the American Society for 

Testing Materials (ASTM) guidelines for each test employed. These tests were carried out with a 

BYK Cross-Cut-Tester for evaluating adhesion by tape test (according to ASTM D3359) and a 

BYK Balanced Beam Scrape Adhesion and Mar Tester for assessing adhesion of organic coatings 

by scrape adhesion (according to ASTM D2197).43,44  Optical characterization of the thin films 

was performed using a multi-wavelength Bruker Vertex-70 FTIR spectrometer equipped with a 

Pike Technologies temperature stage in the spectral range between 400 and 2500 nm. The samples 

were allowed to equilibrate for 10 min at each temperature prior to recording a spectrum. A change 

in beam splitter distorts the spectra between 1180 and 1250 nm and this region is thus omitted 
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from the spectral profiles. In order to determine the optical properties attributed to VO2 

nanocrystals alone, a spectrum of a borosilicate glass slide coated with unmodified methacrylic 

acid/ethyl acrylate copolymer was recorded and the percent transmission reduction across the 

spectra attributed to the copolymer and glass was added back into the nanocomposite spectra in 

each instance. This allows each spectra to represent only visible light transmission and NIR 

suppression contributions from the VO2 component of the nanocomposite films by removing any 

contribution from the glass and copolymer.  

 

III.3 Results and Discussion 

A primary challenge with the preparation of hybrid nanocomposites is to ensure adequate 

dispersion of the inorganic filler within the polymeric host matrix in order to realize properties 

such as mechanical reinforcement, electrical percolation, or matching of dielectric constants for 

specific optical applications.37,45–48 For applications of VO2 nanocomposite thin films as 

thermochromic elements, particle sizes <100 nm are predicted to be imperative to prevent a large 

Mie scattering background and furthermore the high-dielectric-constant particles (n = 2.7, k = 

0.65) have to be refractive index matched and embedded within a low-dielectric-constant 

medium without agglomeration.34 For many semiconductor and oxide materials, solution-phase 

synthetic methods yield nanocrystals capped with surface passivating ligands that can be readily 

dispersed within polymeric host matrices.49–51 However, the metal—insulator transition as well 

as the preferred phase of VO2 are both extremely sensitive to the oxygen stoichiometry and 

crystallinity; consequently, high-quality VO2 nanomaterials exhibiting pronounced electronic 

phase transitions have not thus far been accessible from such hot colloidal decomposition routes. 

High-pressure hydrothermal methods have emerged as an attractive alternative and yield 
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materials with precise control of dimensions and oxygen stoichiometry.16,30,52–55 In recent work, 

we have demonstrated that the stepwise hydrothermal reduction of V2O5 with aliphatic alcohols 

yields VO2 nanocrystals exhibiting an abrupt (<1° sharpness), almost five orders of magnitude, 

change in electronic resistance upon the phase transition in single-nanowire electrical 

measurements and an electrical bandgap of 0.6 eV in the insulating phase, consistent with the 

optical bandgap.19 While hydrothermal methods yield high-crystalline-quality faceted 

nanocrystals, the absence of surface passivating ligands results in considerable agglomeration of 

the obtained materials and renders them difficult to disperse in solvents or polymeric matrices. In 

this work, we have explored the dispersion of VO2 nanocrystals within aqueous polymeric media 

and homogeneous thin films facilitated by surface functionalization of hydroxyl moieties on VO2 

surfaces with silanes. We have further correlated such dispersion to thermochromic 

characteristics and devised constructs that substantially mitigate light scattering based on 

encapsulation of dispersed VO2 nanocrystals within low-dielectric-constant shells. Two distinct 

approaches are explored: (1) The grafting of perfluorinated silanes to allow for individual 

dispersion of VO2 nanocrystals and (2) the creation of SiO2 shells around the VO2 nanocrysyals 

by continued condensation and siloxane bond formation upon reaction with 

tetraethylorthosilicate (TEOS). Finally, both approaches have been combined by grafting 

perfluorinated silanes to VO2@SiO2 core—shell nanocrystals. The nanocrystals are dispersed 

within a methacrylic acid/ethyl acrylate copolymer, which is used as an optically transparent 

low-refractive-index medium. 

VO2 nanocrystals have been obtained by reacting NH4VO3 and H2NNH2 to obtain 

amorphous VO(OH)2, which is subsequently hydrothermally recrystallized.38,39 Figure III. 1 

depicts the reaction yielding VO2 nanocrystals and further illustrates the surface 
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functionalization and dispersion strategy used to obtain homogeneous thermochromic films. As 

noted above, the design of optical nanocomposites necessitates control of both particle size and 

dispersion since large particles as well as agglomerations of small particles will yield 

temperature invariant scattering backgrounds, diminishing the pronounced NIR modulation 

 

Figure III. 1 Schematic depiction of the overall process for preparation of thermochromic 

fenestration elements. A) Reaction leading to the synthesis of amorphous VO2. B) 

Crystallization of amorphous precursors to obtain VO2 nanocrystals stabilized in the M1 phase. 

C) Grafting of trimethoxy(1H,1H,2H,2H-perfluorooctyl)silane to the surface of bare VO2 

nanowires, or D) application of an amorphous SiO2 shell by reaction with TEOS as per the 

modified Stöber method. E) Grafting of trimethoxy(1H,1H,2H,2H-perfluorooctyl)silane to the 

silica-coated surface. F) Dispersion of VO2 and VO2@SiO2 nanocrystals bearing pendant 

fluorinated moieties in water using PFOS followed by addition of the methacrylic acid/ethyl 

acrylate polymeric matrix. G) Application of dispersion to cleaned borosilicate glass and the 

preparation of uniform thin films using a casting knife. H) Curing for 12 h in order to obtain 

the final thermochromic films. The inset on the left schematically illustrates the desired ideal of 

small particles homogeneously dispersed within a polymeric matrix and depicts from left to 

right the following scenarious: large particles that scatter light, agglomerations of small 

particles that have a similar effect, and, the ideal case, small, individually dispersed particles. 
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desired for thermochromic applications.34 The inset to Figure III. 1 schematically contrasts the 

desired ideal of individually dispersed particles with undesirable scenarios of large or 

agglomerated optically active particles embedded within the polymeric matrix. We contrast three 

distinct size regimes of particles to arrive upon the optimal particulate dimensions and then 

subsequently evaluate the influence of different dispersion methods.  

 Figure III. 2A depicts transmission electron microscopy images of the as-prepared VO2 

nanocrystals. Based on statistical analysis of 350 particles, an average crystallite size of 44 ± 30 

nm has been deduced. The crystallites are clearly clustered within larger agglomerates. Figure 

III. 2B shows a powder XRD pattern acquired for the as-prepared nanocrystals, which can be 

indexed to the monoclinic M1 phase of VO2 (Joint Committee on Powder Diffraction Standards 

(JCPDS) 43-1051). The Scherrer broadening of the reflections further corroborates their 

nanometer-sized dimensions. Figure III. 2C plots differential scanning calorimetry traces 

acquired for these samples, which exhibit pronounced features corresponding to the endothermic 

 
Figure III. 2 A) TEM image of as-prepared VO2 nanocrystals. B) Powder XRD pattern 

acquired for VO2 nanocrystals. The Scherrer broadening of the reflections attests to the small 

crystallite dimensions of the obtained materials. C) DSC plots acquired for as-prepared VO2 

nanocrystals indicating an endothermic transition upon heating in red and an exothermic 

transition upon cooling in blue.  
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transition of M1 to rutile VO2 (insulator to metal) and the exothermic transition of rutile to M1 

phase VO2 (metal to insulator). The measured heat flow corresponds to a discontinuous change 

of lattice enthalpy originating from the structural phase transition as well as pronounced step-

change of the conduction entropy of electrons upon metallization.56,57 The observed hysteresis 

between heating and cooling cycles is characteristic of first-order transitions. 

In order to disperse the nanocrystals, protect them from oxidation, and to facilitate further 

processing, two approaches have been developed based on grafting of silanes to the surface 

hydroxyl groups of the hydrothermally prepared VO2 nanocrystals (Fig. 1). Reaction with TEOS 

as per the modified Stober method yields core—shell VO2@SiO2 nanocrystals as depicted in 

Figure III. 3. In the TEM image shown in Figure III. 3A, the high-electron density crystalline 

VO2 cores can be readily resolved from the amorphous SiO2 shells. The SiO2 shells engender a 

reduced degree of agglomeration and form a matrix encapsulating the VO2 nanocrystals. The 

hydrophilic SiO2 shells facilitate facile dispersion of the particles in water as schematically 

depicted in Figure III. 1 and discussed below. Figure III. 3B illustrates that no new reflections 

 
Figure III. 3 A) TEM image of core—shell VO2@SiO2 nanocrystals. B) Powder XRD patterns 

acquired for core—shell nanocrystals indexed to the M1 phase of VO2. No pronounced changes 

are discernible upon deposition of SiO2. C) DSC traces of ultrasmall VO2@SiO2 showing an 

endothermic transition at 58°C upon heating and an exothermic transition at 31°C upon cooling.  
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are observed in the XRD pattern upon deposition of SiO2 attesting to the amorphous nature of the 

shell.33 The DSC data in Figure III. 3C further indicates that SiO2 deposition does not alter the 

temperature or magnitude of the phase transition.  

In an alternative approach, as also schematically illustrated in Figure 1, the as-prepared 

core—shell VO2@SiO2 nanowires are reacted with (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)trimethoxysilane in tetradecafluorohexane solution. Reaction with the 

perfluorinated silane installs perfluorinated groups on the nanocrystal surface. The 

VO2@SiO2@-F nanocrystals are rendered completely hydrophobic as indicated by Figure III. 

4A, but can be readily dispersed in tetradecafluorohexane (Fig. III. 4B). In contrast, as-prepared 

VO2 nanocrystals can be somewhat dispersed in water and are not wetted at all by 

tetradecafluorohexane. Figure III. 4C depicts an EDX spectrum acquired after functionalization 

indicating the presence of Si and F on the nanocrystal surfaces.  

Figure III. 4D depicts a FTIR spectrum acquired after functionalization. The spectra 

have been acquired in attenuated total reflectance mode. The FTIR spectra is characterized by 

features at 2924 and 2853 cm-1, which are ascribed to methylene H—C—H asymmetric and 

symmetric stretching modes, respectively.58 The values indicate a high degree of ordering of the 

CH2 domains of the fluorinated monolayer and infers that the siloxanes are bonded in close 

proximity to one another on the VO2 nanocrystal surfaces.59,60 Dangling Si—OH bonds are also 

discernible at 1013 cm-1.58,61 Further evidence for the presence of the fluorinated self-assembled 

monolayer on the nanocrystals is derived from the peak at 1263 cm-1, which is characteristic of 

Si—CH2 stretching arising from the methylene segment of the monolayer.58,62 A feature 

observed at 1113 cm-1 can be attributed to Si—O—Si stretching from cross-linked siloxanes 

formed at the nanocrystal surface.58 A large number of features are present in the region between 



 

77 

 

 

 

1400 and 1100 cm-1, especially a strong peak at 1263 cm-1; these features are attributed to F—

C—F stretches.58,62 The poor resolution of individual peaks in this region is attributed to the 

 
Figure III. 4 A) Digital photograph showing the interaction of a water droplet with 

VO2@SiO2-F nanocrystals; functionalization with a perfluorinated silane renders the surface 

superhydrophobic. B) VO2@SiO2-F nanocrystals are readily dispersible in a perfluorinated 

solvent. C) EDX spectrum of VO2@SiO2-F nanocrystals. D) FTIR ATR spectrum of VO2 

nanowires functionalized with trimethoxy(1H,1H,2H,2H-perfluorooctyl)silane showing 

characteristic modes of the perfluorinated moieties. E) Graphical representation if the helical-

tilt configuration of (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane SAMs. 

