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A B S T R A C T   

The thermodynamics and kinetics of the structural phase transition from monoclinic VO2 (M) to rutile VO2 (R) 
and vice versa were studied for particulate materials obtained by bead milling of VO2 (M) powder. Using wet bead 
milling, we decreased the particle size of VO2 (M) powder from ~1 μm to 129 nm. With progressive milling, the 
switching enthalpy decreased from 47 J g− 1 to 29 J g− 1 due to a loss of crystallinity. The switching kinetics were 
studied using Friedman’s differential isoconversional method. The activation energy |Eα| decreases with 
increasing difference between the actual temperature of the material and its switching temperature (T0). 
Furthermore, |Eα| decreases with progressive milling, and kinetic asymmetry is induced. For milled particulate 
materials, |Eα| is lower for the switch from VO2 (R) to VO2 (M) than for the opposite switch. For hydrothermally 
synthesized nanoparticles, |Eα| is in the same order of magnitude, albeit with inverse switching asymmetry. 
Latter may result from different defects that are introduced during both preparation techniques. Applying layers 
of milled particulate material to glass sheets yielded thermochromic coatings with luminous transmission of 
40.7% and solar modulation of 8.3%. This demonstrates that milled VO2 particles have potential for use in 
energy efficient thermochromic windows.   

1. Introduction 

The interest in monoclinic vanadium dioxide – VO2 (M) – is high 
because of its thermochromic properties, which can be tailored for a 
range of applications [1–5]. VO2 (M) undergoes a structural phase 
transition (SPT) to rutile VO2 (R) with a tetragonal unit cell at approx
imately 68 ◦C [6]. A first order metal-insulator transition (MIT) ac
companies this SPT as VO2 (M) is a semiconductor with high 
transmission for solar infrared (IR) light, whilst VO2 (R) is an electrical 
conductor that absorbs and reflects IR radiation. Integration of VO2 (M) 
into a film or coating for application in smart thermochromic windows 

can lead to a significant reduction in energy consumption for heating 
and cooling of buildings in intermediate climates [7,8]. 

A key challenge for successful implementation of VO2 (M) in coatings 
and polymer films for smart windows is achieving both a high luminous 
transmittance (Tlum) and a high modulation of solar energy (ΔTsol) [9, 
10]. Tlum is low (~40%) for both VO2 (M) and VO2 (R) [2,11], as a large 
portion of the visible light is either absorbed or reflected [12,13], and 
ΔTsol is also low (~10%) [2,14]. Increasing ΔTsol generally leads to a 
decrease in Tlum and vice versa [15–17]. To increase both Tlum and ΔTsol, 
the concept of nanothermochromic films was proposed by Granqvist and 
coworkers [15,18–22]. Their optical simulations show that higher Tlum 
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and ΔTsol can be achieved when using thermochromic nanoparticles 
[18]. In order for the nanoparticles to achieve the increase in both pa
rameters the following key requirements need to be met: particle sizes 
far below visible light wavelength (≤100 nm) to avoid scattering of 
visible light, particles randomly dispersed in the film or coating, and 
high purity and crystallinity of particles to ensure good switching per
formance [20,23]. Therefore, high quality thermochromic nanoparticles 
with a switching temperature suited for application in smart windows 
(15–25 ◦C [7,24]) are of great interest. The suitable temperature can be 
achieved through oxygen vacancies (point defects), doping with 
different elements and strain in the crystal lattice [25,26]. 

Bead milling of VO2 (M) powders is a top-down approach which 
holds the potential to yield large quantities of such material. Multiple 
groups have prepared undoped and doped VO2 nanoparticles using bead 
milling, and applied them to produce thermochromic coatings and films 
[25,27–29]. In previous research Liu et al. [30] carried out wet bead 
milling of VO2 powder in dipropylene glycol methyl ether with the 
addition of Disperbyk 180 as dispersing agent for 4 h using zirconia 
beads at 4200 rpm. They obtained particles of a size below the wave
length of visible light, and measured particle sizes of about 300 nm in 
dispersion using dynamic light scattering (DLS), and 20–50 nm in dry 
state using transmission electron microscopy (TEM). They dispersed the 
obtained nanoparticles in a silica-alumina gel and subsequently casted 
that on a float glass substrate. The best balance of properties was ach
ieved with a gel layer thickness of 3.0 μm, yielding Tlum of 59% and ΔTsol 
of 12%. Based on peak broadening in the X-ray diffractograms (XRD) of 
VO2 nanoparticles, Liu et al. proposed that bead milling reduced the 
crystal size of VO2 without distorting the crystal structure leading to 
retention of the thermochromic properties. Kim et al. [31] carried out 
the synthesis of VO2 nanoparticles by wet bead milling of V2O5 powder 
in ethanol using polyvinylpyrrolidone (PVP) as dispersant and 0.2 mm 
zirconia beads for 18 h at 3000 rpm. After milling, the amorphous V2O5 
nanoparticles were thermally treated at 500 ◦C in a nitrogen atmo
sphere. They claim that these conditions are suited to convert the 
nanoparticles to VO2 (M), resulting in almost spherical nanoparticles in 
the size range of 30–60 nm, with a switching enthalpy of approximately 
24 J g− 1 and peak temperatures of 87 ◦C and 58 ◦C for the switch from 
VO2 (M) to VO2 (R) and vice versa, respectively. Note: The peak tem
perature is defined as the temperature at the maximum of the differ
ential scanning calorimetry (DSC) peak. Critical switching temperature 
(T0) is the lowest temperature at which VO2 (M) switches to VO2 (R). At 
this temperature the switch is infinitely slow. Tα = 0.02 is the temperature 
at 2% conversion of the VO2 crystals, and is representative for T0. Tα =

