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Abstract

The low-temperature heat capacities of nickel titanate (NiTiOs), cobalt titanate (CoTiOs), and cobalt carbonate (CoCOs)
were measured between 2 and 300 K, and thermochemical functions were derived from the results. Our new data
show previously unknown low-temperature lambda-shaped heat capacity anomalies peaking at 37 K for CoTiO5 and 26
K for NiTiOs. From our data we calculate standard molar entropies (298.15 K) for NiTiO5 of 90.9 + 0.7 J mol™ K and for
CoTiOs of 944 + 0.8 J mol™ K. For CoCOs, we find only a small broad heat capacity anomaly, peaking at about 31 K.
From our data, we suggest a new standard entropy (298.15 K) for CoCOs of 889 + 0.7 J mol™ K.

Background

Nickel titanate (NiTiO3) and cobalt titanate (CoTiO3)
belong to an important group of ilmenite-type transition
metal bearing phases with a number of interesting mag-
netic and electric properties [1-5]. They are also important
for technical applications due to their catalytic properties
[6-8]. CoCOs is a phase with interesting magnetic proper-
ties, which has not been studied in detail [9-12]. Struc-
tures, phase relations and physical properties of these
phases are well documented [5,9,13-21], there is, however,
a lack of low-temperature calorimetric data and associated
third-law entropies. Other transition metal bearing oxide
phases have recently been shown to exhibit large, hitherto
unknown low-temperature heat capacity anomalies
[22-31] and the aim of this paper is to investigate low-tem-
perature heat capacities for NiTiO3, CoTiO3, and CoCOs.
To our knowledge, for NiTiO3, CoTiO3, there are no
reported low-temperature Cp data published in the litera-
ture, and the only data for CoCOj date back to the 1960s.

Experimental

Samples

Heat capacity measurements were performed on syn-
thetic polycrystalline NiTiO3, CoTiO3, and CoCOj3; sam-
ples. The NiTiO3 and CoTiO3 sample used in our study
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were synthesized from equimolar mixtures of CoO
(Merck, 99.999% purity), NiO (Merck, 99.999% purity)
and TiO, (Merck, 99.99% purity). The TiO, powder was
previously fired at 1,000°C for 12 h to release any
absorbed water or hydroxide. The oxides were mixed
under acetone in an agate mortar and pestle for 15 min
and subsequently pressed into several high density pellets
of 3 mm diameter. CoCO3 was purchased from Alfa
Aesar (99.5% purity, metals based). X-ray diffraction indi-
cated CoCOj; only, with cell parameters of a = 4.662 +
0.002 and ¢ = 14.955 + 0.005 A. The NiTiO3 and CoTiO;
pellets were placed in a vertical drop furnace in a small,
hand-crafted basket made of platinum wire, were fired in
air at 1,150°C for 24 h, then slowly cooled to 1,000°C for
24 h, and further cooled to 900°C and held for another
24 h. The samples were then rapidly drop-quenched in
distilled water and dried at 110°C for 1 h. X-ray diffrac-
tion indicated CoTiO3 and NiTiO3 only, no impurities or
other unreacted oxides were detected. Our synthetic
CoTiO3 had cell parameters of a = 5.029 + 0.004 and ¢ =
13.79 + 0.02 A and the NiTiO5 sample had cell para-
meters of a = 5.061 + 0.006 and ¢ = 13.91 + 0.08 A which
compares well with previous results [1].

Low-temperature calorimetry

The heat capacities were measured with a commer-
cially available low temperature Quantum Design Phy-
sical Properties Measurement System (PPMS) at the
University of Miinster. The heat capacities were
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measured using the heat pulse method, measuring the
response of the calorimeter to a heat pulse, which is
evaluated as a function of time [32]. The accuracy of
the method has been tested by several groups [33,34]
who found that the PPMS is capable of reproducing
heat capacities of reference materials to better than 1%
at T > 100 K and around 3-5% at T < 100 K. We have
performed further tests using the Miinster PPMS,
coming to the identical conclusions. Our measure-
ments on synthetic Al,O3 (NIST SRM-720, [35]) are
depicted in Figure 1. The data show that we reproduce
the heat capacity of SRM-720 to better than 1% (with
an average of 0.4%) at temperatures higher than 90 K,
and around 4% at T < 90 K. Overall, the standard
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entropy of NIST SRM-720 corundum was reproduced
with our calorimeter within 0.8%, a value which is
used to estimate the overall uncertainty of our calcu-
lated standard entropy values.

