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Abstract 

Monoclinic VO2 (M) displays thermochromic properties based on its reversible metal-insulator transition. We studied the 

kinetics of the underlying structural phase transition (SPT) from monoclinic VO2 (M) to rutile VO2 (R) and vice versa both in 

powders and coatings, using isoconversional kinetic analysis based on datasets obtained through differential scanning 

calorimetry and UV-vis-NIR spectrophotometry. For VO2 powders, prepared via solution-phase reduction of V2O5 with oxalic 

acid and subsequent thermal anneal, we show that the activation energy |𝐸𝑎| of the SPT is temperature dependent, and 

decreases with increasing difference between the material’s temperature and the critical switching temperature 𝑇0. |𝐸𝑎| for 

both VO2 (M) to VO2 (R) and VO2 (R) to VO2 (M) is similar, and ranges between 138 and 563 kJ·mol-1, depending on the 

temperature of the material. This indicates that similar defects play a key role in both SPTs. Upon doping with tungsten, 𝑇0 

was lowered from 66.93 °C (0 at. % W) to -28.38 °C (3.5 at. % W). |𝐸𝑎|, however, remained in the same range. Nonetheless, 

at W concentrations above 2 at. % a significant asymmetry was observed with higher |𝐸𝑎| for the switch from VO2 (R) to VO2 

(M). The SPT of VO2 (M) in coatings proceeded 4 times slower. This may result from the immobilization of the VO2 domains 

on the substrate surface and within the coating network, making the SPT more difficult to progress. The findings of this study 

have important implications for the application of VO2 (M) in energy efficient thermochromic glazing. 

1. Introduction 

The V-O phase diagram is complex and comprises a great variety of compounds and crystal phases. Because of its 

thermochromic properties monoclinic vanadium dioxide VO2 (M) is one of the species of interest.[1,2] At the critical 

switching temperature (𝑇0), which is approximately 68 °C for undoped VO2 (M),[3] this material undergoes a 

structural phase transition (SPT) from monoclinic to tetragonal rutile structured VO2 (R) (Fig. 1). This SPT is reversible 

and can be considered as a continuous process with a succession of intermediate structures between VO2 (M) and 

VO2 (R).[4] Fig. 1 graphically represents the crystal structures of VO2 (M) and VO2 (R). During the transition from VO2 

(M) to VO2 (R) the symmetry increases as vanadium atoms become equidistant (Wyckoff positions), and are each 

surrounded by oxygen atoms in an edge-sharing octahedron.[1] During the SPT the distance between the V atoms 

changes. V-V1a undergoes elongation while V-V1b shortens (Fig. 1), the zigzag chain undergoes a twist and becomes 

a linear chain (δ=0°),[4] and the unit cell volume halves in size.[5] 

Fig. 1. The monoclinic and tetragonal rutile crystal structure of VO2, where purple is V and red is O, drawn with VESTA 3 software.[35] 



Since VO2 (M) is a semiconductor and VO2 (R) is an electrical conductor, the SPT is accompanied by a first order 

metal-insulator transition (MIT).[1,5,6] During the transition from VO2 (R) to VO2 (M), from Goodenough theories 

the distortion to the zig-zag structure causes a shift in the π* band above the Fermi energy, which leads to an 

increase in the bandgap from 0.7 eV (metallic, Fig. 2b) to 2.5 eV (semiconducting, Fig. 2a).[5,7] The SPT and 

accompanying MIT are of interest for applications in coatings or particulate materials for energy efficient glazing:[8–

11] as a consequence of its semiconducting properties, VO2 (M) displays a high transmission for solar infrared (IR) 

radiation at low temperatures, whilst the metallic tetragonal phase blocks IR light at elevated temperatures.[12–16] 

Recent studies show that smart windows comprising such thermochromic coatings may lead to significant reduction 

in energy consumption for heating and cooling of buildings in intermediate climates.[8,17,18] 

For most applications, such as smart windows,[19] sensors,[19] electronic devices,[19] actuators,[19] power meters 

or thermometers,[19] optical and holographic devices,[19] ionic gratings,[20] improved computational 

approaches,[20] and new ultrafast microscopy techniques,[20] 𝑇0 needs to be adjusted. For instance in case of 

thermochromic windows,  𝑇0 needs to be lowered from 68 °C to 15-25 °C for optimum energy savings. [8,18] 

Furthermore, understanding and tuning kinetics of the switch are important, to ensure a quick response of the 

material to the changing environmental conditions. 

𝑇0 of VO2 (M) can be influenced by intrinsic point defects, dopants and strain.[21] Oxygen vacancies and cation non-

stoichiometry (intrinsic point defects) lower the valence state of V, narrowing the band gap of the VO2 (M) phase.[21] 

The oxygen vacancies deform the crystal structure and induce polarization charges, which results in a decrease in 

𝑇0.[21,22] Introduction of other element(s) such as W, Mg and Mo[6,23] into VO2 (M) is also used to modify 𝑇0 

through the distortion of the structure, which assists in the phase transition.[21] 

In previous research on the thermokinetic behaviour of VO2 (M), Blagojević et al.[24] applied Flynn-Wall-Ozawa and 

Kissinger-Akahira-Sunose isoconversional methods to study the switching kinetics of undoped VO2 nanoribbons and 

nanosheets (shortest dimension 10-20 nm and 20-30 nm, respectively) prepared via hydrothermal synthesis. They 

concluded that the kinetics of the SPT depend on the applied heating rate, and that the kinetic behaviour is complex 

as the switch consists of at least two single-step processes, independent from the dimensionality of the samples. 