0.50 is the temperature at a conversion of 50%, which is used for estab
lishing the Friedman plot (vide infra) and typically does not coincide 
with the peak temperature. Kim et al. [31] attributed this increased 
switching temperature for VO2 (M) to VO2 (R) to the decrease in po
tential defects, therefore leading to an increase in the energy barrier for 
nucleation. The coatings comprising VO2 (M) nanoparticles were pre
pared by tape-casting and the thick coating resulted in a Tlum of 43% and 
ΔTsol of 7%. Wang et al. [20] bead milled hydrothermally synthesized 
VO2 (B) nanobelts with three different zirconia bead sizes (10, 8 and 5 
mm) to form VO2 (M). After dry milling for 5 h at 1425 rpm, they ob
tained a particle size of 38 nm. The obtained nanoparticles were 
dispersed in a mixture of ethanol and polyvinyl butyral (PVB) to cast a 
film using a roller bar. The differential scanning calorimetry (DSC) peaks 
were broad and displayed an average switching enthalpy of 20 J g− 1. 
Both peak temperatures increased by 5–10 ◦C, and it was suggested that 
intermediate phases being present produce lattice stress and lower the 
phase transition temperature. The 2.5 μm thick film resulted in a ther
mochromic performance of Tlum of 67% and ΔTsol of 8%. Wang et al. [32] 
hydrothermally synthesized branched VO2, dispersed it in ethanol (94 
wt%) and PVP (3 wt%) and bead milled the dispersion for 12h at 500 
rpm, then performed spin coating with the milled dispersion. The 
thinnest coating exhibited a Tlum of 64% and ΔTsol of 1% while the 
thickest coating yielded 20% and 4%, respectively. Chen et al. [33] 

hydrothermally synthesized W-doped VO2 (M) nanoparticles (25–75 
nm) and used bead milling to disperse the particles efficiently in a hy
drophobic silicone resin in presence of butanol and a dispersant. Sub
sequently, the dispersion was roll coated on clear glass and dried, the 
optical properties of the coating are the following: Tlum of 53%, ΔTsol of 
16.6% and peak temperatures of 43 ◦C and 17 ◦C. 

In spite of multiple studies on the preparation of (doped) VO2 (M) 
nanoparticles produced by bead milling of powers and their application 
in coatings and films, a systematic study on the impact of bead milling 
on the thermodynamics (T0 and enthalpy (ΔH)) and kinetics (activation 
energy (Ea)) of the SPT of micron and nanosized VO2 particles has not 
yet been reported. Previously, we have studied the kinetics of VO2 
powders using isoconversional kinetic analysis, and demonstrated that 
the activation barrier was symmetric for the SPT from VO2 (M) to VO2 
(R) and vice versa, and decreased with increasing difference between the 
material’s temperature and T0. [24] In the current manuscript, we sys
tematically study the impact of bead milling on the thermodynamics (T0 
and ΔH) and kinetics (Ea) of undoped micron- and nanosized VO2 par
ticles. Furthermore, we compare the properties of the smallest milled 
nanoparticles to properties obtained with hydrothermally synthesized 
VO2 nanoparticles of the same order of magnitude, and report the op
tical properties (Tlum and ΔTsol) of layers of milled particles deposited on 
float glass using dip coating to demonstrate their application potential in 
thermochromic windows. 

2. Experimental section 

2.1. Preparation of VO2 slurry 

Vanadium(IV) oxide (VO2, 80.0 g, 99% metal basis, Alfa Aesar, 100 
mesh powder, contains V6O13 as impurity) was dispersed in isopropanol 
(IPA, 270 g, VWR chemicals, technical) and sonicated in an ultrasonic 
bath for 15 min to yield a VO2 slurry suited for bead milling. 