Spheres represent the following: light blue = F; dark blue = Si; red = O; white = H; and 

gray = C. 
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presence of multiple rotational isomers of fluoroalkyl chains; however, a peak at 1350 cm-1 is 

fairly well resolved and is specifically attributed to axial CF2 stretching.59 The distinctive feature 

observed for this vibrational mode is characteristic of fluoroalkyl chains configured into a 

helical-tilt orientation as observed previously for fluoroalkyl self-assembled monolayers albeit 

such ordering has not thus far been observed on highly curved surfaces such as presented by the 

nanocrystals here.59,63,64 Parallel C—F stretching relative to the helical axis results in the change 

of dipole necessary for observation of this peak.59,64,65 Furthermore, peaks at 1088 and 1200 cm-1 

that represent Si—O—CH3 stretching in the silane precursor are no longer observed for the 

functionalized product corroborating the hydrolysis of the methoxysilane groups (Fig. A 5, 

Appendix A).58 The FTIR data thus suggest that the silanes form close-pack ordered arrays on 

the surfaces of the VO2 nanocrystals. These arrays can substantially mitigate agglomeration of 

the nanocrystals and allow for casting of homogeneous optically transparent thin films. Figure 

III. 4E depicts a graphical representation of the helical-tilt arrangement exhibited by 

(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane and other fluoroalkyl silane 

SAMs.51,61,62 Figure A 6 (Appendix A)  indicates analogous characterization data for VO2 

nanocrystals functionalized with (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane 

(without initial deposition of a SiO2 shell). Again, surface functionalization renders the 

nanocrystals hydrophobic and facilitates dispersion in a perfluorinated solvent. Functionalization 

with the fluorinated silane is furthermore critical from a practical materials stability perspective. 

As-prepared VO2 is partially oxidized to V6O13 within less than 7 days upon dispersion in water 

(at neutral pH) with characteristic green coloration of the latter phase visible to the naked eye. In 

contrast, VO2@SiO2 dispersions show no degradation even after 6 weeks. The VO2@-F and 

VO2@SiO2-F nanocrystals are rendered completely hydrophobic (Fig. III. 4A and Fig. A 6A, 
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respectively) and maintain their integrity for >12 weeks upon exposure to aqueous media, which 

is further attributed to the precise ordering of the pendant perfluorinated monolayers that form a 

helical close-packed array on the nanocrystal surfaces. The ability to prevent degradation of VO2 

is of course critical to the preparation and storage of formulations for casting thermochromic thin 

films but perhaps more importantly suggests that the thermochromic elements will be far more 

resilient upon exposure to high humidity conditions as a result of silane functionalization.  

In order to facilitate dispersion of the fluorinated nanocrystals in aqueous media, a 

fluorosurfactant PFOS has been titrated as described in the experimental section. The 

perfluorinated pendant chain of PFOS is able to interact with the perfluorinated pendant chains 

of the functionalized VO2@-F (and VO2@SiO2-F) nanocrystals, whereas its sulfonate terminal 

group facilitates aqueous dispersibility. Figure A 7 (Appendix A) indicates digital photographs 

of VO2@-F in water before and after the addition of PFOS. The addition of PFOS clearly results 

in stabilization of a homogeneous colloidal dispersion. A methacrylic acid/ethyl acrylate 

copolymer matrix has been selected as the host. It has a high degree of optical transparency in 

the visible region of the electromagnetic spectrum and exhibits a pH tunable viscosity that allows 

for casting of uniform thin films from aqueous solution. The polymer is added to the VO2@SiO2, 

VO2@-F/PFOS, or VO2@SiO2-F colloidal dispersions at acidic pH. Subsequently, the pH is 

increased by addition of 2-amino-2-methyl-1-propanol containing 5% added water causing 

deprotonation of methacrylic acid groups that take on an anionic charge.41,42,66,67 Charge 

repulsion between anionic groups induces swelling of the copolymer and disperses particles 

based on volume exclusion.41,67 The swelling is clearly discernible by the transition of milky 

white color of the polymer to a highly transparent appearance and by a pronounced increase in 

the viscosity of the solution, which results from expansion of the polymer. This matrix allows for 
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homogeneous dispersion of 1—16 mg/mL of functionalized VO2@SiO2 nanocrystals. Figure A 

8 (Appendix A) shows digital images of transparent thin films embedded with VO2 nanocrystals 

prepared by this method.  

In order to maximize energy efficiency of fenestration elements, a comparison of several 

different metrics is imperative, (a) the visible light transmittance (a fenestration element that is 

overly dark will be of limited utility); (b) the extent of NIR suppression, which reflects the 

efficacy of the element in modulating solar heat gain without impacting visible transparency; and 

(c) the onset of NIR suppression. The last mentioned parameter is of critical relevance for energy 

efficiency. An early onset of NIR suppression in the 770—800 nm regime allows for the 

considerable solar flux in the low-wavelength NIR to be reflected at high temperatures. 

However, this part of the spectrum is also characterized by a scattering background, which can 

diminish the NIR suppression. Scattering thus induces a red-shift of the NIR suppression to 

higher wavelengths, where there is less solar flux.  

Given the need to simultaneously control both particle size and dispersion as depicted in 

Fig. 1, three different size regimes of particles have been evaluated; the 44 ± 30 nm nanoparticles 

noted above have been contrasted to nanowires with lateral dimensions of 210 ± 70 nm and 

lengths of 4.0 ± 3.0 μm and nanowires with lateral dimensions of 180 ± 70 nm and lengths of 1.6 

± 0.9 μm nanowires prepared as reported in our previous work.19,40 Figure III. 5 and Table III. 

1 depict optical spectroscopy data acquired for the three different dimensions of embedded 

particles dispersed by encapsulated within a SiO2 shell, functionalization with a perfluorinated 

silane, and titration with a surfactant (VO2@SiO2-F). It is clear that for comparable particle 

loading, the smallest particle size does considerably better both in terms of the onset of NIR 

suppression and the magnitude of the NIR modulation. Similar size-dependent results are 
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obtained when the particles are encapsulated with SiO2 (VO2@SiO2) or simply functionalized 

with the perfluorinated silane (VO2@-F). Given these results, the 44 ± 30 nm nanocrystals are 

selected to further evaluate the different dispersion modes. Figure III. 6 depicts the temperature-

dependent UV- visible-NIR absorption spectrum acquired for as-prepared VO2 nanocrystals 

dispersed in the methacrylic acid/ethyl acrylate copolymer matrix at different VO2 loadings and 

cast onto borosilicate glass. With increasing temperature, the insulator—metal transition induces 

a pronounced change of optical transmittance.68–70 Metallization strongly decreases the 

 
Figure III. 5 A) Absorption spectra acquired for three different sizes of VO2@SiO2-F 

nanocrystals. The plots correspond to 44 ± 30 nm nanocrystals (dashed lines); nanowires with 

lateral dimensions of 210 ± 70 nm and lengths of 4.0 ± 3.0 μm (dotted lines); and nanowires 

with lateral dimensions of 180 ± 70 nm and lengths of 1.6 ± 0.9 μm nanowires (solid lines). In 

each case, 4 mg of the nanowires is dispersed in 10 mL of an aqueous dispersion of 1 wt.% 

(relative to 10 mL volume of water) methacrylic acid/ethyl acrylate copolymer and cast onto 

borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, whereas spectra 

obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of 

VO2@SiO2-F optical data plots showing three nanocrystal size distributions: 44 ± 30 nm 

nanocrystals (blue squares); nanowires with lateral dimensions of 210 ± 70 nm and lengths of 

4.0 ± 3.0 μm (black triangles); and nanowires with lateral dimensions of 180 ± 70 nm and 

lengths of 1.6 ± 0.9 μm nanowires (purple circles). Maximum visible transmission is the 

maxima in the visible region from each 85°C plot in (A) and is constant for each plot 

(represented by an arrow across the maximum visible transmittance/wavelength plane). 
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transmittance as a result of the increased reflectivity of the metallic VO2 nanocrystals. The 

pronounced suppression of NIR transmittance as a function of the ambient temperature observed 

 
Figure III. 6 A) Absorption spectra acquired for four different loadings of VO2 nanocrystals. 

The plots correspond to 2 mg (dashed lines), 4 mg (solid lines), 6 mg (dotted lines), and 8 mg 

(alternating dash-dot lines) dispersed in 10 mL of an aqueous dispersion of 1 wt.% (relative to 

10 mL volume of water) methacrylic acid/ethyl acrylate copolymer cast onto borosilicate glass 

substrates. Spectra obtained at 30°C are displayed in blue, whereas spectra obtained at 85°C 

after equilibration for 10 min are shown in red. B) 3D representation of VO2 optical data plots 

showing four nanocrystal loadings: 2 mg (blue squares), 4 mg (purple circles), 6 mg (black 

triangles), 8 mg (red diamonds). Maximum visible transmission is the maxima in the visible 

region from each 85°C plot in (A) and is constant for each plot (represented by an arrow across 

the maximum visible transmittance/wavelength plane). 

 

B

Table III. 1 Summary of maximum NIR modulation, transmission in the visible region, and 

onset of NIR suppression for varying size distributions of VO2@SiO2-F nanocrystals. The 

particle loading is 4 mg/10 mL in each case. 

Nanocrystal size 

distribution 

(widths) 

 

Maximum NIR 

Suppression 

(%) 

  

Maximum 

Transmittance 

in the Visible 

Spectrum (%) 

Onset of NIR 

Suppression 

(nm) 

44 ± 30 nm 30.2 61.8 758 

180 ± 70 nm 13.1 62.5 1120 

210 ± 70 nm 6.36 57.7 1580 
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here is what makes this material attractive as a fenestration element. Figure III. 6B indicates that 

for the 2 mg/mL dispersion, NIR suppression of 24% is obtained at a visible light transmittance 

of ca. 74% and the onset  of NIR suppression occurs at 883 nm. A pronounced divergence of the 

Table III. 2 Summary of maximum NIR modulation, transmission in the visible region, and 

onset of NIR modulation for bare VO2, VO2@SiO2, VO2@-F, and VO2@SiO2-F nanocrystals 

dispersed at various loadings in a methacrylic acid/ethyl acrylate matrix. Data for higher 

loadings of VO2 nanocrystals are listed in Tables A 1—A 4. 

Sample and 

Nanocrystal 

Loading within 

Composite 

 

Maximum NIR 

Suppression 

(%) 

  

Maximum 

Transmittance in the 

Visible Spectrum (%) 

Onset of NIR 

Suppression (nm) 

VO
2
    

2 mg 23.8 73.9 883 

4 mg 33.7 57.9 914 

6 mg 40.4 42.8 926 

8 mg 41.9 27.8 926 

VO
2
@-F    

2 mg 23.3 78.9 780 

4 mg 38.2 52.4 775 

6 mg 41.0 40.4 789 

8 mg 40.1 33.3 789 

VO
2
@SiO

2
    

2 mg 24.4 77.6 812 

4 mg 39.9 54.0 810 

6 mg 47.2 38.4 788 

8 mg 46.4 29.7 804 

VO2@SiO2-F    

2 mg 12.4 87.5 809 

4 mg 30.2 61.8 758 

6 mg 42.1 45.2 796 

8 mg 32.3 46.2 776 
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blue (30°C) and red (85°C) plots is only observed beyond 1300 nm (Table III. 2). Increasing the 

active particle loading to 4 mg/10 mL increases the maximum NIR suppression to 33.7%; 

however, the visible light transmittance is diminished to 58% and the onset of NIR suppression is 

red-shifted to 914 nm. Further increasing the nanocrystal loading to 6 mg/10 mL increases the 

NIR suppression to ca. 40% but further decreases the visible light transmittance to 42.8% and 

red-shifts the onset of NIR suppression to 926 nm, suggesting increasing agglomeration (and 

thereby a stronger scattering background). In general, increased nanocrystal loadings bring about 

more extensive agglomeration and gives rise to a larger temperature-invariant scattering 

background (as schematically depicted in the middle panel of the inset to Figure III. 1). 

Consequently, the NIR suppression is only discernible at higher wavelengths. Increasing the 

nanocrystal loading to still higher values diminishes the visible light transmittance without much 

of an increase of the NIR suppression. The spectral shapes discernible in Figure III. 6 suggest 

pronounced light scattering in these latter samples with the 30 and 85°C spectra diverging only at 

wavelengths >1300—1400 nm.  This scattering background results from the strong 

agglomeration of the nanocrystals within the films in the absence of a method of dispersion. 

Indeed, Figure A. 9 plots still higher nanocrystal loadings and the relevant metrics are listed in 

Table A 1. More severe agglomeration is evidenced with a concomitant decrease of both the NIR 

suppression and the visible light transmittance; the onset of suppression is shifted to 978 nm for 

the 12 mg/10 mL dispersion. 

As can be seen in Table III. 2, the primary enhancement of function afforded by surface 

functionalization combined with the use of a dispersant is an earlier onset of NIR suppression as 

compared to unfunctionalized as-prepared VO2. The suppression of NIR and visible light 

transmittance of VO2 and VO2@-F nanocrystals are similar (Table III. 2); however, Figure III. 7 
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and Table III. 2 illustrate that functionalization of the VO2 nanocrystals with (heptadecafluoro-

1,1,2,2-tetrahydrodecyl)trimethoxysilane followed by dispersion with PFOS brings about a 

strong blue-shift of the onset of suppression; the spectral lineshapes are starkly altered as a result 

of the better dispersion of the nanocrystals, which strongly suppresses the scattering background. 