Furthermore, they demonstrated that the activation energy is dependent on the degree of conversion of VO2 (M) to 

VO2 (R), and therefore covers a range of values between 150-570 kJ·mol-1.[24] Additionally, Zang et al.[25] also used 

isoconversional methods to investigate the kinetics of nucleation during the SPT of hydrothermally synthesized 

tungsten doped VO2. These authors report that the activation energy is dependent on the applied temperature, and 

that this dependence on temperature is not symmetric for the transition of VO2 (M) to VO2 (R) and vice versa. In 

general, they report higher activation barriers for the transition from VO2 (R) to VO2 (M) and suggest that different 

defects are underlying both transitions. Zang et al. claimed that doping decreased the activation energy barrier 

because of an increase in effective nucleation sites.[25] However, it should be noted that their investigated powders 

appear to be not completely pure as demonstrated by the asymmetric and multiple DSC peaks observed for the 

undoped VO2 (M) sample.  

For application purposes thermochromic VO2 (M) is mainly used as a coating on glass. The switching kinetics of 

thermochromic VO2 coatings applied to float glass, however, have not yet been studied. Therefore, it is important 

to study the switching kinetics of VO2 coatings, and compare these to the switching kinetics of particulate material 

prepared from the same chemical precursors in a similar chemical process.  

In the current article, we investigate the kinetics of the phase transition of VO2 (M) in powders and coatings 

originating from the same chemical precursors, i.e. V2O5 and oxalic acid, and obtained after a similar thermal anneal 

process. The kinetics of the SPT for VO2 powders with different concentrations of W as dopant are studied in detail, 

and compared to switching kinetics of coatings comprising undoped VO2 which are applied to SiO2-coated float glass 

substrates. Furthermore, the switching kinetics of the coatings are studied as function of the coating thickness. 

Fig. 2. Band structure of the semiconductor VO2 (M) and the metallic 

VO2 (R); image based on Ramanathan (2010).[7] 



Finally, we discuss the impact of the obtained results on practical applications related to thermochromic energy 

efficient glazing (smart windows). 

2. Experimental 

2.1. Preparation of vanadyl oxalate solution 

The vanadyl oxalate solution is prepared at 80 °C by adding vanadium(V) oxide (V2O5, 33.0 g, 0.182 mol; 99.6 %, 

Sigma-Aldrich) to a slurry of oxalic acid (C2H2O4, 70.2 g, 0.780 mol; 98 %, Sigma-Aldrich) in Milli-Q water (18.0 g). 

Subsequently, the mixture is stirred for 1 h, after which 2-propanol (150.0 g; 99.8 %, Sigma-Aldrich) is added and 

the resulting solution is cooled to room temperature. After 1 h stirring at room temperature, the reaction is further 

diluted with 2-propanol to obtain a VO2 concentration of 0.20 or 0.40 mol·kg-1. 

 

2.2. Preparation of silica sol 

For the preparation of a silica sol, Milli-Q water (135.0 g, 7.5 mol) and acetic acid (CH3COOH, 4.5 g, 0.075 mol; 99.9 

%, Alfa Aesar) were added to a stirred solution of tetraethoxysilane (Si(OCH2CH3)4, 156.3 g, 0.75 mol; 98 %, Acros 

Organics) in 2-propanol (347.3 g). After 24 h stirring at room temperature, nitric acid (1.50 g; 65 %, Fisher Chemicals) 

was added, and the silica sol was further diluted with 2-propanol to a SiO2 concentration of 0.20 or 0.40 mol·kg-1. 

 

2.3. Preparation of tungsten solution 

The tungsten solution was prepared by dissolving tungsten hexachloride (WCl6, 99.9+ %, Acros Organics) in 2-

propanol to obtain a W6+ concentration of 0.052 mol·kg-1. 

 

2.4. Fabrication of thermochromic coatings 

Pilkington Optiwhite tm glass of 4 mm thickness and cut to a size of 10 x 10 cm² was used as substrate for application 

of coatings. The glass plate was placed into an ultrasonic bath filled with a mixture of ammonia (310 g, 30 wt. % in 

water), hydrogen peroxide (186 g, 50 wt. % in water) and demineralized water (9000 g, 18.2 mΩ·cm) at 60 °C. Glass 

plates were ultrasonicated for 4 h, then left in the bath for another 16 h. The glass plates were subsequently 

removed from the bath, rinsed with demineralized water and left to dry at ambient conditions. Glass substrates 

which did not display a homogeneous wetting of water with a contact angle below 10 ° were rejected. 