2.2. Bead milling procedure 

The VO2 slurry was added to the Bühler PML 2 fitted with a Micro
Media™ L milling chamber, having an internal volume of 70 mL 
(Fig. S1). The milling camber was pre-filled with zirconium oxide beads 
(56 mL, 208 g, 80% of chamber volume, yttrium stabilized, 0.2 mm, 
Bühler, Draison®YUP) and IPA (138 g). After addition of the slurry and 
IPA (300 g) the total VO2 content was 10 wt%. The rotations per minute 
and pump power were initially set to 1500 rpm and 80%, respectively, 
and then increased to 3000 rpm and 100% (Table S1 for flow rate). 
During milling the dispersion is kept at an operating temperature below 
35 ◦C using water cooling. When the mill speed is increased to 3000 rpm 
the system modulates the speed when the temperature exceeds 35 ◦C to 
prevent it from overheating (Fig. S1). The system was continuously 
flushed with nitrogen to prevent oxidation of VO2 during milling. 
Samples were taken every 3000 kWh⋅t− 1, diluted for DLS analysis (1 
drop in 10 mL and ultrasonicated for 2 min in an ultrasonic bath) and 
dried in a vacuum oven at 40 ◦C for DSC, X-ray diffraction (XRD), TEM 
and scanning electron microscopy (SEM) analyses. 

2.3. Procedure and data collection for the kinetics study 

Differential Scanning Calorimetry (DSC) was carried out on a Dis
covery DSC (TA Instruments) using Tzero aluminium pans containing 
20 mg of dried sample. All the samples were subjected to the following 
six heating and cooling rates: 1.5, 5, 7.5, 10, 15 and 20 ◦C⋅min− 1. Before 
data collection all DSC pans where subjected to 4 cycles of heating and 
cooling at 20 ◦C⋅min− 1 from 0 to 120 ◦C to ensure that the samples 
where completely dry. After this procedure, the sample mass was 
determined again. For analysis a DSC was used from TA instruments 
fitted with TRIOS software v5.1, the data collected were analysed and 
processed in accordance with the isoconversional method, which is 
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discussed in section 3.1. 

2.4. Fabrication of thermochromic coating 

The dispersion consisting of VO2 nanoparticles was placed in a small 
dip tank (~2.53 wt% VO2 in IPA). Then, a clean glass plate (4 mm thick) 
was clamped and the glass was immersed in the dispersion at a rate of 10 
mm s− 1 and retracted at a speed of 8 mm s− 1 using a dip coater custom 
built by KOM Engineering and Assembling B.V. (Fig. S2). After drying at 
ambient conditions, the optical properties of the thermochromic coating 
were determined using UV–vis–NIR spectrophotometry (vide infra). 

2.5. Hydrothermal synthesis of VO2 nanoparticles 

Hydrazine hydrate (N2H4⋅H2O) is an effective reagent to hydro
thermally synthesize VO2 nanoparticles by reduction of V2O5 [34,35]. 
V2O5 (182.0 mg, 1.00 mmol, 99.99%, Sigma Aldrich) was added to a 
solution of H2O2 (7.00 mL, 20.6 mmol, 30 wt%, Fischer Scientific) 
preheated at 60 ◦C with stirring. After vigorous bubble formation, a dark 
brown vanadium(V) peroxo complex was formed and the reaction was 
continued for 1 h followed by the addition of DI water (12.0 mL). This 
solution was then treated with N2H4⋅H2O (36.0 μL, 0.74 mmol), and the 
resulting mixture was immediately sealed in a 45 mL Teflon-lined 
autoclave (Parr 45 mL Autoclave, model 4744). The hydrothermal re
action was performed at 220 ◦C for 72 h by placing the autoclave in an 
oven. After cooling, the solid product was collected, washed with 
copious amounts of DI water and ethanol, and isolated by centrifugation 
(10k rpm). Ultimately, the product was dried in a vacuum oven at 50 ◦C 
for 12 h. Caution: The reaction of V2O5 with H2O2 is highly exothermic! 
Therefore, precaution must be taken while carrying out the reaction, and 
during the hydrothermal reaction the total volume of the reactants must 
never exceed 45% of the capacity of the Teflon autoclave. 

2.6. Characterization techniques 

X-ray diffraction (XRD) measurements to determine the composition 
of the vanadium oxide particulate materials were carried out on a Bruker 
D8 Advance. Scanning transmission electron microscopy – energy 
dispersive X-ray (STEM-EDX) analyses were performed 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. The TENEO Scanning Electron 
Microscope (SEM) was used for obtaining images of the milled VO2 
particulate materials. The measurements of the thermochromic coatings 
were carried out using a PerkinElmer Lambda 750 UV–vis–NIR spec
trometer equipped with a temperature-controlled module manufactured 
by OMT Solutions B.V. for measuring transmission at temperatures be
tween 0 ◦C and 120 ◦C (Fig. S3). A Bruker NPFlex white light interfer
ometer in vertical scan (VSI) mode with a 50x objective was used to 
measure the coating thickness. 