Two distinct advantages are realized as a result of this spectral shift: (i) more solar flux in the 

NIR is reflected upon metallization at high temperatures and (ii) the region of maximum NIR 

suppression is shifted nearer to the highest solar flux part of the spectrum.71 It can be seen from 

the 3D graphs in Figure III. 6 for bare VO2 nanocrystals, maximal suppression is not reached 

until ca. 2400—2500 nm (depending on the extent of loading); however, for perfluorinated VO2 

 
Figure III. 7 A) Absorption spectra acquired for four different loadings of VO2@-F 

nanocrystals. The plots correspond to 2 mg (dashed lines), 4 mg (solid lines), 6 mg (dotted 

lines), and 8 mg (alternating dash-dot lines) dispersed in 10 mL of an aqueous dispersion of 1 

wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl acrylate copolymer cast onto 

borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, whereas spectra 

obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of VO2 

optical data plots showing four nanocrystal loadings: 2 mg (blue squares), 4 mg (purple 

circles), 6 mg (black triangles), and 8 mg (red diamonds). Maximum visible transmission is 

the maxima in the visible region from each 85°C plot in (A) and is constant for each plot 

(represented by an arrow across the maximum visible transmittance/wavelength plane). 
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nanocrystals dispersed using PFOS (Fig. III. 7), the maximum suppression is achieved near 

1600-1700 nm.  

The substantially improved dispersion of VO2@-F nanocrystals is furthermore evidenced 

by the relative constancy of the onset of NIR suppression with increasing nanocrystal loading 

(Table III. 2). Figure A. 10 and Table A. 2 (Appendix A) provide data on higher nanocrystal 

loadings. Interestingly, the better dispersion results in preservation of the extent of NIR 

suppression even at high concentrations although some agglomeration is evidenced in the red-

shift of the onset of NIR suppression. These compositions provide high NIR suppression but low 

visible-light transmittance performance that might be suitable for some applications wherein 

tinting and dynamic fenestration are desired at the same time. 

 
Figure III. 8 A) Absorption spectra acquired for four different loadings of VO2@SiO2 

nanocrystals. The plots correspond to 2 mg (dashed lines), 4 mg (solid lines), 6 mg (dotted 

lines), and 8 mg (alternating dash-dot lines) dispersed in 10 mL of an aqueous dispersion of 1 

wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl acrylate copolymer cast onto 

borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, whereas spectra 

obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of VO2 

optical data plots showing 4 nanocrystal loadings: 2 mg (blue squares), 4 mg (purple circles), 

6 mg (black triangles), and 8 mg (red diamonds). Maximum visible transmission is the 

maxima in the visible region from each 85°C plot in (A) and is constant for each plot 

(represented by an arrow across the maximum visible transmittance/wavelength plane). 



 

87 

 

 

 

Figure III. 8 plots the temperature-dependent optical characteristics of VO2@SiO2 

nanocrystal s. As also listed in Table III. 2, the increased dispersion afforded by the SiO2 shells 

results in a higher NIR suppression that approaches as much as 47%. However, the onsets of NIR 

suppression, while being substantially improved over bare VO2 nanocrystals, are somewhat red-

shifted from the VO2@-F nanocrystals. As with the VO2@-F nanocrystals, the pronounced NIR 

suppression is preserved even at higher loadings when the visible light transmission is 

diminished (Fig. A. 11 and Table A. 3, Appendix A). The slightly greater degree of 

agglomeration observed for VO2@SiO2 is attributed to the SiO2 shells encapsulating multiple 

Figure III. 9 A) Absorption spectra acquired for four different loadings of VO2@SiO2-F 

nanocrystals. The plots correspond to 2 mg (dashed lines), 4 mg (solid lines), 6 mg (dotted 

lines), and 8 mg (alternating dash-dot lines) dispersed in 10 mL of an aqueous dispersion of 1 

wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl acrylate cast onto 

borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, whereas spectra 

obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of VO2 

optical data plots showing 4 nanocrystal loadings: 2 mg (blue squares), 4 mg (purple circles), 

6 mg (black triangles), 8 mg (red diamonds). Maximum visible transmission is the maxima in 

the visible region from each 85°C plot in (A) and is constant for each plot (represented by an 

arrow across the maximum visible transmittance/wavelength plane). 
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VO2 nanocrystals; in contrast, based on FTIR data (Fig. III. 4), the perfluorinated self-assembled 

monolayers allow for individual dispersion of the nanocrystals within the polymeric matrix.  

A combination of both dispersion methods has also been attempted by silane 

functionalization of VO2@SiO2 nanocrystals to obtain VO2@SiO2-F nanocrystals. Figure III. 9 

and Table III. 2 indicate that this set of samples yields high NIR suppression of above 45% 

comparable to VO2@SiO2 samples and the onset of NIR suppression is further blue-shifted. In 

these samples, the VO2 nanocrystals with dimensions of 44 ± 30 nm are protected by low-

dielectric-constant SiO2 shells, which in turn are encapsulated with perfluorinated self-assembled 

monolayers. The core—shell nanocrystals are homogeneously dispersed within the methacrylic 

acid/ethyl acrylate copolymer matrix with the help of PFOS allowing for thin films exhibiting 

large NIR suppression with onsets in the 760—800 nm regime. Furthermore, substantial 

enhancements of visible light transmittance are observed and the lineshapes in Figure III. 9 

indicate that the scattering background is strongly suppressed. Higher loadings of VO2@SiO2-F 

nanocrystals are presented in Figure A .12 and Table A. 4, Appendix A. The low scattering 

background and strong NIR suppression is preserved even at higher loadings attesting to the 

excellent dispersion of the VO2 nanocrystals. The combination of a SiO2 shell for refractive 

index matching along with excellent dispersion facilitated by the perfluorinated silane and PFOS 

yields the most optimal combination of visible light transmittance, high NIR modulation, and 

early onset of NIR suppression.  

The mechanical robustness of the nanocomposite films on borosilicate glass have further 

been evaluated using nanoindentation and ASTM adhesion tests.43,44 Figure III. 10 contrasts 

nanoindentation results for a methacrylic acid/ethyl acrylate film cast on glass with films 
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embedded with 4 mg/10 mL dispersions of VO2 nanocrystals of three different size distributions. 

Table III. 3 plots values for the reduced modulus (Er) (determined via the Oliver—Pharr 

method),72,73 hardness, and stiffness recorded from 12 indentions in each film. Figure III. 10 and 

Table III. 3 indicate that the VO2 nanocomposite films show an increase of the reduced modulus 

by 1.3—2.4 GPa, a concerted increase in hardness of about 25—44%, and an increase of 

stiffness by 0.2—0.7 µN/nm as compared to the methacrylic acid/ethyl acrylate film without 

particulate inclusions. These results suggest that incorporation of the inorganic filler yields stiffer 

and harder films, likely as a result of stabilization an interphase region at the particle/polymer 

interface.37 Based on the standard deviations, the measured parameters do not appear to strongly 

depend on the particle dimensions. 

 
Figure III. 10 Load versus displacement curves acquired upon nanoindentation of methacrylic 

acid/ethyl acrylate film cast onto glass and nanocomposites embedded with three different 

particle sizes as described in Table III. 1 and Figure III. 5. All tests correspond to 4 mg/10 mL 

aqueous dispersions of 1 wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl 

acrylate of each VO2 size distribution. The plots correspond to (i) methacrylic acid/ethyl acrylate 

on glass without filler particles; (ii) 44 ± 30 nm nanocrystals; (iii) nanowires with lateral 

dimensions of 180 ± 70 nm and lengths of 1.6 ± 0.9 μm; (iv) nanowires with lateral dimensions 

of 210 ± 70 nm and lengths of 4.0 ± 3.0 μm. 
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Further studies have been performed to evaluate the adhesion of the nanocomposite films 

to glass. A tape test has been conducted as specified by ASTM D3359;43 the nanocomposite 

films are classified on a scale from 5B (indicating the highest level of adhesion wherein there is 

no visible loss of the coating upon peeling t he tape from the film) to 0B (poor adhesion, 

corresponding to removal of greater than 65% of the coating by the tape).43 All the coatings are 

rated as 5B, indicating the overall excellent adhesion of the host matrix to glass. In addition, a 

scrape test has been performed as per ASTM D2197;44 the results are classified based on the 

applied mass required for the “U”-shaped loop on the balanced beam scrape adhesion tester to 

break though the organic film and delaminate the film from the glass substrate.44 All samples of 

varying nanoparticle size previously tested via tape test were rated by scrape test to withstand 

Table III. 3: Summary of reduced modulus, hardness, and stiffness values measured for a methacrylic 

acid/ethyl acrylate film cast onto glass and nanocomposites embedded with three different particle 

sizes as described in Table III. 1 and Figure III. 5. All tests correspond to 4 mg/10 mL aqueous 

dispersions of 1 wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl acrylate of each 

VO2 size distribution. For each of the properties, the reported results reflect the average and standard 

deviation of twelve different measurements. 

Nanocrystal size 

distribution 

(widths)  

Reduced 

modulus 

(GPa) 

  

Hardness (GPa) Stiffness 

(µN/nm) 

 

Methacrylic 

acid/ethyl 

acrylate 

6.4 ± 0.40 3.2 x 10-1 ± 0.014 3.4 ± 0.19 

44 ± 30 nm 8.0 ± 0.31 4.6 x 10-1
 ± 0.040 3.6 ± 0.12 

180 ± 70 nm 7.7 ± 1.1 4.0 x 10-1
 ± 0.13 3.7 ± 0.18 

210 ± 70 nm 8.8 ± 2.6 4.4 x 10-1
 ± 0.22 4.1 ± 0.15 
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scrape loads of >10 kg, the maximum limit tested under the specified method, further 

demonstrating the excellent adherence of the coatings to glass. 

 

III.4 Conclusion 

In summary, fenestration units that are able to adapt to changes in ambient temperature 

have the potential to bring about considerable energy savings in both residential and industrial 

buildings by dynamically modulating solar heat gain in response to the external temperature 

without requiring human intervention. VO2 exhibits a reversible insulator to metal transition that 

is accompanied by a massive and dynamically switchable suppression of NIR transmittance and 

reflectance as a function of temperature. This phase transition can be utilized to limit NIR solar 

heat gain at high ambient temperatures, while allowing for use of solar heat gain to warm 

interiors at low ambient temperatures.  

In this work, we demonstrate that nanocomposite thin films embedded with well 

dispersed <100 nm VO2 nanocrystals are substantially able to mitigate Mie scattering 

characteristic of larger VO2 particles and agglomerates, thereby yielding both high visible light 

transmittance, effective NIR suppression, and a low onset wavelength of NIR suppression. An 

entirely aqueous-phase process for preparation of nanocrystals and their effective dispersion 

within polymeric nanocomposites has been devised and allows for realization of viable plastic 

fenestration elements. The encapsulation of the VO2 nanocrystals within an amorphous SiO2 

shell or a self-assembled perfluorinated silane ligand shell, facilitated by grafting of silanes to 

surface hydroxyl groups, protects the nanocrystals from oxidation and allows for their 

homogeneous dispersion within a pH-responsive methacrylic acid/ethyl acrylate copolymer 

matrix with the help of a surfactant. The VO2@SiO2-F formulations characterized by the most 
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efficacious refractive index matching and dispersion exhibit an optimal combination of high 

degree of visible light transmittance, high extent of NIR modulation and early onset of NIR 

suppression, considerably improved over bare VO2 nanocrystals of the same particle size, which 

show a high tendency to agglomerate in the absence of surface functionalization. In contrast, 

VO2@-F formulations also show excellent NIR suppression at an early onset but have a 

relatively lower visible light transmittance.  The approach demonstrated here does not require 

organic solvents and is readily scalable to larger areas and arbitrary surfaces and represents a 

retrofittable option for modification of existing fenestration.  
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CHAPTER IV 

EPITAXIAL STABILIZATION VERSUS INTERDIFFUSION: SYNTHETIC ROUTES TO 

METASTABLE CUBIC HFO2 AND HFV2O7 USING CORE—SHELL DISPOSITION OF 

PRECURSORS 

 

