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Goal:  

Decouple light (visible) 

and IR (heat gain) via 

smart management of  

optical vs. thermal gain 

E. Mazria, Passive Solar Energy Book 

Infrared  

portion 

of sunlight 

energy 

          Engineering of solar illumination (light) and thermal 

gain (heat) can greatly improve energy efficiency 
E

n
e
rg

y
 (

W
/c

m
2
/m

m
) 

Wavelength (mm) 

Solar energy  

from visible 

wavelengths 

This graph shows the 

energy distribution of  

sunlight as a function 

of wavelength 



What if we could make a window coating that 

changes reflective behavior with temperature? 

On cold days  

the window 

transmits light 

(visible) and IR 

(heat) 

On hot days  

the window 

transmits light 

(visible) only 

(no IR) 



VO2 demonstrates a significant structural change 

from monoclinic (M1) to tetragonal (rutile) at ~68oC 

Monoclinic (M1) VO2 Tetragonal 

(Rutile) 

VO2 phase V 

O 

3.17 Å 

2.62 Å 

Lazarovits, et al. (2010). Phys. Rev. B 81, 115117. 

Major change 

in electronic  

structure with  

phase change 



Intrinsic structural/electronic phase change of VO2 

has categorized it as a Metal-Insulator-Transition 

(MIT) Material 

• Large area of research decades ago 

 – optical shutters, switches 

• More recently – “smart windows” 
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MIT materials 

display a very 

large change  

in resistivity at 

the transition 

temperature (Tc) 
 
● Hysteresis effect 

VO2 



• @ 21oC, k ~ 0, IR transparent • @ 79oC, k > n, IR metallic  

VO2 refractive index n* = (n + i k) varies widely  

across monoclinic to tetragonal phase transition 

Monoclinic (M1) VO2 Tetragonal (Rutile) VO2  

Environmentally-switched IR transmission 

Heat 

window 

Heat 

mirror 

Switching temperature is still too high, but it’s a start. 

index of refraction 

index of absorption 



Forming tetragonal VO2 is tricky due to the  

large number of possible VOx compounds 

 

• Vanadium may has five 

common  

valence states (0, +2, +3, +4, +5) 

 

• Neighboring compounds have 

undesirable electrical 

properties: 

• V2O5 - insulator 

• VnO2n-1 – no phase 

change 

• V2O3 - linear 

semiconductor 

We want  

to be here 

Need control of oxygen content 

• VO2 is a line compound 



How can we  synthesize tetragonal VO2  

at low temperatures with controlled pO2? 

Lu, et al. (2011)  J. Mat. Chem. 21 14776.  

acetone 

pyridine 

V-oxyisopropoxide 

water 

In an inert environment…. 

High 

rpm 

mixing 

Monodisperse

sub-micron 

spherical  

Vanadium 

Oxide 

Precursor 

(VOP) 

particles 

S. Yamamoto, et al. (2009) Chem. Mater. 21 198-200. 

Tortured path to VO2 formation  

300oC, 1hr, air 

150oC, 1hr, air 

400oC, 2hrs, H2 

V2O5 

V2O3 

400oC, 2hrs, N2 

VO2 



Important observation:  Monodisperse VOP  

particles must be collected rapidly after synthesis 

SW1-12 – Collected after 3 hrs aging SW1-15 – Collected after 20 hrs aging 

● Particles were opaque suspension,  

but were recovered easily. 

● Recrystallization with particle sedimentation 



We monitored VOP using high temperature  

in-situ XRD analysis for VOx phase evolution   

Scintag PAD X diffractometer w/ 

Buehler HTK-1600 hot-stage 

N2 / 500 ppm O2 UHP N2 

(or Helium) 

Gas flow  

control 

(mixing) 

Computer control 

of temperatures 

and XRD scans 

pO2 

monitor 

● VOP powder films dispersed on silicon substrates 
● Temperature calibration performed using ThEx standards 
● pO2 monitor calibrated using certified mixed gases 

optional 

O2 getter 
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pO2 < 1 ppm 

Proof that we can be low  

enough in pO2 to get V2O3 
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First scan series employing gettered-Helium  

(< 1ppm O2) revealed only V2O3 formation.  