For the actual measurements, the sample pellets were
fixed onto a pre-calibrated sample holder using Apiezon
N-Grease. To compensate for the heat capacity and
anomalies caused by the grease [36], addenda measure-
ments were first performed without the sample. These
heat capacity values were then subtracted from the sam-
ple measurement. Heat capacities were measured from
below 5 to 303 K in increments that varied between 0.5
and 20 K at the highest temperatures (Figure 1; Tables 1,
2 and 3).
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Figure 1 Comparison of published heat capacities of NIST SRM-720 (Ditmars et al. 1982) with PPMS measurements done at Miinster
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Table 1 Experimental Molar Heat Capacities for NiTiO3

I e T e T < T e T <
K Jmol™ K K Jmol™ K K Jmol™ K K Jmol™ K K Jmol™ K

2.70 0.02 51.0 745 163.1 59.1 2747 88.7 21.0 152
324 0.05 53.0 821 165.1 599 276.7 89.1 216 16.6
3.78 0.09 55.0 9.01 167.2 60.6 278.7 894 221 186
432 0.18 57.1 9.81 169.2 613 280.7 89.8 226 139
4.84 0.29 59.1 10.6 171.2 62.0 282.7 90.0 230 6.4
537 045 61.2 115 1733 628 284.8 90.3 236 48
5.90 0.65 63.2 123 1753 63.5 286.8 90.6 241 4.0
643 0.88 653 132 177.3 643 288.8 91.0 246 35
6.95 115 673 14.2 179.3 64.9 290.9 913 252 32
745 144 694 15.1 1814 65.6 2929 916 257 3.0
7.98 1.77 714 16.1 1834 66.3 2949 919 26.2 2.8
8.20 191 734 17.1 1854 66.9 296.9 92.1 26.7 2.7
9.20 260 755 182 1874 67.7 299.0 924 27.3 26
102 335 77.5 19.2 189.5 68.3 301.0 92.5 27.8 25
1.2 4.14 79.6 203 1915 69.0 303.1 927 283 25
12.2 497 816 214 1935 69.6 288 25
132 5.84 836 225 195.6 70.3 Series 2 293 25
142 6.72 85.7 236 197.6 709 T Cp 299 25
152 7.72 87.7 247 1996 716 K Jmol™ K! 304 25
16.2 8.70 89.8 257 201.7 72.2 217 0.010 309 25
17.2 9.76 918 26.8 203.7 728 270 0.023 314 26
18.2 1091 938 279 205.7 733 324 0.048 320 26
19.2 12.17 95.9 29.0 207.8 739 3.78 0.094 325 27
20.2 13.69 979 300 209.8 74.5 432 0.18 330 2.7
21.2 15.61 100.0 310 2118 75.1 4.84 0.29 335 28
22.1 19.00 102.0 320 2139 757 537 045 340 29
23.1 592 104.0 330 2159 76.3 5.90 0.65 345 3.0
24.1 4.04 106.1 339 2179 76.8 643 0.88 35.1 3.0
25.1 325 108.1 349 2199 774 7.0 12 356 3.1
26.1 2.84 1101 359 2220 779 7.5 14 36.1 32
27.1 262 1122 36.8 2240 784 80 18 36.6 33
28.1 2.50 114.2 37.7 226.0 789 85 2.1 371 34
29.1 246 116.3 386 2280 794 9.0 25 377 35
30.1 248 1183 395 230.1 799 95 29 382 3.7
311 2.53 1203 40.5 232.1 80.3 10.1 33 38.7 38
32.1 262 1224 414 234.1 80.8 10.6 36 39.2 39
33.1 274 1244 424 236.2 813 1.1 4.1 39.7 40
34.0 287 126.5 434 2382 818 116 45 40.3 4.1
35.0 3.03 128.5 443 240.2 823 12.2 50 40.8 4.2
36.0 321 1305 453 2423 82.8 12.7 54
370 340 1326 46.1 2443 832 132 59
380 361 134.6 471 246.3 83.6 13.7 6.3
39.0 383 136.6 480 2484 84.0 143 6.8
40.0 4.05 138.7 489 2504 844 14.8 7.3
410 430 140.7 49.8 2524 84.8 153 7.8
420 4.56 142.7 50.7 2544 85.2 158 83
43.0 4.85 144.8 516 256.5 85.6 16.3 89
440 515 146.8 524 258.5 859 16.9 94
450 546 148.8 533 260.5 86.3 174 10.0
46.0 577 150.9 54.2 2626 86.7 179 10.6
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Table 1 Experimental Molar Heat Capacities for NiTiO3 (Continued)