Firstly, a silica barrier coating was applied on both sides of the cleaned glass substrates using dip coating, to prevent 

ion migration from the glass into the coating (SI1.1). For this purpose, silica sol with a SiO2 concentration of 0.20 

mol·kg-1 was used. The substrates were submerged into the silica sol and subsequently retracted at a withdrawal 

speed of 2.0 mm·s-1. All coating experiments were performed at a relative humidity below 35 % and a temperature 

between 19 and 25 °C. After application of the coating and drying under ambient conditions, the coated glass 

substrates were annealed in a muffle furnace (Nabertherm L5/13/B180) at a temperature of 450 °C for 1 h under 

air. After cooling, the annealed barrier-coated glass substrates were rinsed with demineralized water and dried 

under ambient conditions. Then, one side of the barrier coated glass substrate was masked using d-c-fix® self-

adhesive film. Subsequently, the thermochromic coating was applied to the non-covered side using dip coating. The 

applied liquid coating formulation consisted of a mixture of vanadyl oxalate solution and silica sol at a molar ratio 

of SiO2 to VO2 of 1:2.2 (using the silica sol of a concentration of 0.20 for the 46 nm and 0.40 mol·kg-1 for the 68 and 

140 nm coating). The silica sol was added as a film forming binder material. The obtained xerogel coating was applied 

to the glass substrates at withdrawal speeds in the range of 1.0-4.0 mm·s-1. After drying for 5 min under ambient 

conditions, the adhesive film was removed. The non-coated side was then placed onto a 6 inch silicon wafer, and 

annealed in a Jipelectm Jetfirst PV Rapid Thermal Processor, with the coated side facing the IR radiators. The coated 

glass plates were first heated to 270 °C under air for 480 s, and subsequently under N2 (HiQ 6.0, Linde gas) at 450 °C 

for 30 s. 

Coating thicknesses were measured using a Bruker Dektak XT-S surface profiler. For further analysis, coating material 

was scraped off the glass plates using a razorblade. This material was then used for scanning transmission electron 

microscopy – energy dispersive X-ray (STEM-EDX) analyses using a probe-corrected JEOL ARM 200F operated at 200 

kV, equipped with a 100 mm2 SDD EDS detector. The method used was High Angle Annular Dark Field (HAADF) STEM, 

and EDX, spot 3 C. 

 

2.5. Fabrication of thermochromic powders 

For obtaining undoped VO2 powder, the vanadyl oxalate solution is applied. For obtaining W-doped VO2 powders, 

tungsten solution is added to the vanadyl oxalate solution to achieve a doping concentration of W of 1.0, 1.5, 2.0, 



2.5, 3.0 and 3.5 at. %. The resulting mixture is then stirred for 16 h at room temperature. The solvent is subsequently 

removed using a rotary evaporator. The dried powder is then annealed in a conventional tube furnace (Nabertherm 

R170/1000/12) equipped with a quartz tube. Firstly, the powder is heated under air at 270 °C for 1 h. Then, in a 

second anneal step the powder is heated at 1000 °C for 1 h under N2 (purity grade 5.0). X-ray diffraction (XRD) 

measurements to determine the composition of the powder samples were carried out on a Bruker D8 Advance. 

 

2.6. Procedure & data collection for the kinetics study 

Differential Scanning Calorimetry (DSC) was carried out on a Discovery DSC (TA Instruments). The undoped and W-

doped VO2 powder samples (20 mg) were placed in pans (TA instruments, Tzero aluminium pan). All samples were 

subjected to the following four heating and cooling rates: 5, 10, 15, 20 °C·min-1. As sample mass for the DSC analyses 

we selected 20 mg. At lower masses (5, 10 and 15 mg), the relative weighing error causes substantial deviations in 

the obtained results. At higher masses (30 and 40 mg), the relatively high thermal mass causes a delay and distortion 

in time of the heat flow signal due to heat storage within the sample, leading to an undesired broadening of the DSC 

signal over a broad temperature range. For further details, see SI2. 

The collected data were analysed and processed in accordance with the isoconversional method, which is discussed 

in the following section. Using the TA instruments TRIOS software v5.0, the running integral of the DSC peak is 

processed to obtain a conversion-time profile. The first derivative of the conversion time plot represents the 

conversion rate. At 50 % conversion (𝛼 = 0.50) the rate is obtained from this curve. Additionally, the corresponding 

temperature at 50 % conversion is extracted from the running integral. Then, both values are applied to produce 

the Friedman plot (see results and discussion). The first derivative of the Friedman plot equals the activation energy.  

The measurements on the coatings were carried out using a Perkin Elmer Lambda 750 UV-vis-NIR spectrometer 

equipped with a temperature controlled module manufactured by OMT Solutions B.V. for measuring transmission 

at temperatures between 0 °C and 120 °C (SI1.2). For determining the transmission in the visible and the solar 

modulation, the transmission was measured between 250-2400 nm at 20 °C and 120 °C after 30 min equilibration. 

