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Thermodynamic Properties of the Phases in the V-O
and Nb-O Systems at High Temperature

Tsuneo Matsui and Keiji Naito

The recent results on the thermodynamic properties such as heat capacity, vapor
pressure, partial molar enthalpy and entropy of oxygen, and standard molar enthalpy of
formation of phases in the V-O and Nb-O systems are reviewed including the recent results
obtained in our laboratory by using adiabatic scanning calorimeter, direct-heating pulse
calorimeter, Tian-Calvet-type calorimeter, electrochemical cell and mass spectrometer.
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Number in the figure corresponds to the
reference number.

Fig. 6 Heat capacities of Nb, NbO, NbO, and
Nb,Os. Number in the figure corre-
sponds to the reference number.
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Table I High temperature heat capacity and enthalpy of phases in the V-O system.

Equations for C;}/‘J-K" smol™! or { #° (N — H°(298.15K)}/I-mol! Temp. range/K Method?) Ref.
v - ) T 10— 294 AC 16
Cp=23.26+11.75x107°7—=9.215x107¢ T* -0.1582x 10° T-* +0.006079x10° 7-* (80 < T'<298K) 80 991 P 1
v C5=26.18+0.7991x107> T+2.893x10"¢T* —0.2029x10¢ T-? (298<T<991K)} B

v 565-1928 D 18
v 3201800 ASC 19
VO x=0.074~0.24 373- 873 ASC 3
(s.5.) x=0.0107, 0.0346 80 - 800 LF 20
x=0.0834,0.1127, 0.1245 320- 920 ASC 4

VO1+x  xn0 54— 298 AC 21
x0, H*(T)-H°(298.15K)=47.36 T+6.74x 10 2 T2 +5.27x 10° T-1 —16489 298-1700 D 22

x=-0.14, -0.01, 0.24, 0.30 56- 300 AC 23
x=-0.117, 0.063 320- 920 ASC 11

V.0, Cp=3R { D275/ T)+4E(S51/T) } 57— 287 AC 12
H*(T)- H(298.15K)=122.80T+9.96x10"> 72 +22.68x10° T-' —45104 369-1760 D 14
H(1)—-H°(298.15K)=109.205T+10.539x103 T2 +2.91 x10° T~ 34470 500-2200 ITC 15
{100400 DSC 24

- 0y = 3) g= 3

Cp=3R {D(580 TJ+4£(8/T)}, 6=430K (T<230K), 6=465K (T>230K) 130- 550 DSC 55

V,0,  CylaV,0,)=3R( D258/ Ty+2EG94/TYHE09T) 61- 279 AC 12
H°(T)-H®(298.15K)=125.14T-37313 (298<T<345K for V,0,{(a)) 2891900 D 14
{1{"(7')41"(298.15K)=149,37T+7.11x10'37"+33.01x105T"~47509 (345<T<1818K) 4303- 368 AC 26
HO(T)—H°(298.15K)=213.38 T-24727 (18181 —1900K for V,0,(1) | 40— 375 AC 27

150— 730 pSC 13

Vo0, Ch(V,0,)=3R(D(206/T)+2E(268/ TI+4E(T44]T)) 57- 290 aC 12
H°(T)-H"(298.15K)=194.72 T-8.16x107 T?+55.31x10° T~ --75885 (298< T<943K) | 298-1500 D 14
H(T)-H"(298.15K)=190.79--8452 (943<T<1S00K for V, 05(1)) 11~ 300 AC 28

- 15K)=122.99T+30.92x1073 T2+6.32x10° T—41540 500 <T<952K

H(T)-H°(298.15K)=122.99T+30.92x10 32x10 (500<T N so0-1100 ITe s

H°(T)-H°(298.15K)=190.227- 12647 (952<T<1100K for V,0,(1))

a) AC :adiabatic calorimetry, LF : laser flush method, D : drop method, ASC : adiabatic scanning calorimetry, ITC : isothermal calorimetry,

DSC : differential scanning calorimetry

Table 2 High temperature heat capacity and enthalpy of phases in the Nb-O system.