Onset of V2O3 

crystallization  

~460oC   
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VO2 (B) 

forms at 

~360oC 

Scan series employing N2/~500 ppm O2 

revealed many phases as a function of temperature. 

pO2 ~500 ppm 

Zoomed 2q range for simplicity 

VO2 (T) 

forms at 

~380oC 
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V2O5 melting 

~640oC 

Dial back pO2 



Isothermal hold at 420oC, (10 < pO2 < 500 ppm) 

revealed fast conversion of VO2 (B) to VO2 (T)  

VO2 (T) 

(110) 

0 

27 

81 

420oC 

VO2 (B) 

(001) 

VO2 (B) 

(200) 

VO2 (B) 

(110) 

VO2 (B) 

(-202) 

VO2 (B) 

(-401) 

~30 minutes 

hold time 
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Cycling from 25oC to 100oC and back down reveals  

VO2 (M) to VO2 (T) phase change with hysteresis. 

air atmosphere 
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1 18

f 1.01 a b cub s 4.00

e

2.20 hex f k hex

0.32 14 treat g i l 95

2.08 20 struc 2 h j m 13 14 15 16 17 0.51 4.22

f 6.94 s 9.01 p 10.80 p 12.00 p 14.00 p 16.00 p 19.00 p 20.20

0.98 cbc 1.57 hex 2.04 rho 2.55 hex 3.04 hex 3.44 cub 3.98 -19K/% cub cfc

1.23 454 treat 0.90 1560 0.82 2349 0.77 4300 var 0.75 63 var 0.73 54 var 0.72 53 treat 0.71 24

1.55 1615 elec 1.12 2742 0.98 4200 enz 0.91 4000 struc 0.92 77 struc 0.92 90 struc 0.57 85 0.51 27

s 23.00 s 24.31 p 27.00 p 28.10 p 31.00 p 32.10 35.50 40.00

3+

0.93 cbc 1.31 hex 1.61 +9K/% cfc 1.90 cfc 2.20 2.58 ort 3.16 ort cfc

1.54 370.8 treat 1.36 923 treat 1.18 933 1.11 1687 treat 1.06 317 diag 1.02 388 treat 0.99 171 0.98 87

1.90 1156 elec 1.60 1363 enz 3 4 5 6 7 8 9 10 11 12 1.43 2792 1.32 3538 struc 1.28 550 struc 1.27 717 struc 0.97 239 elec 0.88 87

s 23.00 s 40.10 d 45.00 d 47.90 d 50.90 d 52.00 d 54.90 d 55.90 d 58.90 d 58.70 d 63.60 65.40 p 69.70 p 72.60 p 74.90 79.00 79.90 83.80

4+ 3+ 3+ 3+ 4+

0.82 cbc 1.00 cfc 1.36 hex 1.54 -0.5K/% hex 1.63 cbc +4K/% 1.55 cub 1.83 +3K/% cbc 1.88 hex 1.91 cfc 1.90 cfc 1.65 hex 1.81 +15.5K/% ort +4K/% 2.18 rho 2.55 hex 2.96 ort 3.00 cfc

2.03 336.5 treat 1.74 1115 treat 1.44 1814 1.32 1941 treat 1.22 2183 1.17 1519 diag 1.17 1811 treat 1.16 1768 diag 1.15 1728 1.17 1357 treat 1.25 692 treat 1.26 302 diag 1.20 1090 treat 1.16 494 treat 1.14 265 treat 1.89 115 diag