To determine the rate of the SPT of VO2 coatings, the coated samples were heated and cooled at 1.5 °C·min-1 whilst 

measuring the transmission at the wavelength of 1600 nm. This allows the SPT to be monitored as a function of 

temperature and time. The transmission as a function of temperature is converted to a conversion-time profile in 

analogy to the DSC method for powders reported above, and using Lambert-Beer’s Law. The conversion is extracted 

by setting the transmission value above 80 °C as 𝛼 = 1 and the starting transmission (around 20 °C) as 𝛼 = 0. At a 

conversion of 0.50 the gradient (rate of conversion) is extracted for the different coating thicknesses. 

3. Results and Discussion 

3.1. Phase transition kinetics theory 

During the phase transition of VO2 (M) to VO2 (R) small nuclei of the second phase start to form within the initial 

phase, which is referred to as nucleation. As the nuclei grow and aggregate the new phase grows to the point of 

homogeneity.[26,27] The transition from monoclinic VO2 (M) to tetragonal VO2 (R) occurs only after the crystals are 

heated to a temperature above 𝑇0, because the nuclei of the VO2 (R) encounter an energy barrier for this 

transition.[26] For the same reason, when transitioning from VO2 (R) to VO2 (M) the crystals need to be cooled to a 

temperature below 𝑇0. Nucleation in solids can be favoured by impurities and defects, as these facilitate diffusion 

and aggregation within the lattice.[25] In the VO2 structure the vanadium atoms diffuse in the V-V direction.[21] The 

reaction kinetics applied to thermal analysis data can be represented by the following single-step kinetic equation, 

which is based on Arrhenius Law:[28] 

𝑑𝛼

𝑑𝑡
= A 𝑒𝑥𝑝 (

−𝐸

𝑅𝑇
) 𝑓(𝛼) 

(1) 

Here 𝐴 is a pre-exponential factor (temperature independent), 𝐸 is the activation energy, 𝑅 is the gas constant, 𝑇 is 

temperature and 𝑓(𝛼) is the reaction model. Applying the isoconversional principle that reaction rate is dependent 

only on temperature when the extent of conversion (𝛼) from one crystal structure to the other is constant leads to 

the following relationship for the activation energy 𝐸𝛼:[28] 

𝐸𝛼 = −𝑅 (
𝑑 𝑙𝑛(𝑑𝛼/𝑑𝑡)

𝑑𝑇−1
)

𝛼
 (2) 

Rearranging equation 1 leads to the foundation of the Friedman differential isoconversional method:[28,29] 

−𝑅 ln (
𝑑𝛼

𝑑𝑡
)

𝛼,𝑖
= −𝑅 ln(𝐴𝛼𝑓(𝛼)) +

𝐸𝛼

𝑇𝛼,𝑖
 (3) 



Where 𝑖 indicates the different heating rates. Plotting a graph of −𝑅 ln(𝑑𝛼/𝑑𝑡) versus 𝑇−1 leads to the Friedman 

plot, in which the activation energy is the gradient (first derivative). Applying this model to nucleation, the activation 

barrier will correspond to the free energy barrier for the new nucleus forming (∆𝐺∗). The energy barrier for forming 

a new nucleus passes through a peak, occurring at a critical radius. Once above this radius the nucleus would grow 

spontaneously.[26] Assuming the formed nucleus is spherical, ∆𝐺∗ can be defined in the following way for 

homogeneous nucleation[26]: 

∆𝐺∗ =
16𝜋𝜎3𝑇0

2

3(∆𝐻)2(∆𝑇)2 =
𝐴

(∆𝑇)2 
(4) 

Where 𝑇0 is the critical temperature, ∆𝐻 is phase transition enthalpy, 𝜎 is the surface energy of the nucleus and 𝐴 

is a constant. ∆𝑇 is the difference between the temperature of the material and the critical switching temperature 

𝑇0, and is defined as ∆𝑇 = 𝑇 − 𝑇0 for heating and ∆𝑇 = 𝑇0 − 𝑇 for cooling. 𝑇0 is the temperature at which the switch 

starts and where it is infinitely slow. For consistency throughout the data the value of 𝑇0 is taken at 2 % conversion 

and referred to as 𝑇𝛼=0.02. Nucleation rate has a complicated dependence on temperature, since ∆𝐺∗ depends on 

∆𝑇. Therefore, the Friedman plot results in a non-linear relationship which is in contrast with Arrhenius plots for 

conventional chemical reactions.[26] 

Derivation of equation 3 and then substituting this into equation 2 gives the following two equations, one for heating 

and the other for cooling: 

𝐸ℎ = 𝐴 (
1

(∆𝑇)2 +
2𝑇

(∆𝑇)3) 𝑜𝑟 𝐸𝑐 = 𝐴 (
1

(∆𝑇)2 −
2𝑇

(∆𝑇)3) (5) 

In the following study DSC has been used for the characterization of the VO2 powders. The extent of conversion 

equals the fractional enthalpy of the DSC peak. Therefore, the nucleation rate is expressed in the following 

manner:[29] 

𝑑𝛼

𝑑𝑡
=

𝑑𝐻

𝐴𝑇𝑑𝑡
 (6) 

Where 𝐻 is enthalpy of the phase transition, 𝐴𝑇  is the area under the entire thermogram, which is the enthalpy of 

the entire phase transition. 