IV.1 Introduction 

Metastable crystal structures with atomic connectivities somewhat altered from the 

thermodynamic phase correspond to relatively shallower local minima on free energy landscapes 

as compared to the thermodynamic phase but can oftentimes be trapped under ambient 

conditions.1–4 The large amounts of energy inputted in conventional ceramic and metallurgical 

processing methods result in reaction mixtures being able to efficiently approach equilibrium. In 

contrast, synthetic approaches that can situate the material in a local minimum under specific 

constraints (temperature, pressure, voltage, strain, chemical doping) can oftentimes be rapidly 

“quenched”, enabling kinetic trapping of metastable atomic configurations.3,5–11 Perhaps the most 

iconic example of a metastable material that can be isolated under ambient conditions is 

diamond, which exhibits a distinctly different bonding motif, and thus vastly different 

functionality, as compared to its thermodynamically stable counterpart, graphite.12,13 Seminal 

work by Garvie several decades ago established synthetic routes to the stabilization of the 

metastable tetragonal polymorph of ZrO2;
14 at nanoscale dimensions, the increased stabilization 

of the tetragonal polymorph derived from surface and strain energy differentials with the 

monoclinic polymorph overcomes the bulk free energy preference for the latter polymorph.5,15 

The transformation of metastable tetragonal ZrO2 to the thermodynamically stable monoclinic 

polymorph provides an effective means of energy dissipation and is used industrially for 
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transformation toughening.15–20 Recent work illustrates that the stabilization of tetragonal HfO2 

under ambient conditions is much more challenging and requires scaling to dimensions <4 nm as 

compared to the ca. 30 nm critical size for ZrO2.
5,15,20 In this work, we describe a synthetic 

strategy for stabilizing the energetically still more disfavored cubic phase of HfO2 under ambient 

conditions, which as per the binary Hf—O phase diagram is stable only above 2600°C.21 The 

binary phase diagram of Hf—O reported by Shin et al. delineates cubic HfO2 as a relatively 

small sliver stable only for oxygen stoichiometries between 0.5 and 0.7 mole fraction and in the 

temperature range between 2600°C and 2758°C whereupon it is congruently melted.21 A 

combination of epitaxial growth of HfO2 onto VO2 nanocrystals and interdiffusion, followed by 

etching of the vanadium oxide core enables the stabilization of metastable cubic HfO2 under 

ambient conditions. In contrast, annealing core—shell VO2@HfO2 nanocrystals under oxidative 

conditions promotes effective interdiffusion, stabilizing the negative thermal expansion material, 

HfV2O7. 

HfO2 and ZrO2 are oftentimes referred to as the “twin oxides” owing to the similarities in 

the properties of these two materials that arises from the closely matched atomic radii of their 

cations, which indeed is a direct result of lanthanide contraction.22–24 Under ambient conditions, 

hafnia crystallizes in a low-symmetry (seven-coordinated) monoclinic phase (M, space group 

P21/c) and exhibits a diffusionless Martensitic transition to a higher-symmetry (eight-

coordinated) tetragonal structure (R, space group P42/nmc) at a temperature of ca. 1720°C.5,15 An 

even higher symmetry (still with eight-coordinated hafnium atoms) cubic phase (C, space group 

Fm3̅m) is stabilized at temperatures above 2600°C and is retained until hafnia is congruently 

melted at a temperature of 2758°C.5,25–27 Traversing the free energy landscape along the pressure 

axis reveals two oxygen-deficient orthorhombic variants, orthorhombic I (O1, space group 
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Pca21), which is stabilized above 4.3 GPa and orthorhombic II (O2, space group Pmn21), which 

is observed above 14.5 GPa.26,28 The dielectric constant of monoclinic HfO2 is in the vicinity of 

18, higher than that of SiO2, whereas tetragonal and cubic polymorphs are predicted to have 

dielectric constants as high as 70 and 30, respectively.5,15,24 

By reacting HfCl4 with hafnium(IV) tert-butoxide (Hf(OtBu)4) with the addition of low 

concentrations of the less reactive cerium(IV) tert-butoxide and lanthanum(III) isopropoxide, we 

have recently separated nucleation and growth steps, enabling the stabilization of HfO2 

nanocrystals with dimensions <10 nm.15  The development of this synthetic route reveals the 

critical threshold for stabilizing tetragonal HfO2 as being 3.6—3.8 nm.15 Another approach to 

stabilization of tetragonal HfO2 involves the introduction of multiple nanotwinned domains 

within the monoclinic variant; the twin planes serve to nucleate the transformation dislocation 

and mediate stabilization of the tetragonal phase at temperatures more than 1000°C lower than 

the bulk transformation temperature5,29 While these efforts have enabled stabilization of the 

technologically important tetragonal polymorph of HfO2, the higher temperature cubic phase 

remains difficult to access. Aliovalent doping has been utilized to stabilize cubic HfO2 but 

requires dopant concentrations as high as 11.0 and 3.00 at.% for V and La, respectively. 

Intriguingly, lanthanum-doped cubic HfO2 exhibits a remarkably high dielectric constant of 

38.30,31 While dimensional confinement and twin domain control have emerged as viable means 

of accessing the tetragonal phase of HfO2, an altogether new strategy is required to stabilize the 

cubic polymorph of HfO2 and is demonstrated here based on a core—shell precursor strategy. 

The intimate mixing and small diffusion lengths within core-shell VO2@HfO2 nanocrystals 

enables the facile stabilization of phase-pure cubic HfO2 at low temperatures. In contrast, 

facilitating interdiffusion under oxidative conditions yields HfV2O7, a negative thermal 
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expansion (NTE) material in the MX2O7 material family that exhibits isotropic negative thermal 

expansion.32–35 The development of a facile synthetic route to this material further mitigates a 

major impediment to its industrial use within zero thermal expansion composites. 

 

IV.2 Experimental 

Synthesis of VO2 Nanocrystals: VO2 nanowires with lateral dimensions of 180±70 nm 

and lengths of 1.6±0.9 μm have been prepared by the hydrothermal reduction of V2O5 with acetone 

as reported in previous work.36–38 Briefly, 1.60 mg V2O5, 42.0 mL acetone, and 33.0 mL of 

deionized water (ρ=18.2 MΩ·cm, Barnstead Water Purification System) were placed in a 125 mL 

polytetrafluoroethylene vessel, which in turn was placed within a sealed hydrothermal reactor and 

maintained at 210°C for 72 h.36–38 The recovered solid was filtered and washed three times with 

water and subsequently three times with acetone. The recovered powder was then dried and 

annealed within a tube furnace under a flow of Ar gas (50 sccm); the furnace was heated to 550°C 

at a heating rate of ca. 43°C/min and held at this temperature for 5 h. The annealed solid, VO2 

nanowires crystallized in the M1 phase, was then removed and used as prepared.  

Quasi-spherical VO2 nanocrystals with a diameter of 44±30 nm have been prepared by an 

alternative sol—gel condensation and hydrothermal treatment route.36,37,39,40 Briefly, VO(OH)2 

was precipitated from the reaction between NH4VO3 and N2H4 in deionized water at a 

temperature of 80°C. The solid precipitate was then heated at 210°C for 24 h within the 

hydrothermal apparatus described above. The recovered powder was washed with copious 

amounts of water and acetone across three cycles of resuspension and centrifugation.  

Deposition of HfO2 onto VO2 Nanocrystals: Amorphous HfO2 shells were deposited 

onto nanowires and quasi-spherical nanocrystals of VO2 through a hydrolysis approach 



 

102 

 

 

 

analogous to the Stöber method for the preparation of SiO2 shells.36,37,41,42 In the first step, 30 mg 

of nanowires or quasi-spherical nanocrystals of VO2 crystallized in the M1 phase were dispersed 

in 80 mL dry ethanol (dried over molecular sieves with 4Å pore size and Na2SO4) via 

ultrasonication (Branson 5510) for ca. 10 min. The colloidal dispersion was then placed within a 

three-neck round-bottomed flask, which was attached to an Ar Schlenk line and cooled using an 

ice bath. Hf(OtBu)4 was added dropwise to the ethanol dispersion at a molar ratio of 

VO2:Hf(OtBu)4 of 1:0.5 under an Ar ambient; the reaction mixture was then allowed to stir for 

20 min. This dispersion was then removed from the ice bath, placed on a heating mantle, and 

heated to 80°C while maintaining an Ar ambient. Next, 20 mL of a 1:20 (v/v) H2O:EtOH mixture 

was added dropwise to initiate hydrolysis of the hafnium alkoxide. The low water content 

precludes homogeneous nucleation of HfO2 nanocrystals in solution and constrains HfO2 

deposition to the surfaces of the VO2 nanocrystals. The reaction mixture was maintained at 80°C 

for 15 min and subsequently removed from heat and allowed to cool to ca. 50°C before moving 

to centrifugation. The solid precipitate was then recovered by centrifugation at 8700 rpm using a 

Heraeus Megafuge 8. The recovered solid was resuspended in ethanol and recovered by 

centrifugation at 8700 rpm. Two such cycles were performed. Dry samples were annealed in a 

quartz tube placed within a tube furnace under 50 sccm of flowing Ar at 650°C for 25 min. The 

annealed powder was then allowed to cool to room temperature before further analysis. 

Stabilization of Cubic HfO2 by Dissolution of the V2O3 Core of V2O3@HfO2 Core—

shell Nanocrystals: After annealing to obtain V2O3@HfO2 core—shell nanocrystals, the 

vanadium oxide shell was etched in acid solution to stabilize cubic HfO2. Specifically, 

V2O3@HfO2 core—shell nanocrystals were placed in a 5.67 M aqueous solution of HCl at a 

concentration of 1 mg solid per mL of solution. The prepared dispersion had a pH <1, which 
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results in the dissolution of V2O3 and remnant VO2 from the core.43 The acid-treated sample was 

sonicated vigorously for ca. 1 h to ensure dissolution of the core. The supernatant turned light 

blue in color indicating the stabilization of vanadium oxide clusters.44 The solid was then 

recovered by centrifugation at 8700 rpm. The recovered solid was subsequently redispersed in 

ethanol and collected by centrifugation at 8700 rpm two times before being allowed to dry at 

room temperature. 

Synthesis of HfV2O7: VO2@HfO2 core—shell nanocrystals were prepared as discussed 

above and the recovered powders were placed in a quartz tube and annealed under a static air 

ambient within a tube furnace ramping at a rate of 20°C/min to 650°C. The furnace was 

maintained at 650°C for 25 min. The recovered solid was light orange in appearance and was 

analyzed upon cooling to room temperature. 

Characterization: Low-magnification transmission electron microscopy (TEM) images 

were recorded on a JEOL JEM-2010 instrument operated with an accelerating voltage of 200 kV. 

Atomic-resolution TEM images were recorded on an FEI Tecnai G2 F20 ST FE-TEM at Texas 

A&M University and a Nion UltraSTEM 200 microscope at Oak Ridge National Laboratory. 

Samples were dropcast onto copper grids after dispersion in hexanes (e-chips in the case of the 

Nion UltraSTEM). Both instruments were operated at an accelerating voltage of 200 kV. 

Scanning electron microscopy (SEM) images were recorded on a JEOL JSM-7500F field-

emission scanning electron microscope set at an accelerating voltage of 10 kV.  

In-situ powder X-ray diffraction (XRD) experiments were performed using a Bruker D8-

Vario X-ray powder diffractometer using a Cu Kα (λ=1.5418Å) source operated at a 40 kV 

accelerating voltage with a 40 mA current. An MTC oven attachment was used for the heating 

experiments, which were performed under a flowing N2 (40 sccm) environment, with patterns 
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recorded at 50°C intervals. Refinements of powder XRD patterns were performed for patterns 

recorded using a Bruker D8 Advance Eco X-Ray powder diffractometer with a Cu Kα 

(λ=1.5418Å) source scanning at 1.9°/min.  

Neutron Activation Analysis (NAA) was performed using the Texas Engineering and 

Experiment Station 1-MW TRIGA reactor. Neutron irradiations of 30 s were performed at a 

thermal neutron fluence rate of 9.1 x 1012 cm-2 s-1. Gamma-ray spectra were obtained using an 

HPGe detector for 500 s after a 270 s decay interval. Data analysis was performed using software 

from Canberra Industries. 