2.35 1032 elec 1.97 1757 struc 1.62 3109 1.45 3560 REF:3 1.34 3680 enz REF2 1.35 2334 enz 1.26 3134 enz 1.25 3200 enz 1.24 3186 enz 1.28 2835 enz 1.38 1180 enz 1.41 2477 REF1 1.39 887 1.40 958 enz 1.11 332 1.03 119

s 85.50 s 87.60 d 88.90 d 91.22 d 92.90 d 95.90 d 98.00 d 101.10 d 102.90 d 106.40 d 107.90 d 112.40 p 114.80 p 118.70 p 121.80 127.60 126.90 131.30

5+ 6+ 4+

0.82 cbc 0.95 cfc 1.22 hex 1.33 hex -16K/% -13.5K/% 1.90 hex 2.20 -10K/% hex 2.28 cfc 2.00 cfc 1.93 cfc 1.69 hex 1.78 tet 1.96 tet 2.05 rho 2.10 hex 2.66 ort 2.60 cfc

2.16 312.5 treat 1.91 1050 var 1.62 1799 treat 1.45 2128 1.27 2430 diag 1.25 2607 treat 1.25 2237 2.00 1828 treat 1.34 1234 treat 1.41 594 treat 1.44 42 diag 1.41 505 1.40 903 treat 1.36 722 1.33 386 var 1.31 161 diag

2.48 961 2.15 1655 enz 1.78 3609 1.60 4682 REF3 -5 to -10 REF3 1.36 4538 1.34 4423 1.34 3968 1.37 3236 1.44 2435 1.71 1040 1.66 2345 1.62 2875 1.59 1860 1.42 1261 1.32 457 enz 1.24 165

132.90 137.30 d 178.50 d 181.00 183.80 d 186.20 d 190.20 d 192.20 d 195.10 d 197.00 d 200.60 p 204.40 p 207.20 p 209.00 p 209.00 210.00 222.00

5+ 6+ 4+ 4+ 4+

Lanthanides

0.79 cbc 0.89 cbc 1.30 hex -8K/% 1.90 -4K/% hex 2.20 -7K/% hex 2.20 -4K/% cfc 2.28 cfc 2.54 cfc 2.00 rho 1.62 hex 2.33 cfc 2.02 rho 2.00 cub 2.20 cfc

2.35 301.6 treat 1.98 1000 diag 1.44 2506 -13K/% 1.28 2459 1.26 3306 diag 1.27 2719 treat 1.30 2041 treat 1.34 1137 treat 1.49 234 treat 1.48 577 treat 1.47 600 treat 1.46 544 treat 1.53 527 1.47 575 202 treat

2.67 944 2.22 2170 1.67 4876 -5 to -10 -21, -28 1.37 5869 1.35 5285 1.36 4701 1.39 4098 1.46 3129 1.60 629 1.71 1746 1.75 2022 1.70 1837 1.67 1235 1.45 610 1.34 211

[223] [226]

Actinides

0.70 cbc 0.90 cbc

300? -- 973 treat

2.70 950? 2.23 2010

f 138.90 f 140.10 f 140.90 f 144.20 f 145.00 f 150.40 f 152.00 f 157.40 f 158.90 f 162.50 f 164.90 f 167.20 f 168.90 f 173.00 d 175.00

1.10 hex 1.13 cfc 1.13 hex 1.14 hex 1.13 hex 1.17 rho 1.20 cbc 1.20 hex 1.10 hex 1.22 hex 1.23 hex 1.24 hex 1.25 hex 1.10 cfc 1.27 hex

1.25 1193 1.65 1068 1.65 1208 1.64 1297 1.63 1315 1.62 1345 1.85 1099 1.61 1585 1.59 1629 1.59 1680 1.58 1734 1.57 1802 1.56 1818 1.70 1097 1.56 1925

1.38 3737 1.81 3716 1.82 3793 1.82 3347 1.85 3273 1.81 2067 1.99 1802 1.80 3546 1.80 3503 1.80 2840 1.79 2993 1.78 3141 1.77 2223 1.94 1469 1.75 3675

f [227] f 232.00 f [231] f 238.00 f [237] f [244] f [243] f [247] f [247] f [251] f [252] f [257] [258] [250] [260]