The single-step equation is only applicable to the specific 𝛼 which occurs in the temperature range of ∆𝑇, therefore 

the kinetics of the entire process is a combination of many single-step kinetic equations.[28] This also means that 

𝐸𝛼  is not constant but depends on conversion, and therefore the constant value of 𝛼 = 0.50 is used in our study. 

 

3.2. Thermokinetic analysis of undoped and W-doped VO2 powders 

We analysed the composition and purity of undoped and W-doped VO2 powders, prepared according to the 

procedure outlined in 2.5, using XRD and DSC. The XRD of the undoped sample represents VO2 (M) as sole crystalline 

material (Fig. 3a). DSC analysis confirms the high degree of purity of the sample with an average switching enthalpy 

of 55.4 J·g-1 (Fig. 3b, Table 1), which equals the theoretical maximum for VO2 (M).[3,12,30,31] Furthermore, both 

the switch from VO2 (M) to VO2 (R) and VO2 (R) to VO2 (M) are represented by well-defined symmetric peaks which 

do not overlap in temperature. The SPT starts (𝑇𝛼=0.02) at 66.93 °C and 64.95 °C upon heating and cooling, 

respectively. There is no overlap in the temperature range of the heating and cooling curve which agrees with 

equations 4 and 5 as thermodynamically an overlap cannot occur in case of a single pure species. In the W-doped 

Fig. 3. a) XRD diffractogram of undoped VO2 (M) powder, JCPDS 82-0661 and b) DSC of undoped VO2 (M) powder obtained at a heating and cooling rate of 5 

°C·min-1. 



samples, with a degree of doping between 1.0 at. % and 3.5 at. %, traces of V6O13 were observed as crystalline 

impurities in the XRD (SI3). In the powders with ≥ 2 at. % W, also the presence of vanadium tungsten oxide (V2WO7.5) 

was detected. DSC analysis of the W-doped samples shows a decrease in temperature 𝑇𝛼=0.02 with increasing 

dopant concentration from 66.93 °C (0 at. % W) to -28.38 °C (3.5 at. % W) for the VO2 (M) to VO2 (R) switch (Fig. 4, 

Table 1). All W-doped samples display an overlap in temperature range for the DSC peaks representing the VO2 (M) 

to VO2 (R) and VO2 (R) to VO2 (M) SPT. This means that upon W-doping, multiple VO2 (M) species are formed, each 

probably with a different concentration of dopant. Compared to the undoped VO2 (M), the DSC peaks broaden 

significantly, and multiple underlying peaks become apparent (Fig. 4). With increasing concentration of dopant, the 

switching enthalpy decreases, which is in agreement with reports by multiple other research groups.[12,32–34] At 

relevant switching temperatures for application in smart glazing, we obtained switching enthalpies of 30.3 J·g -1 (2 

at. % W, 𝑇𝛼=0.02 = 18.02 °C) and 27.5 J·g-1 (2.5 at. % W, 𝑇𝛼=0.02 = 1.34 °C). Both the undoped and W-doped powders 

contain particulate sizes in the range of 1-10 µm, determined by SEM analyses performed at room temperature 

(SI4). The VO2 powders with a W concentration between 0-1.5 at. % W tend to consist of isometric particles with 

smooth edges. Compared to the undoped powder with merely particles of a size above 1 µm, the W-doped samples 

display a substantial share of particles with a size below 1 µm. The particles comprising 2.0-3.5 at. % W are 

anisometrically shaped and have more sharp edges. This can be explained by the composition of the sample: up to 

1.5 at. % W, the sample mainly contains VO2 (M) at room temperature, whilst for higher concentrations the material 

consists of a mixture of VO2 (M) and VO2 (R). To detect potential switching fatigue, we subjected the undoped VO2 

powder to 30 cycles in the DSC. No change in performance was observed for both SPTs (SI5) as the peak temperature 

and enthalpy remains unchanged throughout the 30 cycles. 

 

Table 1. Temperature at 2 and 50 % conversion of the undoped and W-doped VO2 powder samples at 5 °C·min-1 and 

average enthalpy for all heating rates (5, 10, 15 and 20 °C·min-1). 

W concentration 

(atm. %) 

𝑇𝛼=0.02 (°C) 𝑇𝛼=0.50 (°C) Average enthalpy ΔH (J·g-1) 

VO2 (M) to VO2 

(R) 

VO2 (R) to VO2 

(M) 

VO2 (M) to VO2 

(R) 

VO2 (R) to VO2 

(M) 

VO2 (M) to VO2 

(R) 

VO2 (R) to VO2 

(M) 

0 66.93 64.95 69.27 63.27 55.4 ± 0.1 55.1 ± 0.1 

1.0 42.38 48.04 46.93 42.79 41.3 ± 0.1 41.5 ± 0.1 

1.5 21.63 45.07 30.63 25.81 26.1 ± 0.2 25.7 ± 0.1 

2.0 18.02 42.73 24.85 20.85 30.4 ± 0.2 30.2 ± 0.1 

2.5 1.34 45.23 13.01 9.11 27.7 ± 0.5 27.3 ± 0.2 

3.0 -6.67 47.37 3.88 -0.11 24.5 ± 0.9 24.6 ± 0.6 

3.5 -28.38 52.47 -10.24 -13.56 17.1 ± 0.1 17.3 ± 0.1 

 