Phase Equations for C‘f;/J*K‘1 Imol~? or { H° (1) — H° (298.15K)} /I -mol-" Temp. range/K Method®)  Ref.
eL71e10° 10- 273 AC 29

Nb H"(T)~-H°(298.15K)=23.008T4*26,476><10"7‘2*1'5665><103 exp("T)—7095.2 273-2740 D 30
C;;=73.395+4.855+10'2 T-2.531x10757T?+5.035x10°T* 1500~-2700 DHC 31

H°(T)--H° (298.15K)=23.43T+2.741x10°3 T2 ~7226 298-1840 D 32

NbO H(T)-H° (298.15K)=42.01 T+4.916x1073 T*+3.276x10° T —14054 298-1700 D 32
HO(7')—1‘1"(298.15K)=61A425T"12.378)(10'3T2*"10129)(10'57"1 —22845 298-1010 D 32
H°(T)—H° (298.15K)=-33723+89.04'T 1080-1500 D 32

NbO,  C=3R{D(309/TI+E(503/TI+E(T90/T)) $3- 298 AaC 33
1090-1800 D 34

C;;=67.619+1.8285x10‘2 T-1.3839x10¢ T2 400-1170 DHPC 35
H°(T)~H°(298.15K)=162.177+7.41x10"* T?+30.619x10°T"' —59254 298-1740 D 32

Nb.O 53~ 298 AC 33
s H':’(T')AHO(298.15]()=151.59T*‘1l.59><10"3'1"*'20.42><1057'“l —53074 298-1785 D 36
H°(T)—-H°(298.15K)=242.25T-73940 (for Nb, O, (1)) 1785-1810 b 36

a) The meanings of the abbreviation of the method are the same as those in Tabie 1 except DHC and DHPC.DHC : high speed direct heating

calorimetry, DHPC : direct-heating pulse calorimetry.

Netsu Sokutei 15(1} 1988 — 29—
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Table 3 Equations for partial vapor pressures over the phases in the V-O system.

_Log (P/Pa) = —A x 10* /T+B

Phase e - s e e oo e Ref.
oV T/K V) VO(g) VO, (g)
ratio —— — —
A B A B A B
V() '
0.001 1878-2117 2.58:0.08 12.60:0.40 2.74:0.13 11.7020.60 - -
0.060 18592067 2.58:0.05 12.600.20 2.75+0.08 13.100.40 - } 37
0.145 1860-1973 2.5610.04 13.50:0.40 2.71+0.08 13.50+0.40 - -
1660 1882 2.66 —1.12x107% T+12.93 - - - 41
aVOHVO o
0.367 _
) 1703-1884  2.51:0.03 12.1:0.2 2.7120.05 13.610.3 38
0.545
VO
1.022 1803-1990  2.57:0.04 12.5:0.2 2.72:0.04 13.7+0.2 - 38
VOV, 0, 1879-2050  2.75+0.08 12.9:0. 3 2.71:0.06 13.2+0.3 2.87:0.04 13.2:0.3 39
v, o S -
1.501 19142182 - 2.64+0.02 12.7:0.2 2.9320.03 13.7:0.2 39
1.4975 2031-2177 - - 2.79 13.46 2.79 13.46 40
1.52 2031-2177 2.87 13.86 2.75 13.34 40
VO,
1799 1863 - 29 13.32
2. 5 4
0393 7> 1863 - - 99 1157 0
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Equations for partial vapor pressures over the phases in the Nb-O system.

spectrometric data®)—8)

Ax10*/T+3B

o LogPfPa)= -
Solia phase  O/NP /K NbO(2) NbO, 2} Ref.
A A B

Nb(o) 0.021  2215-2379  4.527:0.087  18.87:0. 4.853:0.177  19.09:0.74 7

s 0034 2174-2360  4034:0.077  17.24:0.33  4.343:0255  17.57+1.12 7
0047  2181-2323 363320069 1578:0.31  3.948:0.191  16.38:0.83 7
0058 2150 2273 3.364:0.125  1479:025  3.729:0.136  15.862:0.62 7
0.085 o B