3. Results and discussion 

3.1. Characterization of VO2 particulate materials obtained by bead 
milling 

To obtain sub-micron sized VO2 particulate materials, we prepared a 
slurry of commercially available VO2 powder in isopropanol (IPA). This 
slurry was then subjected to bead milling using yttrium-stabilized zir
conia beads with a size of 0.2 mm. During milling, the system was cooled 
with water to ensure a maximum operating temperature of 35 ◦C. 
Furthermore, milling was performed in a nitrogen atmosphere to avoid 
oxidative degradation of VO2 during the process. Every 3000 kWh 
milling energy per ton (kWh⋅t− 1) of VO2 (M), product samples were 
taken for characterization. SEM analyses of these samples were per
formed to determine the evolution of size and shape of the particles 

during milling (Fig. 1a–d, Fig. S4). The size was determined using 
Martin’s diameter method by measuring the length and width of each 
particle [36]. On average 125 particles were measured for each sample. 
The unmilled powder consists of large polydisperse flakes with a particle 
size of 0.96 ± 0.20 μm (Fig. 1a, Fig. S5). After 3000 kWh⋅t− 1 milling 
energy, the flake-like particles were reduced in size to 242 ± 59 nm 
(Fig. 1b). After 9000 kWh⋅t− 1 and 13000 kWh⋅t− 1 the particle size was 
reduced to 159 ± 34 (Figs. 1c) and 129 ± 27 nm (Fig. 1d), respectively. 
In addition to SEM, we also performed DLS analyses to determine the 
particle size in dispersion (Fig. S6). For the unmilled particles, the 
average size obtained by DLS (436 nm, Fig. S6) was roughly 15 times 
smaller than the particle size obtained by SEM (6.35 μm). This 
discrepancy is caused by sedimentation of larger particles during the 
DLS analysis. For the milled samples, the average particle size obtained 
by DLS is in good agreement with the particle size obtained by SEM 
(Fig. S6). 

As means to assess the purity of the unmilled VO2 (M) powder and 
the milled particulate materials, the switching enthalpy ΔH was deter
mined by DSC analyses (Fig. 1e). ΔH of the unmilled VO2 (M) powder 
was 46.8 J g− 1 (Fig. 1f, Table 1), which is slightly lower than expected 
for a pure VO2 (M) powder [6,37–39]. XRD analysis revealed that this 
was caused by the presence of V6O13 as an impurity (Fig. S7). Upon 
milling, the maximum of the DSC peaks decreased and the peaks also 
broadened. With progressive milling, ΔH decreased to 43.3 J g− 1 (3000 
kWh⋅t− 1), 31.9 J g− 1 (9000 kWh⋅t− 1) and 29.1 J g− 1 (13000 kWh⋅t− 1, 
Table 1). Furthermore, we observed a decrease in T0 for the switch from 
VO2 (M) to VO2 (R) from 65.03 ◦C (unmilled) to 64.45 ◦C (3000 
kWh⋅t− 1), 59.17 ◦C (9000 kWh⋅t− 1) and 55.93 ◦C (13000 kWh⋅t− 1). For 
the switch from VO2 (R) to VO2 (M), we observed an increase from 
71.03 ◦C (unmilled) to 74.81 ◦C (3000 kWh⋅t− 1), 84.86 ◦C (9000 
kWh⋅t− 1) and 88.51 ◦C (13000 kWh⋅t− 1). This results in an increase in 
width of the switching hysteresis from 6.00 ◦C (unmilled) to 10.36 ◦C 
(3000 kWh⋅t− 1), 22.84 ◦C (9000 kWh⋅t− 1) and 32.58 ◦C (13000 
kWh⋅t− 1). Note: the hysteresis is defined as the difference between the T0 
values of both switches [24]. 

To investigate the reduction in ΔH upon milling, we performed XRD 
analyses to determine the crystalline components in the bead milled 
samples (Fig. S7). All milled and unmilled particulate samples consisted 
of VO2 (M) with an impurity of V6O13. No oxidized materials were 
detected within the detection limit of the equipment, which confirms 
that bead milling under nitrogen atmosphere effectively prevents 
oxidative degradation. To determine the degree of crystallinity of the 
bead milled particulate materials, we performed Global Rietveld 
refinement analysis of the XRD patterns using DIFFRAC.TOPAS (Bruker) 
for profile fitting (SI7) [40]. These clearly show an increase in amor
phous fraction from 0 to 10% for the unmilled material to 20–40% for 
milled particulate materials (Table S7), which explains the 33% 
decrease in ΔH when comparing the unmilled powder to the material 
obtained after milling (13000 kWh⋅t− 1). To independently validate the 
presence of amorphous material in the milled samples, we performed 
brightfield (BF) and high resolution (HR) TEM analyses (Fig. 2). For that 
purpose, we separated large and small particles present in dispersion 
after milling (13000 kWh⋅t− 1) using centrifugation. The larger particles, 
which formed the pellet sediment during centrifugation, were largely 
crystalline (Fig. 2b, e). The particles’ crystallite orientations were not all 
aligned, many small grains were present. Furthermore, the crystallinity 
seemed to extend to the surface of the grain and amorphous regions 
could not be detected. The material present in the supernatant after 
centrifugation appeared porous and fibrous in nature, and no crystalline 
regions could be detected (Fig. 2c, f, Fig. S8). These observations were 
confirmed by DSC analyses of the dried pellet and supernatant, resulting 
in good switching performance of the material in the pellet (ΔH = 30.9 J 
g− 1, Fig. S9) and poor switching performance of the material in the 
supernatant (ΔH = 2.1 J g− 1, Fig. S9). Ergo, we have unambiguously 
demonstrated a loss of crystallinity upon progressive milling by XRD and 
Rietveld analyses, TEM analysis (incl. elected area electron diffraction, 
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Fig. S8.1) and DSC analysis of the particulate mixture and separated 
fractions of large and small particles. 