47.0 6.09 1529 55.0 264.6 87.0 184 11.2
480 6.41 155.0 559 266.6 874 18.9 11.8
49.0 6.74 157.0 56.7 268.6 87.7 19.5 126
499 7.08 159.0 575 2706 88.0 200 133
509 747 161.1 583 2726 884 20.5 14.2

Table 2 Experimental Molar Heat Capacities for CoTiO;

T G T G T G T G T Ce T G
K J mol 'K K J molK! K J mol 'K K J mol K™ K J mol 'K K J mol 'K

217 0.002 950 34.89 1272 4974 1553 61.01 815 0.093 46.7 26
392 0.006 9.7 3578 1277 4995 1558 61.22 9.14 0.15 472 98
565 0.022 983 36.62 1282 5017 1563 6140 10.12 0.22 478 100
7.34 0.065 1000 3742 1287 5037 156.8 61.56 1.1 031 483 10.1
9.04 0.131 1016 38.00 1293 50.62 1573 61.79 12.1 043 488 103
108 0.286 1017 3825 1298 50.85 15738 61.92 13.1 0.58 493 105
124 0491 1022 3849 1303 51.07 1583 62.13 14.1 075 498 107
142 0.774 1027 3873 1308 5124 1589 62.31 15.1 0.95 503 109
158 114 1032 3901 1313 5146 1594 6247 160 117 509 1.1
175 1.59 1037 39.22 1318 51.70 1599 6267 170 142 514 114
192 2.11 104.2 3947 1323 51.89 1604 62.85 180 1.70 519 116
209 273 1048 39.73 1328 52.12 1609 63.01 190 201 524 118
226 344 1053 39.95 1333 5235 1614 63.20 200 235 529 120
243 423 1058 4018 1338 52.58 1619 6333 209 271 534 123
260 511 1063 4045 1343 52.80 1624 6334 219 311 539 125
277 6.11 106.8 4069 1349 5296 1624 6346 229 355 545 127
293 7.8 1073 4091 1354 53.19 1673 6501 239 402 550 130
310 838 1078 4117 1359 5342 1722 66.53 249 449 555 132
32.7 977 1083 4138 1364 5361 1770 6801 258 500 56.0 135
344 11.32 10838 4163 1369 5383 1819 69.38 2638 554 56.5 137
36.1 1320 1093 4186 1374 54.11 186.8 7068 278 6.11 57.0 140
376 1408 1099 4207 1379 5430 1916 72.00 288 6.77 576 14.2
394 1069 1104 4232 1384 5448 196.5 7331 29.7 738 581 145
411 9.24 1109 4252 1389 5473 2014 7440 306 7.82 586 147
428 897 114 4275 1395 5488 206.2 7552 307 812 59.1 149
445 913 119 4296 1400 55.10 2111 76.59 312 850 596 152
462 951 1124 4316 1405 5534 2160 7777 318 891 60.1 154
479 1002 1129 4341 1410 5554 2208 7873 323 933 606 157
496 1064 1134 4358 1415 55.76 2257 7958 328 975 612 159
513 1131 1139 4377 1420 5597 2305 80.34 333 102