Nb+NbO ' 1971 2175 2.820:0059  1256+0.28  3342:0.121  14.49:0.55 44
0310

NbO 1003 1948 -2085  2933:0.178  13.300.88  3.086+0.204  1421:1.01 44
099  1873-2373 3080 13.62 3.030 14.14 45
1.972 i T o T T -

NBOHNBO,  § 20112083 3.692:0.191  17.04:0.93  3.453:0.147  16.17:0.72 3
1982

NbO, 2008 1873-2373 3330 14.59 2.860 1375 45
1991 2063 2176  2467:0.034  11.08:0.16  2.428:0.072  11.20:0.34 3
2000 1963 2188  2.945:0.085  1304:0.41  2.913:0.049  13.29:023  6.46
2011 2012-2155  2.918:0.104  13.12:050  2.864:0.083  13.27:0.40 6
2026 2035.2123  2914:0192  13.22:092  2.890:0.031  13.53:0.15 6
2037 1958 2033 2.691:0.186  1228+094  2.458:0.244  11.56:1.22 6

NbO, 2.063

+liquid ! 1925-2271  3.071-0040 1411+0.13  2604:0.018  12.35+0.09 8
2386

Nb, O, 250 1726-1767 1456:0088  6.900:0.504 8
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Table 5 Partial molar enthalpies and entropies of oxygen for phases in the V-O system.

~AfS®
Phases OV ratio — oo, Mo, _Tomp raneS yfinod®  Rer
kl-mol"'  Jemol”'-K"! K
0.001 95 18782117
0035 139 18552081
0.060 148 18592067 M 37
Vo) 0.083 154 19252039
solid solution 0.145 166 18601973
o phase 0.006-0.033 - 973-1473 EMF 48
0.010-0.080 . 1323 ¢ 49
0.028-0.060 142154 8731423 EMF 50
0.038-0.067 1232155 1089-1356  EMF 66
- 2 1000-1300  EMF 51
s 0.08-0.14 - 1323 c 49
0.08-0.13 923-1423 EMF 50
0.098-0.104 188 1147 1336 EMF 66
0.244 891 202 1099 1369
0257 846 173 11381296
0.266 805 145 11891337 EME 65
s"(f&; solution 0.282 815 159 11891294
Fphase (V.0 0297 807 153 1183 -1294
0.14-0.17 875 - 1323 c 52
02 867 199 1323 C.EMF )
03 828 175 1323 C.EMF 49
035 823 174 1323 C EMF 52
Bty 036 840 182 1123-1370  EMF 54
0.380 840 182 1123-1376 EMF 65
04 816 169 1323 C.EMF 52
05 782 149 1323 C,EMF 52
¥ (V,0) 0486 832 176 111221359
0513 820 169 1127 1348 EME 67