3.2. Thermokinetic analysis of milled VO2 particulate materials 

Very recently, we applied Friedman’s differential isoconversional 
method [41,42] to study the kinetics of the SPT of undoped and 
W-doped VO2 powders [24]. The principles of this study will be outlined 
below. During the VO2 (M) to VO2 (R) phase transition, and above T0, 
nucleation occurs which is formation of small nuclei of the second phase 
within the initial phase. Growth and aggregation of the nuclei continues 
until homogeneity is reached [43,44]. Impurities and defects can facil
itate the nucleation in solids as diffusion and aggregation within the 

lattice is facilitated [45]. The kinetics of the SPT can be represented by a 
single-step kinetic equation based on Arrhenius Law [41]: 

dα
dt

=A ​ exp
(
− E
RT

)

f (α) (1) 

Here A is a pre-exponential factor (temperature independent), E is 
the activation energy for the transition, R is the gas constant, T is tem
perature, f(α) is the reaction model and α is the degree of conversion (0 
≤ α ≤ 1). Taking the reaction rate as the only temperature dependent 
parameter (isoconversional principle) leads to following relationship for 
the activation energy Eα [41]: 

Eα = − R
(

dln(dα/dt)
dT − 1

)

α
(2) 

Rearranging equation (1) leads to the foundation of the Friedman 
differential isoconversional method [41,42]: 

− R ln
(

dα
dt

)

α,i
= − R ln(Aαf (α)) + Eα

Tα,i
(3)  

where i indicates the different heating rates. Plotting –Rln(dα/dt) versus 
T− 1 leads to the Friedman plot, where the gradient is the activation 
energy barrier for nucleation. The free energy barrier for the formation 
of a new nucleus (ΔG*) corresponds to the activation barrier. Above the 
critical radius the nucleus grows spontaneously. Assuming it is spherical 
for homogeneous nucleation, then ΔG* can be defined in the following 
manner [43]: 

ΔG∗ =
16πσ3T2

0

3(ΔH)
2
(ΔT)2 =

A
(ΔT)2 (4)  

where, T0 is the critical temperature (where the switch is infinitely 
slow), ΔH is the phase transition enthalpy and σ is the surface energy of 
the nucleus. Since all these parameters are material constants, they can 
be combined into one integrated constant A. ΔT = T - T0 for heating and 

Fig. 1. a) SEM image of unmilled VO2 (M) powder, b) SEM image of milled VO2 (M) particulate material at 3000 kWh⋅t− 1 energy input, c) SEM image of milled VO2 
(M) particulate material at 9000 kWh⋅t− 1 energy input, d) SEM image of milled VO2 particulate material at 13000 kWh⋅t− 1 energy input, e) DSC of unmilled powder 
and milled VO2 particulate materials at energy inputs ranging from 3000 to 13000 kWh⋅t− 1 obtained at a heating rate of 5 ◦C⋅min− 1 (with magnified inserts showing 
in detail the start of each switch), and f) average enthalpy of SPT and average particle size obtained by DSC and SEM analyses, respectively, as function of the 
milling energy. 

Table 1 
Temperature at 2% and 50% conversion of the unmilled VO2 powder sample and 
milled VO2 particulate samples obtained from DSC analysis at heating/cooling 
rate of 5 ◦C⋅min− 1 and average switching enthalpy <ΔH> for all heating rates 
(1.5, 5, 7.5, 10, 15 and 20 ◦C⋅min− 1).  

Milling 
energy 

[kWh⋅t− 1] 

Tα = 0.02 [◦C] Tα = 0.50 [◦C] <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 65.03 71.03 68.37 63.89 46.8 ±
0.5 

46.7 ±
0.3 

3000 64.45 74.81 68.77 64.06 43.4 ±
0.4 

43.2 ±
0.5 

6000 59.55 82.39 69.93 63.83 36.5 ±
0.5 

37.5 ±
0.9 

9000 59.17 84.86 70.56 62.70 31.9 ±
0.6 

33.3 ±
0.8 

12000 56.13 86.45 70.84 62.19 28.9 ±
0.3 

30.8 ±
0.6 

13000 55.93 88.51 70.59 61.85 28.1 ±
0.2 

31.0 ±
0.8  
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ΔT = T0 - T for cooling, where T is the material temperature. The value 
of T0 is taken at a conversion of 2% and referred to as Tα = 0.02. The 
Friedman plot results in a non-linear relationship, since ΔG* depends on 
ΔT [43]. Eα depends on conversion as the single-step equation is only 
applicable to a specific α in the ΔT range [41]. Therefore the constant 
value of α = 0.50 is used in our study. 