For studying the kinetics of the SPT, we performed DSC analyses using heating and cooling rates of 5, 10, 15 and 20 

°C·min-1 (Fig. 5a, 0 at. % W). The resulting DSC profiles (Fig. 5a) were converted into conversion-time plots (Fig. 5b), 

from which the reaction rate at 50 % conversion was determined. Together with the 𝑇 at 50 % conversion (𝑇𝛼=0.50), 

this information forms the base for the Friedman plot (Fig. 5c) of which the first derivative corresponds to the 

activation energy. The Friedman plot shows that the activation energy for the SPTs VO2 (M) to VO2 (R) and VO2 (R) 

Fig. 4. DSC of undoped and W-doped VO2 powders at a heating 

rate of 5 °C·min-1. 



to VO2 (M) is temperature dependent since the relationship between -Rln(dα/dt) and 1000/T is non-linear. 

Furthermore, the Friedman plot is symmetric, indicating that both SPTs have a similar activation barrier. 

Additionally, for both SPTs the activation barrier rises steeply when approaching the critical switching temperature 

𝑇0. With increasing ∆𝑇 the activation energy decreases rapidly. To determine the activation energy |𝐸𝑎|, we 

determined the slope of a straight line between two consecutive data points in the Friedman plot, and attributed 

the corresponding |𝐸𝑎| to the temperature in the middle of both data points((𝑇1 + 𝑇2) 2⁄ ).  

For the SPT of undoped VO2 (M) to VO2 (R) |𝐸𝑎| ranges between 138 kJ·mol-1 (𝑇 = 71.2 °C) and 563 kJ·mol-1 (𝑇 = 69.6 

°C). For the SPT from VO2 (R) to VO2 (M) |𝐸𝑎| ranges between 353 kJ·mol-1 (𝑇 = 61.7 °C) and 523 kJ·mol-1 (𝑇 = 62.9 

°C) (Table 2). Since the values obtained for both switches are similar, we anticipate that similar defects play an 

essential role in promoting both SPTs. The standard deviation on the activation energy for the SPT of undoped VO2 

powder ranges from 9 kJ·mol-1 to 37 kJ·mol-1 (SI6). 

 
Table 2. Activation energy determined for the SPT of undoped and W-doped VO2 (M) powders. 

W conc. 

(atm. %) 

VO2 (M) to VO2 (R) VO2 (R) to VO2 (M) 

|𝐸𝑎| (kJ·mol-1) 𝑇 (°C) |𝐸𝑎| (kJ·mol-1) 𝑇 (°C) 
0 563 

388 

138 

69.6 

70.3 

71.2 

523 

367 

353 

62.9 

62.2 

61.7 

1.0 448 

306 

160 

47.4 

48.2 

49.1 

463 

285 

216 

42.4 

41.6 

40.8 

1.5 not determined 

353 

267 

 

31.0 

31.7 

692 

370 

265 

25.5 

24.8 

24.2 

2.0 1382 

405 

301 

25.0 

25.5 

26.1 

751 

442 

299 

20.6 

20.0 

19.5 

2.5 648 

434 

256 

13.3 

14.0 

14.6 

929 

450 

297 

8.9 

8.4 

7.9 

3.0 355 

359 

236 

4.4 

5.2 

5.8 

753 

401 

291 

-0.4 

-0.9 

-1.4 

3.5 321 

250 

208 

-10.4 

-9.4 

-8.6 

984 

2123 

350 

-14.7 

-15.0 

-15.2 

 

Fig. 5. a) DSC heating curves for undoped VO2 powder at different heating rates, the indicated values correspond to the temperature 

at 𝛼 = 0.50, b) Conversion-time profile of VO2 (M) to VO2 (R) at different heating rates (running integral of DSC curve with respect to 

time), c) Friedman plot at 𝛼 = 0.50 for the VO2 (M) to VO2 (R) SPT and vice versa. 



Upon doping with W, the activation energy remains temperature dependent. This dependency is similar to the one 

reported for non-doped VO2 (M) powder. The W-doped systems are complex and do not comprise one single 

switching species (vide supra). Therefore, the activation energy determined from the Friedman plot represents 

merely an average activation energy for multiple simultaneously occurring switches of species with different W 

concentrations. We observed that the activation barrier for undoped and W-doped powders is similar since the 

calculated average activation energies are in the same range (Fig. 6, Table 2). Up to a W concentration of 2 at. %, 

the switching behaviour is symmetric. For higher W concentrations, however, we observe a significant asymmetry 

with higher activation energies for the SPT from VO2 (R) to VO2 (M). This indicates that, in line with the results 

obtained for the non-doped sample, similar defects play a key role in the SPT from VO2 (M) to VO2 (R) and vice versa 

up to a W concentration of 2 at. %. At higher concentrations, it is reasonable to assume that different defects 

facilitate both SPTs. This is in agreement with the results reported by Zang et al.[25] for hydrothermally synthesised 

W-doped VO2 nanoparticles, where asymmetric behaviour with a higher barrier for the VO2 (R) to VO2 (M) SPT was 

reported.  