0518 816 167 11491349
061 737 110 1123-1370  EMF 54.56
06 782 149 1323 C.EMF 52
e 07 782 149 1323 CUEMF 52
0.606-0.660 795 151 11381328 EMF 67
0.367-0.545 837 187 1707-1884  Ms 38
Netsu Sokutei 15(1) 1988 —33—
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Table 5 continued.
—aftg -8 g
Phases OV ratio 2 : Temp. 1ange  yrethod?) Ref.
. ki-mol'  Jemol 'K~ K
0.754 839 191 1166-1316 EMF 67
0.783 842 199 11501323
0.8 767 139
0.9 767 141
1.0 767 143 1323 C, EMF 52
1.1 767 145
1.2 767 150
5 (VO) 1.022 814 176 1803-1990 MS 38
0.838 667 69 1286
0.860 682 83 1283
0.874 693 95 1306
0.899 699 107 1314 EMF 53
0.905 676 89 1310
1.020 657 120 1327
L 1.080 604 90 1326
- 664 158 1173-1373 EMF 56
VO, ,,*+V,0, >1.26 777 202 823-1073 EMF 57
1.481 7410 141% 18792050 MS 39
1.501 9450 1560) 1914-2182 MS 39
1.500 1046 276 1173-1373 EMF 62
v,0, 1.505 753 126 1173-1373 EMF 62
1.51 753 167 1173-1373 EMF 62
1.52 778 209 1173-1373 EMF 62
- 616 - 910 c 64
158 435 144 11921357 EMF 55
- 453 5 4 E 5
V.0.4v.0, 156 11731423 G 9
- 449 156 973-1373 EMF 57
1.52-1.67 417 137 1300-1700 TGA, Q 58
- 428 136 1192-1387 EME 60
- 433 177 873-1273 EMF 57
167-1.75 373 133 1300-1700 TGA, Q 58
V,0,+V,0, - 519 - 910 C 64
- 386 117 1273-1423 GE 59
- 411 154 12391367 EMF 60
- 230 910 c 64
_ 504 23-14 GE 59
v,0,4V,0, o: 228 1323-1423 GE
- 395 164 9731173 EMF 57
L i - 379 144 1253-1390  EMF 60
- 518 215 13481423 GE 59
- 3 1173 EMF 57
Vo0, +V,00, 89 166 107311 ‘
- 374 146 1215-1380 EMF 60
- 143 - 910 c 64
- 360 140 1214-1362 EMF 60
Ve0utV, 0, : 363 152 873-1153 EMF 57
- 352 137 1215-1380 EMF 60
V20,,1V,0,,(V0,) - 410 194 823-1023 EMF 61
1.900 348 137 1100-1323 EMF
1.984 373 158 1100-1323 EMF
1.991 383 169 11001323 EMF
Vo, 2.000 233 86.6 11001323 EMF 63
2.016 105 24.7 1100-1323 EMF
2.018 64.0 ~1.53 1100-1323 EMF
2.021 —0.42 EMF