Derivation of equation (3) and then substituting this into equation 
(2) gives the following two equations, Eh for heating and Ec for cooling: 

Eh =A

(
1

(ΔT)2 +
2T

(ΔT)3

)

or Ec =A

(
1

(ΔT)2 −
2T

(ΔT)3

)

(5) 

In the following study, the extent of conversion equals the fractional 
enthalpy of the DSC peak, defining the nucleation rate [42]. 

dα
dt

=
dH

AT dt
(6)  

where H is the enthalpy of the phase transition, AT is the area under the 

entire thermogram, which is the enthalpy of the entire phase transition. 
To study the kinetics of the SPT of unmilled powder, we performed 

DSC analyses using 6 different heating and cooling rates ranging from 
1.5 ◦C⋅min− 1 to 20 ◦C⋅min− 1. We converted the 6 DSC plots (Fig. 3a, only 
the SPT from VO2 (M) to VO2 (R) is plotted) into conversion-time pro
files (Fig. 3b) and determined the temperature and reaction rate at 50% 
conversion for each heating and cooling rate. These were subsequently 
used to establish the Friedman plot (Fig. 3c). The same study was per
formed for the milled particulate materials (Fig. 4a). 

By combining equation (4) and equation (3) the following relation
ship is derived: 

− R ln
(

dα
dt

)

= − R ln(ω0)+
16πσ2

3(ΔH)
2⋅

T2
0

(ΔT)2T
(7) 

Using equation (7) and the excel built-in solver the dataset was used 
to fit curves, the parameters for equation (7) are provided in Table S10. 
Using the values in equation (7), the gradient between two consecutive 

Fig. 2. a) BFTEM image of milled VO2 particulate material, b) BFTEM of pellet after centrifugation, c) BFTEM of supernatant after centrifugation, d) HRTEM of 
milled VO2 particulate material, e) HRTEM of pellet after centrifugation, f) HRTEM of supernatant after centrifugation. The milling energy input of the analysed 
materials was 13000 kWh⋅t− 1. 

Fig. 3. a) DSC heating curves for unmilled VO2 powder at different heating rates, the indicated values correspond to the temperature at α = 0.50, b) Conversion-time 
profile of unmilled VO2 (M) to VO2 (R) at different heating rates (running integral of DSC curve with respect to time), and c) Friedman plot at α = 0.50 for the 
unmilled VO2 (M) to VO2 (R) SPT and vice versa. 
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points was used to derive the activation energy, and consecutively plot 
the activation energy as function of ΔT for the unmilled powder and 
milled particulate materials (Fig. 4b, Table 2). |Eα| depends on the 
temperature of the material and decreases rapidly with increasing ΔT 
(Fig. 4b) The switching kinetics of the unmilled powder are reasonably 
symmetric, with |Eα| = 1610 kJ mol− 1 for the SPT from VO2 (M) to VO2 
(R) and |Eα| = 1491 kJ mol− 1 for the SPT from VO2 (R) to VO2 (M) at ΔT 
= 2.5 ◦C. The Friedman plots for the unmilled and all milled samples 
clearly show that the switching temperatures change upon milling, and 
that the hysteresis width increases (as reported earlier in the manu
script). Furthermore, |Eα| decreases upon progressive milling, and the 
switching kinetics become increasingly asymmetric. The switching ki
netics of the milled sample with 13000 kWh⋅t− 1 milling energy displays 
the lowest |Eα| for the SPT from VO2 (M) to VO2 (R) and vice versa, viz. 
381 and 202 kJ mol− 1, respectively, at ΔT = 2.5 ◦C. The lowering of |Eα| 
is likely to be caused by surface defects introduced in the crystal during 
milling [46]. Apparently, the impact of these defects on the switch from 
VO2 (R) to VO2 (M) is larger than on the switch from VO2 (M) to VO2 (R), 
given the kinetic asymmetry. 

3.3. Comparing milled VO2 particulate material to VO2 particles from 
hydrothermal synthesis 

In addition to bead milling of powders, a top-down method, also a 
bottom-up method such as hydrothermal synthesis can be applied to 
prepare sub-micron sized VO2 (M) particles. To comparatively study the 
properties of milled and hydrothermally synthesized VO2 particles, we 
prepared VO2 particles by hydrothermal conversion of a vanadium(V) 
peroxo complex. This complex was prepared by reacting V2O5 and 
hydrogen peroxide in water. Subsequently, hydrazine was added as 
reducing agent, and the reaction mixture was converted to VO2 nano
particles in an autoclave at 220 ◦C for 72 h. After washing and drying of 
the solid product, its composition was analysed using XRD (Fig. S11). In 
addition to VO2 (M) as the main crystalline product, the X-ray dif
fractogram displayed VO2 (A) as a crystalline impurity. The SEM ana
lyses predominantly showed spheroidal particles with an aspect ratio 