529 1205 1145 4399 1425 56.16 2354 81.07 338 107

546 1284 1150 4420 1430 56.35 2403 81.96 343 12

56.3 1362 1155 44.44 1435 56.51 2452 82,62 3438 1.7

580 1443 116.0 4467 1440 56.73 2500 83.15 354 123

59.7 15.21 1165 4489 1446 56.95 2549 83.70 359 130

614 16.04 117.0 4514 1451 57.15 2598 84.11 364 138

630 16.88 75 4535 1456 57.36 2646 8453 369 45

64.7 17.75 80 4559 146.1 57.55 2694 85.05 374 46

664 1862 85 4579 1466 57.71 2743 8548 379 38

69.8 2041 9.6 46.26 147.6 58.11 284.0 86.18 389

11 1
11 1
11 1
68.1 19.51 119.1 46.06 1471 5793 279.1 85.82 384 12.6
11 1
715 2133 120.1 46.49 148.1 5831 28838 86.29 394 1
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Table 2 Experimental Molar Heat Capacities for CoTiO3 (Continued)
73.1 2233 120.6 46.74 148.6 5852 293.7 86.52 40.0 10.0
74.8 2330 1211 46.99 149.2 58.75 298.6 86.80 40.5 9.6
765 24.26 1216 47.21 149.7 5892 3043 90.15 410 93
782 2527 1221 4745 150.2 59.13 415 9.1
799 2629 1226 47.70 150.7 5931 Series 2 42,1 90
815 27.25 123.1 4793 1512 5951 T e 426 90
832 2824 1236 48.14 1517 59.69 K J mol K 43,1 90
84.9 29.21 124.2 4841 1522 59.88 224 0.0018 436 9.0
86.6 30.21 124.7 4862 152.7 60.06 3.19 0.0034 441 9.1
883 31.13 125.2 48.88 153.2 60.24 4.20 0.0085 447 92
89.9 32.06 125.7 49.07 153.7 60.44 520 0.0164 452 93
916 33.05 126.2 49.30 154.3 60.65 6.19 0.0285 457 94
933 33.99 126.7 4949 154.8 60.86 7.21 0.0572 46.2 95
Table 3 Experimental Molar Heat Capacities for CoCO3
T < T < T < T <
K J mol 'K K J mol 'K K J mol 'K K J mol 'K
221 0.02 24.8 323 47.3 1017 282.8 82.56
260 0.03 252 3.28 477 1035 2879 83.26
3.01 0.04 256 334 48.1 10.54 293.0 83.84
343 0.06 26.0 3.39 485 10.72 298.1 84.79
3.86 0.08 264 345 489 10.90 304.0 86.19
427 0.11 268 3.52 493 11.08
4.68 0.15 27.2 3.58 49.7 11.29
5.10 0.19 27.7 3.68 50.1 1147
551 024 28.1 3.77 50.5 11.66
592 033 285 3.84 50.8 11.67
6.34 0.39 289 392 51.0 11.93
6.75 045 293 4.00 56.1 14.51
7.18 0.52 29.7 4.09 61.3 17.03
754 0.58 30.1 4.20 66.5 19.66
795 0.73 305 431 717 2230
835 0.81 309 439 76.8 2528
8.76 0.90 313 448 820 2812
9.17 0.99 318 4.57 87.2 30.85
9.58 1.08 322 4.68 92.3 3340
9.99 1.30 326 4.80 97.5 35.82
104 141 330 492 102.7 3795
10.8 1.53 334 5.01 107.8 39.99
1.2 1.64 338 5.14 1130 41.75
11.6 1.90 34.2 5.26 1182 43.56
12.0 2.06 346 540 1233 4543
125 220 350 5.50 1285 47.20
129 2.50 354 5.59 133.6 48.95
133 2.66 358 571 1388 50.65
13.7 2.83 36.2 583 144.0 5224
14.1 3.15 36.7 6.00 149.1 53.85
145 3.26 37.0 6.13 1543 55.46
149 322 375 6.25 159.5 56.93
153 3.05 379 6.40 164.6 58.27
15.7 291 383 6.57 169.8 59.60
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Table 3 Experimental Molar Heat Capacities for CoCO3 (Continued)
16.1 282 38.7 6.68 1749 60.84
16.6 2.76 39.1 6.79 180.1 62.22
17.0 2.71 395 6.94 1852 63.43
174 2.69 399 711 190.3 64.64
17.8 267 403 7.25 195.5 65.84
182 2.66 40.7 7.39 200.6 66.91
18.6 2.66 41.1 7.55 205.8 68.13
19.0 267 415 7.72 2109 69.25
194 267 420 7.88 216.1 70.36
19.8 269 424 8.05 2212 71.34
203 2.77 428 8.23 2264 72.16
20.7 2.80 432 840 2315 73.25
211 2.82 436 8.57 236.6 74.31
215 2.85 44.0 8.74 2418 75.37
219 288 444 890 247.0 7642
223 291 44.8 9.10 252.1 77.36
22.7 2.96 452 9.26 257.2 78.22
23.1 3.00 456 942 2624 79.16
235 3.03 46.1 9.62 267.5 80.16
24.0 3.09 46.5 9.80 2726 81.02
244 318 469 9.98 2777 81.90
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Figure 2 Low-temperature heat capacity data for NiTiOs. The insert shows results from two scans done at low temperatures.
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Results and Discussion