-56.9

1100-1323

a) MS : mass-spectrometry, EMF : electromotive force measurement, C : calorimetry, GE : gas equilibrium method,
Q : quench, TGA : thermogravimetric method

b) These values are calculated from the original data in the literatures by the present authors.
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Fig. 17 Partial molar entropies of oxygen of
phases in the Nb-O system.

Nb, —--=Nb + NbO,----- NbO,
— = NbO + NbO,,----—NbO,,——
Nb02 + Nb12029 (II),““‘ Phases bet-

ween [T and Nb, Og.
Number in the figure corresponds to the
reference number.
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of phases in the V-O system.
O : calorimetry, X : electromotive force
measurement
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Table 6 Partial molar enthalpies and entropies of oxygen for the phases in the Nb-O system.

-ogH o, 468 o,

Phases O/Nb ratio SO Temp: range  yfethod®  Ref.
kJemol"t  Jemol-1-K-! K
NB(O) 0.021 754 157 2215-2379
solid solution 0.034 747 161 2174-2360
0.042 759 171 2227-2336 M .
0.047 750 171 2181-2323
0.053 756 179 2091-2321
0.058 763 189 2150-2273
0.010-0.020 765 (188+2RInx)®) 11271573 EMF 68
0.003-0.022 772 (193+2RInx® 1273 EMF 6
B 0.001-0.027 87 - 1323 c 49
Nb(O)}+NBO 0.060-0.130 829 223 1971-2175 MS 44
0.025-0.840 816 164 1196-1291 EMF 70
. 844 187 1050-1323 EMF 7
0.028-0.041 845 - 1323 c 49
7 0.022-0.034 832 177 1327-1573 EMF 68
NbO 1.003 688 183 19482085 MS 44
NbO+NbO, 1.972-1.982 538 115 2011-2083 Ms 6
1.996 -1.998 674 - 1273-1373 TGA 73
1.996-2.000 682 - 1323 ¢ 73
-2.000 6810) 1189 12731373 EMF 75
NbO, .y 1.991 614 153 2063-2176
2,000 617 158 1963-2188
2011 608 154 2012-2155 MS 6
2024 620 161 2035-2123
2037 540 121 1958-2033
1.997 751 170 1223-1323
2003 750 247 1223-1323
2010 687 206 1223-1323 EMF 72
2021 697 220 1223-1323
2024 642 177 1223-1323
2000-2.0046  643-654 - 1323 c 73
2.000-2.0046 552 - 1273-1373 TGA 73
o 1985-2.000 544 3492 1073-1273 EMF 74
NbO,+Nb,,0,, 2.005-2.008 646 - 1323 c 73
2.005-2.008 644 1073-1273 TGA 73
2.605-2.009 645D 1779 12731373 EMF 73
- 670 201 1173-1473 EC 76
658 . 920 c 77
2.005-2.422 627> 164 1273 -1373 TGA 75
201-2.42 615 151 1283-1473 EC 78
NbO, ,,+NbO, ,, 24242468 6450} 1860} 1273-1373 TGA s
NbO, ,,+NbO, ,, 2.472-2.488 10742 528%) 12731373 TGA 75
- 242-2.50 476 (av.) - 920 c 77
(1S 2477 690 1253 TGA 79
(vy©) 2482 531 - 1253 TGA 79
v 24700 658 206 1258-1325 EMF 10
V+II(Nb,,0,,) 2.4700 609 166 1144 -1258 EMF 10
v 2.4802 653 21t 11241258 EMF 10
v 2.4900 652 227 1084-1323 EMF 10
VeIV 2.4802 739 280 1258-1324 EMF 10
ALV, V, )d) 2461 2497 722 667 228-301 10731343 EMF 80
Nb,O, (686av.)
X,Y,Z, 11,1V, v, 4 2.4500-2.4985 862 - 1200 -1683 TGA 81
(b0, )
Nb,O, 2.4950-2.4988 732 12231573 TGA 82
2.4945 627 235 11631293 EMF 10
Nb,O, 4 24977 625 269 11631293 EMF 10
24982 613 273 1163-1293 EMF 10
24990 621 308 11631293 EMF 10
2.499%4 622 329 1163 -1293 EMF 10

a) The oxygen concentration {X) dependence of entropy is expressed by the present authors on the basis of the
assumption of the Henry’s law.

b) These values are calculated from the original data in the literatures by the present authors.

¢) The meaning of the abbreviation of the method is shown in Tabje S.

d) The phases in parentheses are estimated froimn the original data in the literatures by the present authors according
to the classification reported by Naito et al.”8)
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of phases in the Nb-O system.
O : calorimetry, X : electromotive force
measurement

Table 7 Standard molar enthalpies of forma-
tion of phases in the V-O system.

L,fr;,,ms 15K)