 

3.3 Thermokinetic analysis of VO2 coatings 

Based on the similarity of the synthesis method for powders and coatings involving V(IV)-oxalate complex and the 

thermal anneal (see 2.5 and 2.4, respectively), it is interesting to compare the behaviour of the powders and 

coatings. After preparation of the coatings, we analysed the coating thickness using a Dektak profilometer. The 

obtained coatings had a thickness of 46 ± 8, 68 ± 11 and 140 ± 12 nm. To study the distribution of VO2 in the silica 

matrix, we performed STEM-EDX studies on the 140 nm thick coating that was scraped off from the glass substrate. 

The STEM-EDX images (Fig. 7) display a random distribution of VO2 domains in the silica matrix, with a typical domain 

size of about 40 nm. Since these domains are substantially smaller than 100 nm, they do not cause Mie scattering, 

and the system yields transparent coatings (Fig. 8). Additionally, we performed DSC analysis of scraped-off coating 

material (Fig. 9). The (𝑇𝛼=0.02) for the VO2 (M) to VO2 (R) and VO2 (R) to VO2 (M) SPT was 70.30 °C and 63.13 °C, 

respectively. The switching enthalpy of the material, consisting of 50 vol-% silica and 50 vol-% VO2, was 22.4 J·g-1 

corresponding to a degree of purity of the VO2 material of approx. 54 %. This is substantially lower than the degree 

of purity obtained for VO2 powders, which is probably caused by the fact that not all VO2 present in the coating 

crystallized at the relatively low anneal temperature of 450 °C. The temperature of the second anneal step is limited 

by the softening temperature of float glass, which is about 470 °C.  To detect potential switching fatigue, we 

subjected the scraped off coating material to 30 cycles in the DSC. No change in performance was observed for both 

SPTs as the ΔH and 𝑇0 remained unchanged (SI7). 

 

 

Fig. 6. Friedman plot for the W-doped powder samples at 𝛼 =

0.50 for the VO2 (M) toVO2 (R) SPT and vice versa. 



 

To study the thermokinetic behaviour of these coatings, we used a UV-vis-NIR spectrophotometer equipped with a 

temperature controlled module to perform transmission measurements between 0 °C and 120 °C (SI1.1). The UV-

vis-NIR transmission spectra measured at 20 °C and 120 °C for the three coatings with different thickness are 

depicted in Fig. 10. They clearly display that the transmission in the infrared (IR) decreases when switching from 20 

50 nm 50 nm 

50 nm 50 nm 

Si & V 

Si   
         

Fig. 7. STEM-EDX of scraped off coating material from the 140 

nm thick coating containing VO2 and SiO2 in a 1:1 volume ratio 

(green: V & red: Si). 

Fig. 9. DSC of scraped off coating material from the 140 nm 

thick coating containing VO2 and SiO2 in a 1:1 volume ratio, 

analyzed at a heating and cooling rate of 5 °C·min-1. 

Fig. 8. VO2 containing thermochromic coatings on SiO2-coated float 

glass with 1:1 volume ratio of VO2 to SiO2, with a coating thickness 

of a) 46 nm, b) 68 nm and c) 140 nm. 



°C to 120 °C. With increasing coating thickness, the transmission in the visible decreases, and the magnitude of the 

switch in the IR increases (Fig. 10). For studying the switching kinetics, the transmission at a wavelength of 1600 nm 

was measured upon increasing the temperature of the module by approximately 1.5 °C·min-1 (Fig. 11a). The 

transmission at 1600 nm allows the SPT to be monitored as a function of temperature. The transmission as a function 

of temperature is converted to a conversion-time profile in analogy to the method for powders reported above, and 

using Lambert-Beer’s Law. The conversion is extracted by setting the transmission value around 100 °C to 𝛼 = 1 and 

the starting transmission (around 20 °C) to 𝛼 = 0 (Fig. 11b). At the conversion of 0.50 the gradient (rate of 

conversion) is extracted for the different coating thicknesses (Fig. 11c). 

Due to the thermal lag of the coated glass plate with respect to the temperature imposed by the module, we 

determined that a heating and cooling rate of 1.5 °C·min-1 was required to accurately monitor the switching kinetics 

of the coatings. Measurements at higher heating and cooling rates were not feasible, making it impossible to 

determine the activation barrier of the switch. Nonetheless, we were able to measure the switching rate for the 

coatings with different thickness at a heating and cooling rate of 1.5 °C·min-1, and compared the rates for three 

different coating thicknesses (Fig. 11c). 