1.10 cfc 1.30 cfc 135.00 ort 1.38 ort 1.36 o,t,c 1.28 mono 1.13 hex 1.28 hex 1.30 hex 1.30 1.30 1.30 1.30 1.30 1.30

1323 1.65 2115 1841 1.42 1405 910 1.08 912 1449 1613 1133 1800 1100 1100 1900

1.88 3471 1.80 5061 1.61 4300 1.38 4404 1.30 4273 1.51 3505 1.84 2880 3383

Group numbers shown in recommended IUPAC numbering

REF File Citation Notes

1 VO2_With_Gallium_Pintchoviski.pdf J. Phys. Chem. Solids 39 pp941-949 1978 Max Tt of 82.5 at 0.91%; level thereafter; low and high T resistivity increases

2 VO2_with_Chromium_VilleneuveFRENCH.pdfMat. Res. Bull. ,  6  (1971), p. 119 Max Tt of ~ 170C at 20%; 2-phases thereafter; low and high T resistivity increases

3 VO2_with_TiNbMo_Rao.pdf J. Phys. Chem. Solids Pergamon Press 1971. Wol. 32, pp. 1147- I 150Tt decreased to 45 with 40% Ti, to 35 with 2% Nb; to 40 with 2% Mo

4 VO2Bulk_withVarious_MacChesney.pdf J. Phys. Chem. Solids Pergamon Press 1969. Vol. 30, pp. 225-234.
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Key

Symbol Color

Post-Transitional Metals

1

H
Hydogen

B

Transition Metals
Lanthanides
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a - Atomic Number

b - Block

c - Atomic Mass1

d - Symbol2

e - Name

f - Electronegativity3

g - Covalent Radius4

h - Atomic Radius4

i - Melting Point5

j - Boiling Point5

k - Crystal Structure5

l - Medical Role4

m - Cellular Role4

1 - Brackets, e.g. [209], indicates the mass number of the longest-lived isotope of the element.

2 - * Indicates the temporary name and symbol given until a final one is determined by IUPAC.

3 - Electronegativity given on the Pauling scale, based on values from http://en.wikipedia.org/wiki/Electronegativity. Bonds between atoms with a large 

electronegativity difference (greater than or equal to 1.7) are usually considered to be ionic, while values between 1.7 and 0.4 are considered polar 

covalent. Values below 0.4 are considered non-polar covalent bonds, and electronegativity differences of 0 indicate a completely non-polar covalent bond.

4 - Values for covalent radius, atomic radius, medical role and cellular role taken from spreadsheets compiled from 

http://www.dbooth.net/mhs/chem/periodictable.html

5 - Values for melting point, boiling point and crystal structure all taken from each elements individual entries on Wikipedia

cbc - Cubic body-centered

hex - Hexagonal

cfc - Cubic face-centered

cub - Cubic

rho - Rhombohedral

ort - Orthorhombic

tet - Tetragonal

mon - Monoclinic

Red - Gas
Blue - Liquid
Black - Solid

treat - treatment 

diag - diagnostic var 

- varied 

elec - electrolyte

enz - enzymatic 

struc - structural

Next step - doping to shift VO2  

phase transition (monoclinic → tetragonal) 

Decrease Tc: large ionic radius, donor dopants 

Increase Tc: small ionic radius, acceptor dopants 



Summary 

•Use of high temperature XRD has aided in the 

diagnosis of synthesis parameters for VO2 (T) 

formation 
 

•Vanadium oxide precursor (VOP) powders require 

harvesting to prevent recrystallization 

•VOP powder shows conversion to the desired 

tetragonal VO2 at 420oC in ~30 min with controlled 

pO2. 

•Clearly detectable VO2 (M) to VO2 (T) phase 

transition observed in 60 to 80oC range. 
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