close to one, with a particle size of 62 ± 6 nm (Fig. 5d and e). In addi
tion, a minor fraction of rods with a length and width of 1.60 ± 0.30 μm 
and 0.20 ± 0.04 μm were detected (Fig. 5d). Based on the typical rod- 
shaped structure of hydrothermally synthesized VO2 (A) and the pres
ence of VO2 (A) as a crystalline impurity, the rods are most likely VO2 
(A) and the spheroidal particles VO2 (M). To study the thermodynamic 
and kinetic characteristics of the SPT, we performed DSC analysis 
(Fig. 5a). These showed a ΔH of 31.8 J g− 1, which is slightly larger than 
ΔH of the smallest particles obtained by milling (29.1 J g− 1, particle size 
129 ± 27 nm). T0 for the SPT from VO2 (M) to VO2 (R) and vice versa 
were substantially lower for the hydrothermally synthesized particles, 
with 27.01 ◦C and 53.13 ◦C (Table 3) for the hydrothermally synthesized 
particles compared to 55.93 ◦C and 88.51 ◦C (Table 1) for the smallest 
bead milled ones. The hysteresis width, however, is large for both types 
of particles (26.12 ◦C for hydrothermally synthesized and 32.58 ◦C for 
smallest milled particles). DSC measurements and thermokinetic anal
ysis were performed to determine the switching kinetics of the hydro
thermally synthesized particles (Fig. 5b and c), using the same method 
as for milled particulate materials (vide supra). The results clearly 
demonstrate that |Eα| for the SPT of hydrothermally synthesized parti
cles is in the same order of magnitude as for the smallest milled ones, 
albeit that the kinetic asymmetry is inversed. The switching kinetics of 
the hydrothermally synthesized particles are characterized by |Eα| =
267 kJ mol− 1 for the SPT from VO2 (M) to VO2 (R) and |Eα| = 755 kJ 
mol− 1 for the SPT from VO2 (R) to VO2 (M) at ΔT = 2.5 ◦C. Whilst 
surface defects can be assumed to be induced by milling and play a key 
role in the switching kinetics of milled VO2 particles, the switching 
characteristics of hydrothermally synthesized VO2 may be dominated by 
bulk defects inside the VO2 particles [46]. These different types of de
fects introduced using both preparatory techniques may explain the 
difference in kinetic asymmetry between both types of particles. 

3.4. Thermochromic coatings consisting of milled VO2 particulate 
material 

To validate whether milled VO2 particulate material has potential for 
application in thermochromic coatings, we deposited a layer of partic
ulate material as thermochromic coating on glass. This layer was applied 
by dip coating a float glass sheet in a dispersion of milled VO2 particulate 
material (particle size 129 ± 27 nm) in IPA, and subsequent drying of 
the coating under ambient conditions. Since the coating strongly absorbs 
blue light and contains particles with an average size above 100 nm that 
scatter light, the appearance of the coating is dark yellow and slightly 
opaque (Fig. 6a). SEM images of the coating show that it consists of a 
layer of VO2 particles, and that stacking of these particles results in a 
porous coating (Fig. 6b and c). Furthermore, it can be observed that 
micron-sized spots of uncoated glass are still present after dip coating. 
To estimate the thickness of the coating, white light interferometry 

Fig. 4. a) Friedman plot for the unmilled VO2 powder sample and milled VO2 particulate materials at α = 0.50 for the VO2 (M) to VO2 (R) SPT and vice versa, b) 
activation energy of the unmilled VO2 powder sample and milled VO2 particulate materials as function of ΔT, and c) absolute activation energy as function of ΔT. 

Table 2 
Activation energy at ΔT = 2.5 ◦C of the unmilled VO2 powder sample and of the 
milled VO2 particulate samples.  

Milling energy [kWh⋅t− 1] |Eα| [kJ⋅mol− 1] 

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

0 1610 1491 
3000 1225 1094 
6000 748 897 
9000 652 301 
12000 517 237 
13000 381 202  

L. Calvi et al.                                                                                                                                                                                                                                    



Solar Energy Materials and Solar Cells 242 (2022) 111783

7

measurements were carried out (Fig. 6e and f). Optical profilometry 
(Fig. 6e) was used to measure the profile and average thickness of the 
VO2 layer applied to a silicon wafer. Comparing the uncoated substrate 
and the coating leads to a resulting average thickness of 86 nm and a 
large surface roughness of 132 nm. Ergo, 86 nm is the average thickness 
of the coating derived from the very rough surface profile with large 
peak-valley distances. 

UV–vis–NIR spectrophotometric analysis was carried out to optically 
characterize the coating, both at a temperature of 20 ◦C and 120 ◦C 
(Fig. 7a). The resulting spectra clearly show that the coating, solely 
consisting of milled VO2 particulate materials, switches from a high 
transmission in the infrared (IR) part of the spectrum to a low solar IR 
transmission when increasing the temperature from below to above T0. 
ΔTsol for the coating is 8.3%. Specular reflection, diffuse reflection and 
diffuse transmission also change upon switching (Fig. S12). The differ
ence in transmission for λ = 1600 nm is 30.2% (Fig. 7a), the transmission 
in the visible did not change (Tlum = 40.7% in both states, Fig. 7a). Based 
on these results, it is clear that the VO2 particles display the SPT when 
applied to float glass as coating. Furthermore, using the temperature- 
controlled module in the UV–vis–NIR spectrophotometer with a heat
ing rate of 1.75 ◦C⋅min− 1 the switching kinetics of the VO2 particle 
coating were analysed (Fig. 7b and c). For the conversion of VO2 (M) to 