 

IV.3 Results and Discussion 

Stabilizing Metastable Cubic HfO2: VO2 nanowires with lateral dimensions of 180±70 

nm and lengths of 1.6±0.9 μm have been prepared by the acetone reduction of V2O5 under 

hydrothermal conditions as discussed in detail in the Methods section.36–38 Quasi-spherical VO2 

nanocrystals with diameters of 44±30 nm have been prepared by sol—gel reduction—

condensation of NH4VO3 with hydrazine followed by hydrothermal treatment, as also discussed in 

the Methods section.36,37,39,40 Figures A 13A and B (Appendix A) show representative 

transmission electron microscopy (TEM) images of the as-prepared VO2 nanowires and quasi-

spherical nanocrystals, respectively. Figure A 13C plots their corresponding powder X-ray 

diffraction (XRD) patterns, attesting to the crystallization of both the nanowires and the 

nanocrystals in the monoclinic M1 phase. Pronounced Scherrer broadening is observed in the XRD 

pattern acquired for ultrasmall VO2 nanocrystals owing their small X-ray coherent domain sizes. 

Figure IV. 1 schematically illustrates the synthetic approach to core—shell disposition of 

the precursors and the process used to prepare metastable cubic HfO2 and the negative thermal 
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expansion material, HfV2O7. An amorphous HfO2 shell is first deposited onto VO2 nanocrystals 

or VO2 nanowires by hydrolysis and condensation of a hafnium alkoxide precursor as per 

Equation IV. 1: 

 

Hf(OR)
4
(l) + 2H

2
O(l)  + VO2(s)   →  VO2@HfO2(s) + 4ROH (aq.)                              (IV. 1) 

 

 
Figure IV. 1 Schematic depiction of the synthesis of cubic HfO2 and HfV2O7 from VO2 and 

HfO2 precursors arranged in a core—shell disposition. A) Hf(OtBu)4 is deposited on the 

surface of M1 VO2 and hydrolyzed in B) to deposit an amorphous HfO2 shell onto the M1 

VO2 nanowires and nanocrystals. The VO2@amorphous-HfO2 core—shell structures can 

either be C) annealed under static air at 650°C to yield cubic HfV2O7, or D) annealed under 

flowing Ar to produce rhombohedral V2O3 with a cubic HfO2 shell. E) Acid treatment of 

V2O3@HfO2 with 5.67M HCl results in the dissolution of the V2O3 core and after F) 

washing with ethanol yields phase-pure cubic HfO2 that is recovered upon centrifugation.   
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This reaction is performed at low temperature (4°C) to prevent homogeneous nucleation of HfO2 

nanocrystals. The abundant hydroxyl groups on the surfaces of the VO2 nanocrystals allow for 

formation of V-O-Hf oxo linkages as observed previously in the deposition of SiO2 shells.36,37 

Figure A 14 shows room-temperature powder XRD patterns acquired along the synthetic 

scheme sketched in Figure 1 providing evidence for the phase assignments. Figure 14B shows 

the appearance of a diffuse scattering background upon deposition of an amorphous HfO2 shell 

onto the VO2 nanowires. Annealing in Ar to 650°C results in the emergence of rhombohedral 

V2O3 (PDF: 85-1411) and cubic HfO2 (refined parameters) phases (Fig. A 14C), illustrating 

oxygen diffusion from the core to the shell consistent with the more electropositive nature of 

hafnium. Acid etching of the core—shell structure leaves behind cubic HfO2 as the only 

crystalline phase (Fig. A 14D). No HfV2O7 contamination is observed for materials obtained by 

this method.31 Figure A 15 shows powder XRD patterns acquired along the same sequence of 

reactions for quasi-spherical VO2 nanocrystals. 

Figures IV. 2A and B shows TEM and scanning electron microscopy (SEM) images of 

bare VO2 nanowires and the nanowires encased by an amorphous HfO2 shell, respectively. 

Figure IV. 2C shows the nanowires after annealing under Ar at 650°C for 25 min; oxygen 

diffusion from the core to the shell results in reduction of M1 VO2 to rhombohedral V2O3 and 

yields V2O3@HfO2 core—shell particles with a cubic HfO2 shell. The SEM image in Figure IV. 

2C reveals that the shell is polycrystalline with faceted plate-like crystallites protruding from the 

surface of the nanowires. Figure IV. 2D shows cubic HfO2 nanocrystals after acid etching of the 

rhombohedral V2O3 core. Figure A 16 (Appendix A) shows analogous images across the 

sequence of reactions for quasi-spherical VO2 nanocrystals.  
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Figures IV. 3A and B show low-magnification TEM images of core—shell V2O3@HfO2 

nanowires obtained upon annealing alongside an energy-dispersive X-ray spectroscopy (EDX) 

map illustrating the core—shell disposition of the vanadium and hafnium oxide domains. Figure 

IV. 3A shows a panoramic view, whereas Figure IV. 3B exhibits a cross-sectional image and 

EDX map acquired for an ultramicrotomed nanowire. 

This image shows that vanadium (red) is concentrated within the core of the structure, 

whereas hafnium (green) is concentrated w ithin the shell. Further evidence of the core—shell 

structure comes from Figure A 17, which shows a cross-sectional view of an ultramicrotomed 

nanowire as well as an EDX line scan that further confirms the core—shell structure with Hf 

concentrated within the shell and vanadium within the core. Some V content is detected within 

the shell likely derived from the outwards diffusion of vanadium cations facilitated by the 

reasonable miscibility of the two cations.31 The lattice-resolved HRTEM images in Figures IV. 

3C and D demonstrate the epitaxial matching between the rhombohedral V2O3 core and cubic 

 
Figure IV. 2 TEM and SEM images corresponding to synthetic steps involved in the 

stabilization of cubic HfO2. A) TEM image (top) and SEM image (bottom) of M1-phase VO2 

nanowires prepared by the hydrothermal reduction of V2O5 by acetone. B) TEM and SEM 

images of VO2 nanowires coated with an amorphous HfO2 shell. C) TEM and SEM images of 

V2O3@cubic-HfO2 core—shell structures obtained upon annealing VO2@amorphous-HfO2 

structures at 650°C. D) TEM and SEM image of polycrystalline cubic HfO2 after acid etching 

of the V2O3 core.  
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HfO2 shell. Figures IV. 3D and E delineate the lattice planes. Indeed, this epitaxial matching is 

 

Figure IV. 3 Imaging and compositional mapping of V2O3@HfO2 core—shell structures. A) 

TEM image of annealed V2O3@HfO2 and corresponding EDX map illustrating the vanadium 

oxide core surrounded by a hafnium oxide shell. B) Cross-sectional TEM image and EDX map 

of an ultramicrotomed core—shell nanowire. It is apparent that V (red) is highly concentrated 

within the core, whereas the Hf signal (green) is concentrated along the shell. C,D) High-

resolution TEM images depicting the epitaxial interface between rhombohedral V2O3 and cubic 

HfO2. Lattice spacings corresponding to rhombohedral V2O3 (PDF 85-1411) and cubic HfO2 

are delineated. E) A magnified image of cubic HfO2 domains within the shell. 
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critical to the nucleation of cubic HfO2. Recent work has illustrated that a metastable polymorph 

can be preferentially stabilized if the barrier to nucleation of a metastable polymorph is lower 

than that of the thermodynamic phase.45,46 The rhombohedral V2O3 core essentially selects for 

the preferential formation of cubic HfO2 as compared to other HfO2 polymorphs owing to the 

available epitaxial relationship as well as the influence of vanadium incorporation. Interestingly, 

while the epitaxial relationship likely underpins nucleation of cubic HfO2, the lattice mismatch is 

sufficiently large such as to bring about strain-induced delamination of the V2O3 core from the 

HfO2 shell (Figs. IV. 3B and A 17). 

Figure IV. 4 plots intensity modulation maps illustrating the evolution of the powder 

XRD patterns of VO2@amorphous HfO2 core—shell structures as a function of temperature 

upon annealing under a N2 ambient. Reflections corresponding to the M1 phase of VO2 

disappear rather abruptly at ca. 590—600°C and reflections that can be indexed to cubic HfO2 

emerge in the temperature range of 560—675°C. The crystallization and reduction of VO2 to 

V2O3 occurs in concert and involves oxygen diffusion along a gradient of electropositivity.  

Figure 4B shows the results of an identical reaction performed without the presence of VO2. 

Initially nucleated cubic/tetragonal domains are lost and the thermodynamically stable 

monoclinic phase of HfO2 is stabilized as a result of grain growth.5,15–17,25 The epitaxial 

relationship between V2O3 and cubic HfO2 in the crystalline core—shell structures is therefore 

critical to preventing reversion to the thermodynamically stable monoclinic polymorph at 

elevated temperatures. 

HfO2 exhibits high stability in aqueous media across a wide pH range; in contrast, V2O3 is 

readily dissolved in acidic media.43 This difference in reactivity provides a means of isolating free-

standing cubic HfO2 powders. The V2O3 cores of V2O3@HfO2 core—shell structures have been 
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etched in acid solution at room temperature, thereby preserving the metastable cubic structure of 

the shell. Refinement of the powder XRD pattern provides corroboration of the cubic crystal 

structure, which crystallizes in the Fm3̅m space group with a lattice constant of a = 5.04793(22) Å 

 

Figure IV. 4 Temperature-dependent XRD patterns and structure refinement. A) Evolution of 

XRD patterns of VO2@amorphous HfO2 with increasing temperature. The (011) reflection of 

M1 VO2 is attenuated as the (111) reflection for cubic hafnia begins to reach maximum 

intensity between 560 and 600°C. Crystal structures of the phases that are predominant within 

each temperature range are illustrated alongside the intensity map. B) Evolution of the 

powder XRD pattern in a control experiment omitting the VO2 nanowires. Initially stabilized 

tetragonal/cubic HfO2 domains disappear rapidly with sintering; the thermodynamically stable 

monoclinic phase of HfO2 emerges as the dominant species. C) HRTEM image of the cubic 

HfO2 lattice. D) Observed XRD pattern (black crosses) plotted along with a refinement to 

cubic HfO2. The simulated XRD pattern is displayed in red, background in green, and residual 

curve in blue; 2θ positions of reflections are marked as purple ticks. The structure refines to 

cubic HfO2 crystallized in the Fm3̅m space group (see Table A 5 for refinement metrics). 
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(Figure IV. 4D and Table A 5), consistent with the lattice spacing directly imaged in Figures IV. 

3D, 3E, and 4C. The recovered materials are phase pure.  

Neutron activation analysis (NAA) quantification of the recovered solids reveals a V 

concentration of ca. 7.18±0.17 at.%, likely derived from the diffusion of vanadium atoms from 

within the core given the reasonable solubility of vanadium within the hafnia lattice. Notably, 

vanadium incorporation alone cannot account for stabilization of the metastable cubic polymorph; 

previous studies have indicated the need for at least 11 at.% V dopant incorporation to stabilize 

cubic HfO2, which is observed to further be contaminated by HfV2O7.
31,47 The stabilization of free-

standing cubic hafnia thereby provides access to a metastable kinetically trapped polymorph that is 

otherwise only accessible at temperatures above 2600°C. The cubic HfO2 remains stable for over 

12 months without transforming to metastable tetragonal or thermodynamically stable monoclinic 

polymorphs. 

Synthesis of Negative Thermal Expansion HfV2O7: Conventional routes to the 

synthesis of HfV2O7 employ the grinding and sintering at 700°C of hafnyl oxalic acid and 

ammonium oxodioxalato-vanadium nH2O complexes in precise stoichiometric amounts.32 Other 

methods require copious amounts of organic solvents.48 

As illustrated in Figure 1, annealing VO2@amorphous-HfO2 core—shell nanowires under 

static air instead of Ar yields HfV2O7 by dint of an interdiffusion reaction (albeit without 

preservation of the nanowire morphology) as per: 

 

4VO2(s) + 2HfO2(s) + O2(g) → 2HfV2O7(s)                      (IV. 2)  
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The reaction is strongly enthalpically favored and entropically disfavored. As such, a 

lower reaction temperature is imperative to facilitate high reaction yields but requires mitigating 

kinetic impediments to mixing of the precursors. The core-shell disposition of precursors 

outlined here allows for facile interdiffusion at relatively low temperatures enabling high 

conversion yields. Figure IV. 5 shows SEM and TEM images and an XRD pattern indicating the 

synthesis of HfV2O7. The core-shell structuring of precursors thus represents a facile low-

temperature route for the stabilization of HfV2O7, which is an isotropic negative thermal 

expansion material.  