The experimental values for the low-temperature heat
capacity of NiTiO3, CoTiO3; and CoCOj are compiled in
Tables 1, 2 and 3.

Figures 2, 3, and 4 depict the heat capacity of NiTiO3,
CoTiO3; and CoCOj; as a function of temperature. The
data for NiTiO3; and CoTiO5 were recorded in two
scans, the first one ranging from about 1.5 to about 60
K, the other scan continuously up to room temperature.

Page 7 of 12

Figures 2 and 3 show excellent agreement between the
two separate measurements. The data for CoCO3 were
collected in only one scan, as only a broad low-tempera-
ture anomaly was found (Figure 4).

The standard entropies at 298.15 K (S,95) were calcu-
lated from the Cp data (using a T3 extrapolation to 0 K)
and resulted in Syog = 90.9 + 0.7 ] mol™ K for NiTiOs,
94.4 + 0.8 ) mol™ K for CoTiO; and 88.9 + 0.7 J mol™*
K for CoCO; (Tables 4, 5 and 6). Our data for S,eg are
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Figure 3 Low-temperature heat capacity data for CoTiOs. The insert shows results from two scans done at low temperatures.
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Figure 4 Low-temperature heat capacity data for CoCOs.
J
Table 4 Thermodynamic properties at selected temperatures for NiTiO3
T Cp Cp/T )
K J mol'K J mol” K? Jmol K
300 924 0.308 91.5
298.15 923 0.309 90.9
290 91.2 0314 884
280 89.7 0.320 85.2
270 879 0326 82.0
260 86.2 0332 78.7
250 84.3 0.337 753
240 822 0.343 719
230 799 0.347 68.5
220 774 0.352 65.0
210 74.5 0.355 614
200 71.7 0.358 579
190 68.5 0.360 543
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Table 4 Thermodynamic properties at selected temperatures for NiTiOs (Continued)

180 65.1 0.362 50.7
170 61.6 0.362 471
160 579 0.362 434
150 538 0.359 398
140 49.5 0.354 363
130 450 0.346 328
120 403 0.336 293
110 358 0.325 260
100 310 0.310 229
90 259 0.287 19.9
80 20.5 0.257 17.1
70 154 0.220 14.8
60 11.0 0.183 12.7
50 711 0.142 11.1
40 4.05 0.101 9.89
30 248 0.083 9.01
20 134 0672 6.03
15 7.53 0.502 313
10 3.20 0.320 1.05
5 4.15 0.830 0.080