VO2 (R), the rate of switching for the particulate material (heating rate 
1.5 ◦C min− 1) and the coating are 0.14 min− 1 and 0.10 min− 1, respec
tively. The difference in heating rate and the relatively large inaccuracy 
in heating of the coated glass plate in the UV–vis–NIR spectrophotom
eter may account for the rate difference. For the conversion of VO2 (R) to 
VO2 (M), the obtained rates for the milled particulate material and 
coating showed no significant difference (both 0.12 min− 1). Overall, 
these results clearly demonstrate that milled VO2 particulate material 
has potential for application in thermochromic coatings. Optimization 
of the milling process, however, is required to further reduce the size 
and minimize the loss in crystallinity of the particulate material. This 
can be expected to lead to improved optical performance of the particle 
layers with an improved balance between Tlum and ΔTsol. This perfor
mance increase is required to proceed towards thermochromic coatings 
with commercial potential [8]. 

4. Conclusion 

We studied the key thermodynamic and kinetic characteristics of 
bead milled VO2 particulate materials to validate whether they have 
potential for application in thermochromic coatings. We demonstrated 
that micron-sized VO2 (M) powder could be successfully milled in IPA, 
and ultimately obtained nanoparticles of a size of 129 ± 27 nm. With 
progressive milling, not only the particle size, but also the switching 
enthalpy decreased. ΔH decreased from 46.8 J g− 1 (unmilled powder) to 
28.1 J g− 1 (129 nm nanoparticles), which was caused by a loss in 
crystallinity of VO2 of 20%–40% during milling. Milled nanoparticles 
display a higher switching rate than the unmilled powder. Progressive 
milling causes a gradual increase in switching rate of the nanoparticles, 
and induces kinetic asymmetry. For milled particles, the SPT from VO2 
(M) to VO2 (R) proceeds significantly slower than the SPT from VO2 (R) 
to VO2 (M), whilst the unmilled powder showed almost no kinetic 
asymmetry. The activation energy for the SPT of hydrothermally 

Fig. 5. a) DSC of hydrothermally synthesized VO2 nanoparticles obtained at a heating/cooling rate of 5 ◦C⋅min− 1, b) Friedman plot for the hydrothermally syn
thesized VO2 nanoparticles at α = 0.50, c) comparing absolute activation energy of milled and hydrothermally synthesized VO2 particles, d) and e) SEM images of 
hydrothermally synthesized VO2 nanoparticles with different magnification of the sample. 

Table 3 
Temperature at 2 and 50% conversion of hydrothermally synthesized VO2 
nanoparticles measured at 5 ◦C⋅min− 1 heating/cooling rate and average 
enthalpy for all heating/cooling rates (1.5, 5, 7.5 10, 15 and 20 ◦C⋅min− 1).  

Tα = 0.02 [◦C] Tα = 0.50 [◦C] <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) 

27.01 53.13 55.39 42.09 31.2 ±
0.04 

32.4 ± 0.2  
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synthesized VO2 nanoparticles (62 ± 6 nm) was determined to be in the 
same range as for nanoparticles obtained by milling (129 nm). The ki
netic asymmetry, however, was inverse to that of their bead milled 
counterparts. Whilst surface defects can be assumed to be induced by 
milling and play a key role in the switching kinetics of milled VO2 
particles, the switching characteristics of hydrothermally synthesized 
VO2 may be dominated by bulk defects inside the VO2 nanoparticles. 
These different types of defects introduced using both preparatory 
techniques may explain the difference in kinetic asymmetry between 
both types of particles. 

Porous coatings prepared by stacking of milled VO2 nanoparticles 
(129 nm) on float glass sheets by dip coating displayed thermochromic 
properties that are of interest for energy efficient windows. Coatings of 
an average thickness of 86 nm and a high surface roughness displayed a 
luminous transmission of 40.7% in both the cold and hot state. The 
transmission in the solar infrared, however, changed strongly resulting 
in a solar modulation of 8.3%. The switching rate of the coating was 
studied and yielded similar results as for the VO2 particulate materials. 
Based on these results, it is clear that the VO2 particles display the SPT 
when applied to float glass as a coating. Overall, the results presented in 
this manuscript demonstrate that milled VO2 particulate material has 
potential for application in thermochromic coatings. Future work will 
focus on optimization of the milling process to further reduce the size 

and minimize the loss in crystallinity of the particulate material. This 
can be expected to lead to improved optical performance of the particle 
layers with an improved balance between Tlum and ΔTsol, which is 
required to proceed towards thermochromic coatings with commercial 
potential. Furthermore, future work will focus on reducing the switching 
temperature of VO2 (M) powders and particulate materials to 20–25 ◦C 
by doping with W6+, which is required for application in thermochromic 
windows. 
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