Figure IV. 6 shows variable-temperature powder X-ray diffraction data acquired for the 

HfV2O7 materials obtained by this approach.31,32,34 The evolution of two prominent reflections, 

(440) and (422), is shown in Figure IV. 6. For both sets of reflections, a shift of 2θ to lower 

values is initially observed (until a temperature of 150°C), followed by a subsequent increase to 

 
Figure IV. 5 Synthesis of HfV2O7. A) SEM image of HfV2O7 and B) high-resolution 

HAADF TEM image of HfV2O7. The interplanar separation between (211) planes of HfV2O7 

are clearly discernible. C) XRD pattern of cubic HfV2O7 synthesized by annealing of 

VO2@amorphous-HfO2 structures in air. The sample displays a high degree phase purity with 

some remnant V2O5 (asterisked reflections). The pattern is indexed to refined HfV2O7 (C) 

parameters 
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higher 2θ values up to 700°C. The initial increase and subsequent decrease of interplanar lattice 

separation with increasing temperature is indicative of the straightening of VO3—O—VO3 bonds 

and the subsequent transverse, volume-reducing oscillations of said bonds.31,32,34 The negative 

thermal expansion behavior is observed to be entirely reversible in the cooling panels of Figure 

IV. 6.31,32,34     

 

 

 

 

 

Figure IV. 6 A) In situ temperature-variant powder XRD of HfV2O7 illustrating NTE 

behavior. Intensity modulation plots for A) (440) and B) (422) reflections of HfV2O7 

plotted as a function of temperature. Shifts to lower and higher 2θ represent lattice 

expansion and compression, respectively. The right panels indicate the entirely 

reversible alteration of lattice constants upon cooling. 
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IV.4 Conclusion 

 

In summary, we have demonstrated a facile low-temperature synthetic route for stabilizing 

the metastable cubic phase of HfO2 under ambient conditions utilizing the epitaxial relationship 

between rhombohedral V2O3 (generated in situ from reduction of VO2 as a result of oxygen 

diffusion) and cubic HfO2.
3,49 Oxygen diffusion proceeds from the VO2 core to the amorphous 

HfO2 shell owing the more electropositive nature of the latter; the available epitaxial relationship 

along with incorporation of vanadium atoms reduces the barrier to nucleation of the cubic 

polymorph notwithstanding its metastable nature and allows for its preservation at elevated 

temperatures wherein sintering and grain growth strongly favors stabilization of the monoclinic 

phase.45,46 The epitaxial synthesis route thus serves as a valuable addition to strategies such as size 

reduction and introduction of twin domains used to stabilize metastable polymorphs of HfO2.
5,15 

The disposition of VO2 and HfO2 in a core—shell structure further provides a direct 

solid-state synthetic route to cubic HfV2O7, a technologically important, yet notoriously difficult 

to synthesize, negative thermal expansion material.32,33,35 The core-shell disposition of precursors 

allows for this entropically disfavored reaction to be performed at low temperatures with 

excellent conversion. Variable-temperature powder XRD measurements show pronounced 

negative thermal expansion behavior in the range between 150 and 700°C.3,50 Future work will 

focus on experimentally determining the dielectric constant of this polymorph as well as 

exploring epitaxial relationships with the rich available repertoire of VO2 polymorphs to stabilize 

other metastable variants of HfO2. 
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CHAPTER V 

A FACILE SYNTHETIC ROUTE TO HFV2O7 AND EVALUATION OF ITS NEGATIVE 

THERMAL EXPANSION PROPERTIES 

 

V.1 Introduction 

Thermal expansion gradients resulting in uneven expansion in materials causes a 

substantial amount of damage in infrastructure and requires installation of expansion joints to 

accommodate the resulting stress and prevent catastrophic failure of materials.1–3 One such place 

that these joints are most readily observed are in cement and railways; however, other materials 

that experience high temperature operating conditions, such as glassware or electronics, also 

experience a similar detrimental effect.1–3 Many NTE materials, such as those related to the 

NaZr2(PO4)3 family of materials, exhibit anisotropic NTE behavior.2,4–9 This results in 

undesirable microcracking that damages the NTE material under repeated thermal cycling.1–3 

HfV2O7 (C); however, alleviates this drawback in that its NTE behavior is isotropic and thus 

negates any orientation requirements in NTE composite materials and prevents microcracking.1–3 

Many synthetic procedures to produce the MxV2O7 family of materials lack scalability or rely on 

more complicated, costly procedures and undesirable organic solvents such as hexanes.1,3,10     

Here, we report a synthesis involving a completely solid—solid reaction with 

characterization of the NTE behavior. This method relies on mechanical grinding of HfO2 with 

VO2 in the appropriate molar ratio of 1:2 (HfO2:VO2). 

 

 

 



 

122 

 

 

 

V.2 Experimental 

A typical mechanical synthetic route is accomplished by taking VO2 (M1) nanocrystals 

and grinding them with amorphous HfO2. VO2 (M1) nanocrystals were synthesized by 

precipitating VO(OH)2 from a solution of deionized, nanopure water (ρ=18.2 MΩ·cm, Barnstead 

Water Purification System) and ammonium metavanadate that was reduced with a 10% 

hydrazine solution in water at 80°C.11–14 The precipitate is then collected via centrifugation and 

is then annealed in a Teflon cup placed inside a hydrothermal autoclave at 210°C for 24 hours to 

produce VO2 (M1) nanocrystals. This material was then collected by centrifugation and 

subsequently washed and centrifuged with acetone a total of three times to purify the solid. The 

solid was allowed to dry and used without further modification. 

Amorphous HfO2 was synthesized by placing 400 µL Hf(OtBu)4 in 80 mL water and then 

collecting the white amorphous HfO2 precipitate through centrifugation. This precipitate was 

washed twice with acetone followed by collection via centrifugation each time.  

This amorphous HfO2 was ground with VO2 nanocrystals in a mortar and pestle in a molar 

ratio of 1:2 HfO2:VO2 in accordance with Equation V. 1 shown below:  

 

 4VO2 (s) + 2HfO2 (s) + O2 (g)              2HfV2O7 (s)                                               (V. 1)                            

 

This mixture was then ball milled in a 100 mg quantity using three polymethacrylate milling beads 

to ensure a homogenous mixture. This mixture is the annealed at 600°C under static air.  

This procedure is shown schematically in Figure V. 1.  

 

 

Δ 
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V.3 Results and Discussion 

Figure V. 2 shows a Rietveld refinement of an observed cubic HfV2O7 pattern. This 

pattern refines to HfV2O7 (C) with a (Pa3̅) space group which is common for this material.15 

Thermal XRD in Figure V. 3 demonstrates the expected NTE behavior from this family of 

materials.1–3,7–10 This plot shows intensity (a.u.) in the Z direction to better observe how 2θ 

positions of a representative (440) reflection and how it shifts with temperature. The sample was 

held at 600°C for 4 hours to facilitate drying. NTE materials tend to be very easily hydrated in 

ambient conditions due to humidity diffusing into vacant spaces in the lattice which are essential 

for lattice contraction.2,16 It can be observed in the thermal modulation plot of XRD patterns 

recorded at increasing and then subsequently decreasing temperatures (taken at 50°C intervals) 

 

Figure V. 1 Mechanical synthesis of HfV2O7 (C). A) Mortar and pestle grinding of amorphous HfO2 and 

VO2 (M1) nanocrystals (shown in XRD pattern) at a molar ratio of 1:2 (HfO2:VO2). B) Ball milling the 

mixture. The milled material is shown in the corresponding pattern under step B. The amorphous scattering 

background of amorphous HfO2 is clearly visible. C) The milled material was annealed in static air under 

ambient pressure at 600°C for 25 min. The final product, HfV2O7 (C), needs no further purification once 

removed from heat and shows excellent purity with minimal V2O5 (O) impurities marked with an (*) in 

the corresponding XRD pattern. 

* *
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that the reflections exhibit a rapid, downward shift in 2θ followed by a gradual increase in 2θ. 

This is especially obvious in the expanded view of the (440 reflection that was selected as an 

 

Figure V. 2 Observed XRD pattern (black line) on the calculated Rietveld refinement (red 

crosses). The residual curve is purple and the blue bars show the known reflections for HfV2O7 

(C) with a (Pa3̅) space group. The pattern matches to that of HfV2O7 (C). 

 

Figure V. 3 A) In situ thermal XRD intensity (a.u. in the Z direction) modulation plot of HfV2O7 

(C) showing a representative reflection (440) shifting to lower 2θ as the lattice expands with 

temperature increase following a subsequent shift to a higher 2θ with lattice compression. The 

cooling phase shows another lattice expansion followed by contraction. B) shows unit cell 

volume and its relation to temperature as well as illustrations of bond angles of the VO3—O—

VO3 oxygen bridge.  
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example. The decrease in 2θ is characteristic of an expansion in d-spacing and is caused in part 

by the straightening of the central VO3—O—VO3 bond at rising temperatures prior to transverse, 

volume reducing oscillations which results in a subsequent, gradual increase in 2θ as d-spacing is 

reduced by transverse vibrations of the oxygen bridge.1–3,7–10,17,18 The lineshape of the plotted 

unit cell volume vs temperature corroborates this behavior in Figure V. 3B. Figure V. 3B also 

shows illustrations of the central VO3—O—VO3 bond and how these two central tetrahedra 

vibrate transversely at key stages of heating and is similar to other classes of NTE materials with 

a P—O—P bond, such as the ZrVxP2-xO7 system, where the oxygen bridge angle switches 

between 160° and 180° at room temperature and ca. >100°C respectively.1–3,5,10,17–19 

Figure V. 4 shows successive Raman spectra of a HfV2O7 (C) sample at increasing 

temperatures. The spectra were recorded after holding the HfV2O7 (C) material at a temperature 

of 450°C for 4 h under circulating nitrogen to ensure adequate drying. The temperature was then 

 

Figure V. 4 Raman spectroscopy of HfV2O7 (C) at increasing temperatures. Modes marked with 

an (*) are attributed to V2O5. 
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lowered to 30°C for 10 min to allow for equilibration and a spectra was obtained. The same was 

done at 50°C and then at 50°C intervals up to 450°C. The modes at 377 and 798 cm-1 are 

understood to be partly contributed to internal modes of VO4.
20,21 The modes at 405, 482, and 

698 cm-1 are due to the presence of V2O5 (O) which is generally present in small quantities after 

synthesis as can be seen in the XRD patterns shown previously.21,22 It can be noted that the V2O5 

(O) peaks are greatly reduced or completely nonexistent at higher temperatures as the V2O5 (O) 

metal to insulator transition occurs at 257 ± 5°C and results in higher reflectivity and increased 

carrier density which reduces the Raman sensitivity for the material due to lower laser 

penetration depth.22–27 It is also noteworthy that the HfV2O7 (C) peaks shift slightly to lower 

frequencies, by about 5.0 ± 0.9 cm-1, as is consistent with V—O bond stretching related to lattice 

vibrations responsible for NTE behavior.1,2,21   

 

V.4 Conclusion 

In conclusion, we have demonstrated here a synthetic method for the synthesis of HfV2O7 

(C) that avoids traditional synthetic procedures that rely on high pressure and organic solvents. 

The method presented here relies mostly on water or ethanol and may be performed in an 

entirely solid, mechanical procedure. This presents an opportunity for a scalable, reliable 

synthesis to produce an isotropic NTE material that is highly industrially relevant as an additive 

to any material exhibiting undesirable thermal expansion.1–6 It has been shown that this material 

displays characteristic lattice expansion and contraction as expected in HfV2O7 (C) and related 

materials.1–9 The nature of the NTE behavior of HfV2O7 (C) was also examined using XRD and 

Raman showing that these synthetic procedures do indeed produce high quality HfV2O7 (C) and 
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could lead to deployment of such materials to produce zero thermal expansion composite 

materials. 
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CHAPTER VI 

DISSERTATION SUMMARY AND OUTLOOK 

 

VI.1 Conclusion 

 This dissertation is focused on the theme of establishing control of free energy landscapes 

of early transition metal oxides with a view towards stabilizing metastable polymorphs, 

modulating the transformation characteristics of solid-solid transitions, and utilizing such 

polymorphs and transitions for functional applications in thermochromics and high-k dielectrics. 

The first part of the dissertation (Chapters II and III) focused on devising routes to utilize the 

change in optical conductivity of a canonical Martensitic transforming material VO2. The 

reversible insulator to metal phase transition of VO2 occurs in relative proximity to room 

temperature, which makes it useful for thermochromic applications such as dynamically 

switchable glazing.1–3 Chapter IV focus on a similar Martensitic transforming material HfO2 

albeit where such transitions are manifested at much higher temperatures. The large bandgap and 

soft phonon modes of this material make it an excellent candidate as an alternative to amorphous 

silica as a gate dielectric for field-effect transistors. However, the most desirable properties of the 

materials are only achievable for the metastable phases. The tetragonal and cubic polymorphs of 

HfO2 have dielectric constants of ca. 70 and ca. 20—30, respectively.4–7 As such, stabilization of 

these metastable polymorphs under ambient conditions has emerged as an urgent imperative. 