Table 5 Thermodynamic properties at selected temperatures for CoTiO3

T Cp ot sm
K J mol K J mol™ K2 J mol™ K™
300 876 0.292 950

298.15 86.8 0.291 944
290 86.3 0.298 920
280 859 0307 89.0
270 85.1 0315 859
260 84.1 0324 82.7
250 83.1 0333 794
240 819 0.341 76.1
230 80.3 0.349 726
220 786 0357 69.1
210 763 0364 655
200 74.1 0370 618
190 716 0377 581
180 689 0.383 543
170 659 0387 504
160 62.7 0392 465
150 59.1 0.394 426
140 55.1 0.394 387
130 510 0392 34.7
120 465 0387 308
110 421 0383 270
100 374 0374 232
0 321 0357 195
80 264 0330 16.1
70 205 0.293 130
60 154 0.256 102

50 108 0.216 7.86
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Page 10 of 12

Table 5 Thermodynamic properties at selected temperatures for CoTiO; (Continued)

40 10.2
30 7.65
20 239
15 0.96
10 0.22
5 0.02

0.254 571
0.255 2.56
0.120 0.72
0.064 0.26
0.022 0.058
0.003 0.006

compared to previous results in Table 7. For CoCOs,
our new data agree very well with more than 40 year
old data [37]. However, our measured entropies do not
agree well with estimated values [38], probably due to
the fact that low temperature heat capacity anomalies
occur in NiTiO3 and CoTiOs.

Our data for NiTiO3 show that a lambda-shaped low-
temperature heat capacity anomaly occurs at around 26 K
(Figure 2), coinciding with the antiferromagnetic transition
[15,16,39]. In a similar fashion, CoTiOj3 exhibits a low-
temperature heat capacity anomaly peaking at 37 K, which
is in excellent agreement with the old structural and mag-
netic data [18,40]. In contrast, CoCO3 shows only a broad

Table 6 Thermodynamic properties at selected temperatures for CoCO;

T Cp Cp/T sm
K J mol 'K’ Jmol™ K2 Jmol™ K
300 85.2 0.284 894
298.15 848 0.284 889
290 835 0.288 86.6
280 82.2 0.294 837
270 80.6 0.298 80.7
260 787 0.303 777
250 770 0.308 747
240 750 0312 716
230 729 0317 684
220 711 0323 65.2
210 69.0 0.329 619
200 66.8 0334 586
190 646 0.340 553
180 62.2 0.346 518
170 59.7 0.351 484
160 57.1 0.357 448
150 54.1 0.361 412
140 510 0.364 376
130 477 0.367 339
120 442 0.369 303
110 40.7 0.370 266
100 369 0.369 229
90 322 0.358 192
80 270 0338 15.7
70 214 0.306 125
60 164 0273 962
50 114 0.228 7.09
40 7.4 0.178 506
30 417 0.139 349
20 272 0.136 216
15 318 0.212 137
10 131 0.131 046
5 0.18 0.036 0.062
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Table 7 Comparison of our data with previous results

Page 11 of 12

NiTiO3 CoTiO3 CoCO; reference
S (298.15) S (298.15) S (298.15)
J mol K’ J mol K™’ J mol K™’
90.9(0.7) 94.4(0.8) 88.9(0.7) this study
80.13.7) 96.9% [38]
88.7(1.7) [37]

Uncertainties given in brackets. * Note that the value for S,gg for CoTiOs reported in [38] did not contain uncertainties.

anomaly peaking at around 31 K (Figure 4), which may be
caused by the transition to an antiferromagnetic state
[9,11,12]. Our data agree well with a recent study [11]
which found that the weak antiferromagnets (Co, Ni)CO3
exhibit magnetic ordering temperatures of well below 40
K. Whilst our data indicate a transition temperature of 31
K, the older magnetic susceptibility data [10] gave a transi-
tion temperature of 18 K. The reason for the discrepancy
is unknown.

Conclusions

We present new low-temperature calorimetric data for
the ilmenite-type oxides NiTiO3 and CoTiO3, and for
the weak antiferromagnet CoCOj3. Our data show that
all three phases show low-temperature heat capacity
anomalies peaking between 20 and 40 K. The calori-
metric data are used to calculate standard molar entro-
pies (298.15 K), which are, due to the low-temperature
anomalies, significantly higher than those previously
anticipated.
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