When comparing the rate of the SPT at 50 % conversion for the three different coating thicknesses (Fig. 11c), we 

observe that the conversion rate is similar for all three coatings, and approximately 4 times lower than for the 

undoped VO2 (M) powder. This difference may be caused by the immobilisation of VO2 (M) on the silica barrier 

coating and within the silica matrix, making the SPT more difficult to proceed. Furthermore, we observe a small 

asymmetry for the VO2 (M) to VO2 (R) and VO2 (R) to VO2 (M) SPT for the 46 nm thick coating, with a slightly higher 

rate for VO2 (R) to VO2 (M). The asymmetry decreases with increasing coating thickness as the rates approach almost 

Fig. 10. UV-vis-NIR transmission spectra measured at 20 °C and 

120 °C for the various coating thicknesses of 46, 68 and 140 nm. 

Fig. 11. a) Transmission at λ = 1600 nm of the VO2 coatings as function of temperature upon heating and cooling with a rate of 1.5 

°C·min-1 for 46, 68 and 140 nm coating thicknesses b) Conversion-time plot for the different coatings for the VO2 (M) to VO2 (R) SPT 

and vice versa and c) Conversion rate as function of coating thickness at a heating rate of 1.5 °C·min-1 (coating powder is scraped 

off coating material). 



the same values. Additionally, the scraped off material from the 140 nm thick coating, analysed by DSC, and the 

coating itself display an almost identical switching rate, confirming the quality of the UV-vis-NIR kinetic study. 

 

3.4 Implications for VO2 application in smart glazing 

When applying thermochromic VO2 particulate materials or coatings for smart glazing applications, the temperature 

at which the material switches is a key factor determining the energy savings caused by the thermochromic material. 

[8,17,18] Depending on e.g. the type of building, the positioning of the window or facade and the local climate, the 

ideal switching temperature can vary between 15 °C and 25 °C. Based on our results, we know that the SPT is 

infinitely slow at the critical switching temperature 𝑇0, and that a ∆𝑇 of 2-3 °C is required to facilitate a fast switch 

in response to changing environmental conditions. Thus, when a VO2 (M) to VO2 (R) switch at 20 °C is required for 

the specific application, 𝑇0 should be adjusted to 17-18 °C. Furthermore, when lowering the temperature of the 

glazing unit, a rapid switch of VO2 (R) to VO2 (M) is required. In this respect, our powders with ≤ 2 at. % W and our 

VO2 coatings outperform the previously reported hydrothermally synthesized particulate materials.[24,25] Latter 

display an asymmetric behaviour with a significantly slower VO2 (R) to VO2 (M) transition. Furthermore, we observed 

that the purity of VO2 (M) in the produced powders is much higher than in the coating. Ergo, for optimum switching 

performance it may be worthwhile to produce the high quality powders, reduce their particle size to ≤ 100 nm (e.g. 

by bead milling), and integrate the high-purity VO2 nanoparticles in a silica matrix to yield optimally performing 

thermochromic coatings. Based on our results, we may also expect these nanoparticle-based coatings to switch 

about 4 times faster. 

4. Conclusion 

We successfully prepared undoped and W-doped VO2 powders, and undoped VO2 coatings through solution-phase 

reduction of V2O5 with oxalic acid, and subsequent thermal anneal. Using isoconversional kinetic analysis based on 

datasets obtained from DSC and UV-vis-NIR spectrophotometry, we studied the rate of the SPT at 50 % conversion 

of VO2 (M) powders and coatings, respectively. The high purity undoped VO2 powder displays a switching 

temperature (𝑇𝛼=0.02) of 66.93 °C and 64.95 °C for the VO2 (M) to VO2 (R) and VO2 (R) to VO2 (M) SPT, respectively. 

Doping with W via WCl6 enabled reducing of the switching temperature to -28.38 °C for the VO2 (M) to VO2 (R) SPT. 

At W concentrations ≤ 2 at. % the SPTs are symmetric, with similar activation energies. The activation energy is 

temperature dependent, and ranges between 138 and 563 kJ·mol-1 for undoped VO2 powder. Increasing the 

difference between the material’s temperature and 𝑇0 strongly reduces the activation barrier for the VO2 (M) to VO2 

(R) and VO2 (R) to VO2 (M) SPT. Similar activation energies suggest that similar defects play a key role in both SPTs. 

However, at higher W concentrations (> 2 at. %) we observed an asymmetric behaviour with a higher activation 

energy for the switch from VO2 (R) to VO2 (M). Undoped VO2 containing thermochromic coatings applied to SiO2-

coated float glass using a chemical process similar to the one for preparation of powders display a 4 times lower 

switching rate, which is largely independent from coating thickness. Very thin coatings (46 nm) show asymmetric 

behaviour with a slightly faster VO2 (R) to VO2 (M) transition. This asymmetry is not observed for thicker coatings (68 

nm and 140 nm). The results of this study have important implications for application of VO2 pigments and coatings 

in thermochromic smart glazing. Pointing out that the switching temperature should be selected 2-3 °C below the 

desired one to facilitate a rapid switch, and that VO2 powders with a W concentration ≤ 2 at. % are preferred over 

hydrothermally synthesized particulate material because of their symmetric switching behaviour. Future studies will 

focus on the thermochromic properties and thermokinetics of undoped and W-doped VO2 nanoparticles obtained 

through bead milling of powders, and nanoparticle based coatings.  
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