Finally, the high-temperature reaction of these two materials yields a Negative Thermal 

Expansion (NTE) material, HfV2O7, which can potentially be used as an additive to access net-

zero thermal expansion materials. The inclusion of NTE materials within composites reduces 
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stress engendered by thermal expansion gradients, thereby mitigating a primary means of crack 

formation and catastrophic failure.8–10 

 Chapter II demonstrates how the size of VO2 (M1) nanoparticles and wires impacts the 

Mie scattering of nanocomposite films in a thermochromic fenestration application designed to 

reduce the energy consumption of buildings.2 Visible light scattering in window films produces 

aesthetically unappealing haze and increases the need for daylighting. However, this scattering is 

size dependent as Mie scattering increases as the particle size matches that or exceeds the 

wavelength of light with which it is interacting. This chapter examined four sizes of VO2 (M1) 

nanoparticles and wires, 210±70 nm width and 4.0±3.0 μm length, 180±70 nm with and 1.6±0.9 

μm length, 110±90 nm width and 211±187 nm length, and 44±30 nm quasi spherical particles, 

all coated with a SiO2 shells, to determine how particle size influences the proportion of 

transmitted visible light, referred to as Tlum, the quantity of near infrared (NIR) light transmitted, 

TNIR, and the quantity of total solar energy transmitted, TSol.
11,12 The performance of these VO2 

(M1) nanocomposite films also relies heavily on a Localized-Surface Plasmon Resonance 

(LSPR) which arises upon closing of the VO2 (M1) band gap and transitioning from an insulator 

to metal phase. The larger wires experience more internal scattering and thus show a much 

broader scattering profile that extends into the NIR region and minimizes the effectiveness of the 

LSPR. NIR modulation is initiated only beyond 1000 nm, thereby rendering the thermochromic 

films ineffective in modulating solar heat gain in the proximal NIR region and substantially 

degrading achievable performance metrics. The 44±30 nm particle nanocomposite films 

experience less internal scattering and the small particle size results in an early NIR modulation 

onset (in the range between 741 and 749 nm depending on solid loading), owing to the LSPR 

absorbing more light at shorter wavelengths, while not diminishing visible light transmittance 
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due to less internal scattering.2 The scattering resulting from increased particle size is also 

observed in the smaller particles as higher particle loadings result in agglomeration and increased 

internal scattering, which is accompanied by a red-shift of the NIR modulation onset (Figure II. 

5). 

 Chapter III further elaborates on this research by examining the influence of (a) 

dispersion and (b) refractive index matching of VO2 nanocrystals to the surrounding polymeric 

medium on thermochromic performance metrics. As stated in the previous paragraph, 

agglomeration of small particles causes extensive internal scattering, red-shifts the onset of NIR 

modulation, and diminishes the effectiveness of the LSPR in modulating NIR absorbance. 

Improvements in dispersion quality to mitigate scattering were achieved by functionalization of 

the surfaces of VO2@SiO2 particles with a fluorocarbon silane (trimethoxy(1H,1H,2H,2H-

perfluorooctyl)silane), which is further complexed with a fluorinated ionic surfactant (potassium 

perfluorooctanesulfonate). Surface functionalization and dispersion using the polar 

perfluorinated surfactant yields aqueous dispersions of the nanoparticles, which allow for casting 

of high-quality optical films. In these films, a blue-shift of the onset of the LSPR-driven 

modulation of NIR light is observed from ca. 920 to ca. 760 nm. This occurs due to a reduction 

in the aforementioned internal scattering resulting from agglomeration of small particles.1,2 

 Chapter IV examines another solid phase transition, but one that is highly relevant to the 

electronics industry. The high dielectric constant of HfO2 makes it a potential replacement for 

SiO2, which is reaching its limitations, as a gate dielectric in FETs. The metastable phases of 

HfO2; however, have only been stabilized via size confinement, the addition of twin planes, and 

substantial doping with elements such as Ge and La We have shown that the high temperature 

cubic phase can be stabilized through the reduction of VO2 (M1) and epitaxial relationship 
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between the resulting rhombohedral V2O3 and HfO2 (C) at 650°C.13,14 This metastable phase 

remains stable upon quenching to ambient conditions. This approach results in some 

interdiffusion of vanadium onto the hafnium lattice but  HfO2 (C) is stabilized at <7.18 ± 0.17 

at.% vanadium doping (as compared to 11.0 at.% reported in the literature).15 Furthermore, 

phase-pure cubic HfO2 is obtained sans any HfV2O7 contamination, which is common as the 

reaction between VO2 and HfO2 proceeds readily discussed in Chapter V. This transition takes 

place at the very low temperature of 560-675°C and ambient pressure as compared to the bulk 

transition temperature of 2600°C. Cubic HfO2 remains stable at room temperature and is a 

potential gate dielectric given its order-of-magnitude increase dielectric constant as compared to 

SiO2. 

 Chapters IV and V illustrated in detail how the epitaxial relationship outlined in Chapter 

IV to stabilize HfO2 (C) can be leveraged to synthesize HfV2O7 (C) via a solid—solid reaction. 

As discussed previously, HfV2O7 is an NTE material that, as is the case for many MxV2O7 

materials, contracts isotropically when heated. This makes this material ideal for industrial 

applications as it does not experience the drawbacks of anisotropic materials, such as uneven 

contraction and micro cracking. Two distinctive synthetic routes have been developed for the 

preparation of HfV2O7: i) a core—shell disposition of precursors yields VO2@HfO2 core—shell 

nanocrystals, which are annealed to obtain HfV2O7 through interdiffusion (Chapter IV) and ii) a 

mechanochemical method wherein a stoichiometric mixture of VO2:HfO2 is ball milled and 

annealed as described in Chapter V. Both methods rely on annealing the reaction mixtures in 

ambient pressure under static air. NTE behavior has been defined in temperature-variant powder 

X-ray diffraction and Raman spectroscopy measurements, which display a contraction of refined 

lattice parameters and shifting of phonon modes to higher frequencies. Such materials can be 
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used as additives to other materials that undergo (more conventional) positive thermal expansion 

resulting in a net zero thermal expansion for nanocomposites.   

As future work for cubic HfO2, Figure VI. 1 outlines the details of producing 

nanocomposite films of HfO2 (C), (R), and (M) in order to examine the dielectric constants 

accessible within flexible nanocomposite films.5,6,16  

These values are confirmed to be ca. 18 for HfO2 (M), predicted to be ca. 30 for HfO2 (C), and 

ca. 70 for HfO2 (R).5,6,16 Films were cast by spincoating high loadings of HfO2 solutions and a 

polymer host to avoid empty space in said films. Furfuryl alcohol (FFA) was utilized as the host 

material as it can be polymerized in situ to polyfurfuryl alcohol (PFA).17 Tetrahydrofuran (THF) 

was used as a solvent. The solution was mixed as follows: 95 wt.% of the HfO2/FFA mixture 

must be HfO2, so a solution is mixed in a vial that is 95 wt.% HfO2 and 5 wt.% FFA. This 

procedure used a 20 mL vial with 57 mg HfO2 and 3 mg FFA. After the desired quantity of each 

material has been placed in a vial, the mixture is dispersed in a volume of THF equal to the 

 
Figure VI. 1 Film casting scheme for PFA/HfO2 films. A) Ultrasonication of FFA, HfO2, 

and THF to produce a homogenous dispersion. B) Etching of Si wafer. C) Spin coating 

application of film material followed by D) gentle curing of films at 90°C for 30 min. to 

avoid monomer evaporation and high temperature annealing at 120°C for 5 h to rapidly 

crosslink FFA to PFA. E) Dielectric constant of films can be determined from 

capacitance measurements.17 
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volume of THF – x where x = the volume of FFA used in the solution equal to 5 wt.% of the 

HfO2/FFA mixture. The concentration of HfO2/ mL THF + FFA is 3.3 mg/mL. This solution is 

sonicated vigorously for 2 h. This will be used as the casting solution. Si wafers (P doped) are 

cut at the size of 2 cm x 2 cm. These are etched using a piranha solution of the ratio 3:1 

concentrated H2SO4:30% H2O2 for the duration of the casting solution’s sonication.3 The Si 

wafers were removed from the piranha solution and washed with nanopure water followed by 2-

propanol and dried under flowing nitrogen. These wafers were then placed in a spin coater set at 

5000 RPM. The casting solution was applied in 100 μL aliquots at 10 second intervals while the 

wafer was spinning for a total of 30 applications to produce films of 70 wt.% HfO2. Prior to 

curing, each film is gently heated at 90°C for 30 min to both initiate curing and avoid 

evaporating the FFA monomer.17 It is then crosslinked at 120°C for 5 h to complete the film.17 

This film has a 70% coverage of HfO2 as confirmed by a custom built Secondary Ion Mass 

Spectrometry (SIMS) using a C60 beam shown in Figure VI. 2. The C60 source is used for 

impacts on the front side of the bulk target at an angle of incidence of 25° from normal. The 

secondary ions are emitted/detected in the reflection direction. The SIMS instrument is equipped 

with a 1.2 m linear time-of-flight (ToF) mass spectrometer and an electron emission microscope 

(EEM).18,19 The EEM was used to detect secondary electrons for the ToF start signal. The 

secondary electrons being detected as a magnified electron image are used for “electron 

collimation” of the bombarded area. The data were acquired at the level of individual 50 keV C60 

impacts with repetition rate of 1000 impacts/s. This event-by-event bombardment-detection 

mode allows for the selection of specific impacts.20  

There are four types of projectile impacts using this method shown in Figure VI. 3: i) 

Impacts on the HfO2 nanoparticles, when the emitted ions are small fragments of HfO and 
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(HfO2)nO
- cluster ions, ii) Impacts on the surface of HfO2 Nanoparticles coated by thin layers of 

the PFA resin, when the emitted from the emission volume (approximately semispherical of Ø 

5nm) ions belong to nanoparticles and resin, iii) Impacts on the surface of PFA resin, only, iv) 

Impacts on the NaSO4 salt impurities. The SIMS method with event-by-event bombardment-

detection mode allows selection of individual mass spectra. 

Film thickness was determined by milling the surface of the film with a 14.5 keV Cs+ 

beam with a current of 11 nA to create two 250×250 μm2 craters on the film that extend down to 

the Si wafer. The depth of each crater was analyzed by Atomic Force Microscopy (AFM) to 

obtain a depth profile. The film thickness was determined to be 83.8±4.9 nm for the HfO2 (R) 

films. 

 
Figure VI. 2 Custom SIMS instrumentation. A) Objective lens for secondary ions and 

electrons B) Magnetic prism for redirection of electrons toward imaging electron optics in 

(C). C) Imaging electron optics. D) Position sensitive detector consisting of dual 

microchannel plate, phosphor screen, and complementary metal-oxide semiconductor camera 

E) Dual microchannel plate F) Anode detector. 

Secondary ions 
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A high nanoparticle loading such as this should be sufficient to determine the dielectric 

constant of the nanoparticle component of each film by measuring the capacitance of each 

nanocomposite film and backing out the dielectric constant of the HfO2 component.17 Such 

measurements are the focus on ongoing research. 
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APPENDIX A 

SUPPLEMENTARY FIGURES AND TABLES 

 

 

 

 

 

 

 

 

 
Figure A. 1 Differential scanning calorimetry (DSC) traces acquired for each set of 

particle sizes. Nanowires >100 nm (I, A, I-BM) show a M1 to R transition at ca. 66-

70°C, whereas the NS sample transitions at ca. 57°C. The R to M1 cooling transition 

of the I, A, I-BM samples is at ca. 60°C, whereas the transition for NS particles is at 

ca. 36°C. 
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Figure A. 2 Powder X-ray diffraction patterns of VO2 nanocrystals of varying sizes. 