Phases O/V ratio — Method  Ref.
kJemol-*
Ve 503.1 + 0.6 Ms 37
- 5136 + 0.6 Ms 83
Vioy 0.2 89.24x 1.09%) ¢ 52
solid solution a)
p-phase 0.3 132.79+ 1.63 c 52
gty 035 1404 1889 ¢ 52
0.4 175212 203 ¢ 52
¥ 0.5 21633+ 2648 ¢ 52
054 2883 2184 EMF 53
0.6 256.62¢ 3.14% ¢ 52
0.7 296.66+ 3.60Y  C 52
070 3499 :+ 5.9 EMF 53
yt8 072 3535 & 59 EMF 53
074 359.8 + 59 EMF 53
076  366.5 + 5.9 EMF 53
078 3724 = 59 EMF 53
0.8 33636 410  C
0.9 37594+ 4562 ¢
1.0 41551+ 5022 C© 52
1.1 455.09: 5522  C
1.2 49467+ 602" ¢
080 3782 + 59 EMF
0.84 3941 + 5.9 EMF
0.88  410.5 + 5.9 EME } 53
092 4259 + 5.9 EMF
096 4381 = 59 EMF
SVOdD g0 4320 c 84
100 4270 c 85
1.00 4270 c 86
100 4527 + 59 EME |
104 4644 + 46 EMF
108 4707 x 46 EMF
112 4891 « 46 EMF b 53
116 501.2 + 46 EMF
120 5138 + 46 EMF
) 124 5297 + 46 EMF
- 1219 + 76 Ms 38
voe 1218 + 1.6 MS 87
150 628 =+ 8 I 88
150 619.2 £ 4.2 ¢ 85
V:0.(9) 150 609.4 + 0.8 c 89
150 6088 « 3.8 c 64
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Table 7 continued.
- AfH(298.15K)
Phases O/V ratio ———— Method Ref.
kJemol-!
170 6651 ¢ 1.5 c 64
v,0
2050 170 6473 « 1.0 EMF 62
175 6728 % 19 C 64
V,0,(c)
175 6656 ¢ 1.3 EMF 62
v,0,0 180 6787 « 1.5 C e
1.80 6758 + 1.3 EMF 62
1833 6831 + 1.3 c 64
V,0,,(¢) * .
1833 6825+ 16 EME 62
V,0,,(¢) 1.857 6871 = 13 EMF 62
1875 686.2:15  C 64
Ve0y5(0) N
1.875 6905 + 1.3 EMF 62
V,0,,©) 1.889  693.1 = 1.3 EMF 62
o o 1986 7116 EMF
1.990 7123 EME |
1994 7132 EMF
1998 7140 EMF
200 714+ 4 C 88
200 7138 £ 06 c 89
VO, 14 (©) 200 7163 t 16 ¢ 64
200 7143 EMF
2004 7147 EMF
2008 7150 EMF |
2012 7152 EME
2016 7154 EMF
2020 7155 EMF
191.8 = 9.2 Ms 39
VO, () 235.3 MS 40
1770 £20.9 Ms 93
21667 731.1 c 90
V,0,,(c) 21667 7317 : 1.0 C 64
21667 7396 + 0.9 EME 91
250 7742 c 88
V,0,(c) 250 7753 + 1.0 c 84
250 7740 £ 40 c 92

a) The valuesat 1 323K obtained calorimetry are converted to those
at 298.15K by the present authors using the Kopp-Neuman’s law
for the enthalpy of formation.

*38‘A

il

=23

of phases in the Nb-O system.

Table 8 Standard molar enthalpies of formation

O/Nb

A H5,(298.15K)

. e 2)
Phases ratio Rl Method Ref.
Nbe) — 796.6 v 47

& -— 721.3+4.2 v 94
0.335 14029
! b
Nete) + 0.511 205.0b) c 7
NbO(c) 0.917 396.25)
0.940 409.6%) ]
1.00 426.215.1 c 77
®O© 1.00 405.8+4.2 c 95
apEe 1.00 422.6:8.4 EME 96
1.00 418.9 EMF 97
B0 1.00 131.6:1.9 MS 46
& 1.00 165.4 MS 45
wo.q@ 20 167.0:1.4 MS 46
500 212.1:4.2 MS 45
1.972 787.1
1982 789.9
1. 792.2
991 9 s .
2.000 795.0
wo. 2011 798.3
29 5024 8023
2000 792.7+4.2 C 77
2.00 798.7+1.7 c 98
2.00 795.8 c 99
2.00 798.7 EMF 100
NbO, 45(c) 2.42 930.2¢1.4 c 77
an 242 930.5 C 73
247 942.9:0.6 c 77
HI
i@ 2465  938.4:3.09 EMFEC 78
Vi) 2475 940.2:1.8) EMF,EC 78
2485 945.6+0.3 C 77
Vic) <) N
2490 946.7+1.1 EME.EC 78
C 949.8:13 Ty
N0, <o) 950.653.3 c 102
<
2500 5500 951.4:1.7 C 103
¢ 104

a) V : voporization study, C :

948.7+0.8

calorimetry, EMF : electro-

motive force measurement, EC : electrical conductivity

measurement.

b) The values at 920 K obtained by calorimetry are convert-
ed to those at 298.15 K by the present authors using the
Kopp-Neuman’s law for the enthalpy of formation.

c) The values at average temperature 1378 K obtained by
the electrical conductivity measurement were converted
to those at 298.15 K by the present authors.
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