Scherrer broadening is apparent below an average crystal size of ca. 100 nm.  
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Figure A. 3 Selected area electron diffraction (SAED) patterns acquired for nanostructures examined 

in this study. A) VO2 nanowires prepared via reduction of V2O5 using 2-propanol (Sample I). B) VO2 

nanowires prepared by reduction of V2O5 using acetone (Sample A) C) VO2 nanoparticles produced 

by 2-propanol reduction of V2O5 followed by 2.5 h dry milling with methacrylate polymer beads 

(Sample I-BM). D) VO2 NS produced by reduction and precipitation using a soluble ammonium 

metavanadate precursor (Sample NS). The diffraction patterns are entirely consistent with a phase 

assignment to the M1 monoclinic phase of VO2. 
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Figure A. 4 A) Digital photograph of aqueous dispersions of VO2@SiO2 nanocrystals 

dispersed in methacrylic acid/ethyl acrylate (MAA/EA) copolymer; B) Sedimentation plot of 

ball-milled VO2@SiO2 nanowires dispersed in deionized water (red diamonds) and in 

deionized water with the addition of 1 wt.% MAA/EA copolymer (black squares); dispersion 

concentrations correspond to 0.6 mg VO2@SiO2/mL. Panels C-F depict digital photographs 

acquired through films cast onto glass from dispersions with concentrations of 0.6 mg 

VO2@SiO2/mL with a dry thickness of 1—2 μm. C) Transparency of a film cast from 

MAA/EA and VO2@SiO2 dispersion with Sample I nanowires with a width of 210±70 nm. 

D) Transparency of a film cast from MAA/EA and VO2@SiO2 dispersion with Sample A 

nanowires with a width of 180±70 nm. E) Transparency of a film cast from MAA/EA and 

VO2@SiO2 dispersion with Sample I-BM nanowires. Particle widths were 110±90 nm. F) 

Transparency of a film cast from MAA/EA and VO2@SiO2 dispersion with VO2 NS with a 

size range of 44±30 nm. 
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Figure A. 5 FTIR spectra of the fluorinating reagent (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)trimethoxysilane) and core—shell VO2@SiO2. The spectrum for VO2@SiO2 is 

characterized by infrared-active modes at 1063 and 941 cm-1 that correspond to Si—O—Si and 

Si—OH stretches, respectively.  
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Figure A. 6 A) Digital photograph showing the interaction of a water droplet with VO2@-F 

nanocrystals; functionalization with a perfluorinated silane renders the surface hydrophobic, 

although not to the same extent as fluorinated VO2@SiO2-F core—shell nanocrystals. B.) 

VO2@-F nanocrystals are readily dispersible in a perfluorinated solvent. C) EDX spectrum 

acquired for VO2@-F nanocrystals. It is worth noting that the Si peak is too small to resolve in 

this sample which was not coated in SiO2 prior to functionalization. D) FTIR ATR spectrum of 

VO2 nanowires functionalized with trimethoxy(1H,1H,2H,2H-perfluorooctyl)silane showing 

characteristic modes of the perfluorinated moieties as assigned in the discussion. 
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Figure A. 7 A) Digital photograph of VO2@-F nanocrystals in water indicating their water 

repellency as a result of the pendant perfluorinated chains. B) An aqueous dispersion of 0.04 

mg/mL VO2@-F with 1.5 x 10-3 M PFOS depicting stabilization of a homogenous and stable 

colloidal dispersion. 
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Figure A. 8 Digital photographs acquired with illumination through solution-cast nanocomposite VO2 

thin films. A) A crosslinked polyacrylic acid is used as the thickener with a 6 mg loading of VO2 

nanocrystals. B) Methacrylic acid/ethyl acrylate copolymer is used as the matrix with a 6 mg loading 

of VO2 nanocrystals. The polymer matrix exhibits significantly decreased scattering. C) Methacrylic 

acid/ethyl acrylate copolymer with a 6 mg loading VO2@-F nanocrystals with PFOS as a surfactant. 

The scattering of visible light has been further reduced. D) Uncoated borosilicate glass slide. 

 



 

150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A. 9: A) Absorption spectra acquired for three higher loadings of VO2 nanocrystals. The plots 

correspond to 10 mg (dashed lines), 12 mg (solid lines), and 16 mg (dotted lines) dispersed in 10 mL 

of an aqueous dispersion of 1 wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl 

acrylate copolymer cast onto borosilicate glass substrates. Spectra obtained at 30°C are displayed in 

blue, whereas spectra obtained at 85°C after equilibration for 10 min are shown in red. B) 3D 

representation of VO2 optical data plots showing three nanocrystal loadings: 10 mg (blue squares), 12 

mg (purple circles), and 16 mg (black triangles). Maximum visible transmission is the maxima in the 

visible region from each 85°C plot in A and is constant for each plot in B (represented by an arrow 

across the maximum visible transmittance/wavelength plane). 
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Figure A. 10 A) Absorption spectra acquired for three higher loadings of VO2@-F nanocrystals. The 

plots correspond to 10 mg (dashed lines), 12 mg (solid lines), and 16 mg (dotted lines) dispersed in 10 

mL of an aqueous dispersion of 1 wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl 

acrylate copolymer cast onto borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, 

whereas spectra obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of 

VO2 optical data plots showing three nanocrystal loadings: 10 mg (blue squares), 12 mg (purple circles), 

and 16 mg (black triangles). Maximum visible transmission is the maxima in the visible region from each 

85°C plot in A and is constant for each plot in B (represented by an arrow across the maximum visible 

transmittance/wavelength plane). 
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Figure A. 11 A) Absorption spectra acquired for three higher loadings of VO2@SiO2 nanocrystals. The 

plots correspond to 10 mg (dashed lines), 12 mg (solid lines), and 16 mg (dotted lines) dispersed in 10 mL 

of an aqueous dispersion of 1 wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl acrylate 

copolymer cast onto borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, whereas 

spectra obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of VO2 

optical data plots showing three nanocrystal loadings: 10 mg (blue squares), 12 mg (purple circles), and 

16 mg (black triangles). Maximum visible transmission is the maxima in the visible region from each 

85°C plot in A and is constant for each plot in B (represented by an arrow across the maximum visible 

transmittance/wavelength plane). 
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Figure A. 12 A) Absorption spectra acquired for three higher loadings of VO2@SiO2-F nanocrystals. The 

plots correspond to 10 mg (dashed lines), 12 mg (solid lines), and 16 mg (dotted lines) dispersed in 10 mL 

of an aqueous dispersion of 1 wt.% (relative to 10 mL volume of water) methacrylic acid/ethyl acrylate 

copolymer cast onto borosilicate glass substrates. Spectra obtained at 30°C are displayed in blue, whereas 

spectra obtained at 85°C after equilibration for 10 min are shown in red. B) 3D representation of VO2 

optical data plots showing three nanocrystal loadings: 10 mg (blue squares), 12 mg (purple circles), and 

16 mg (black triangles). Maximum visible transmission is the maxima in the visible region from each 

85°C plot in A and is constant for each plot in B (represented by an arrow across the maximum visible 

transmittance/wavelength plane). 
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Figure A. 13 Characterization of VO2 nanocrystals. TEM images of A) VO2 nanowires prepared 

from the hydrothermal reduction of V2O5 by acetone and B) quasi-spherical VO2 nanocrystals 

prepared by sol—gel condensation and hydrothermal treatment C) Powder XRD patterns of VO2 

nanowires (black) and ultrasmall VO2 nanocrystals (red). The tick marks denote the reflections of 

the M1 phase of VO2 (PDF: 43-1051). 
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Figure A. 14 Indexed powder XRD patterns acquired at room temperature along the synthetic 

pathway. A) XRD pattern of VO2 nanowires prepared by acetone reduction of V2O5 (black). 

B) XRD pattern of VO2 nanowires coated with amorphous HfO2 shell (red). The diffuse 

scattering background derived from amorphous HfO2 is apparent. C) Powder XRD pattern 

acquired subsequent to annealing showing the presence of rhombohedral V2O3 and cubic 

HfO2 (maroon). D) Powder XRD pattern after acid etching indicating the presence of cubic 

HfO2 (green).  An indexing and pattern legend is shown in the top right of panel B. The XRD 

patterns are indexed to the following phases: VO2 (M1) = 43-1051 and V2O3 (R) = 85-1411. 
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Figure A. 15 Indexed powder XRD patterns acquired at room temperature along the 

synthetic pathway. A) XRD pattern of VO2 quasi-spherical nanocrystals prepared by sol—gel 

condensation and hydrothermal treatment (black). B) XRD pattern of VO2 quasi-spherical 

nanocrystals coated with amorphous HfO2 shell (red). The diffuse scattering background 

derived from amorphous HfO2 is apparent. C) Powder XRD pattern acquired subsequent to 

annealing showing the presence of rhombohedral V2O3 and cubic HfO2 (maroon). D) Powder 

XRD pattern after acid etching indicating the presence of cubic HfO2 (green).  An indexing 

and pattern legend is shown in the top right of panel B. The XRD patterns are indexed to the 

following phases: VO2 (M1) = 43-1051 and V2O3 (R) = 85-1411. 
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Figure A. 16 TEM and SEM images corresponding to synthetic steps involved in the 

stabilization of cubic HfO2. A) TEM image (top) and SEM image (bottom) of M1-phase VO2 

quasi-spherical nanocrystals prepared by the sol—gel condensation and hydrothermal 

method. B) TEM and SEM images of VO2 quasi-spherical nanocrystals coated with an 

amorphous HfO2 shell. C) TEM and SEM images of V2O3@cubic-HfO2 core—shell 

structures obtained upon annealing VO2@amorphous-HfO2 structures at 650°C. D) TEM and 

SEM image of cubic HfO2 after acid etching of the V2O3 core.  
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Figure A. 17 Cross-sectional TEM image and EDX line scan of an ultramicrotomed 

V2O3@HfO2 core—shell nanowire. A) Cross-sectional TEM image of a V2O3@HfO2 core—

shell nanowire; B) corresponding EDX map of the V2O3@HfO2 nanowire; and C) EDX line 

scan along the arrow in panel B. The vanadium signal (red) is highly concentrated within the 

core, whereas the Hf (green) signal derives predominantly from shell with oxygen (blue) 

distributed throughout the nanowire. 
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Table A. 1: Summary of maximum NIR modulation, transmission in the visible region, and 

onset of NIR modulation for each of the three nanocrystal loadings in Figure A. 9.  

Sample: 

VO
2 

/Nanocrystal 

Loading 

Maximum NIR 

Modulation (%) 

  

Maximum 

Transmittance in 

the Visible 

Spectrum (%) 

Onset of NIR 

Modulation (nm 

) 

10 mg 37.5 21.2 958 

12 mg 35.7 18.4 978 

16 mg 31.9 14.1 832 
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Table A. 2: Summary of maximum NIR modulation, transmission in the visible region, 

and onset of NIR modulation for each of the three nanocrystal loadings in Figure A. 10.  

Sample: 

VO
2
@-F/ 

Nanocrystal 

Loading 

Maximum NIR 

Modulation 

(%) 

  

Maximum 

Transmittance in 

the Visible 

Spectrum (%) 

Onset of NIR 

Modulation 

(nm) 

10 mg 38.6 27.4 835 

12 mg 40.2 16.4 827 

16 mg 35.1 15.6 845 
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Table A. 3 Summary of maximum NIR modulation, transmission in the visible region, 

and onset of NIR modulation for each of the three nanocrystal loadings in Figure A. 11.  

Sample: 

VO
2
@SiO

2 

/Nanocrystal 

Loading 

Maximum 

NIR 

Modulation 

(%) 

Maximum 

Transmittance in 

the Visible 

Spectrum (%) 

Onset of NIR 

Modulation (nm) 

10 mg 45.7 24.6 805 

12 mg 47.0 19.8 786 

16 mg 31.9 14.1 832 
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Table A. 4: Summary of maximum NIR modulation, transmission in the visible region, and 

onset of NIR modulation for each of the nanocrystal loadings in Figure A. 12.  

Sample: 

VO
2
@SiO

2
-F 

/Nanocrystal 

Loading 

Maximum 

NIR 

Modulation 

(%) 

  

Maximum 

Transmittance in 

the Visible 

Spectrum (%) 

Onset of NIR 

Modulation (nm) 

10 mg 34.1 37.5 720 

12 mg 28.2 24.7 858 

16 mg 32.3 20.8 722 
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Table A. 5 Rietveld refined values of HfO2 (C). Also shown are fit quality statistics. Such as the 

goodness of fit (Χ2), the weighted goodness of fit (wRp) and individual point residuals 

(Rp). These values demonstrate the high degree of agreement when comparing calculated 

and observed patterns. 

HfO2 (C) // a/b/c = 5.04793(22) Å // Space Group = Fm3̅m // 

α/β/γ = 90.0° // Vol. = 128.629(16) Å3 

Χ2 = 4.712 wRp = 6.68% Rp = 5.08% 

Atom 

Label 
Position Mult. 

x y z Occupancy 

Hf a 4 0.00(0) 0.00(0) 0.00(0) 1.000(0) 
O c 8 0.25(0) 0.25(0) 0.25(0) 1.000(0) 

 


