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Effect of the NSC and RSC Co-precipitation Methods on Apparent Activation
Energy of Pr,Zr,0; Nanopowders
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Abstract: The Pr,Zr,0; nanoparticles were prepared by using NSC and RSC co-precipitation method with ammonia
as precipitant agent. XRD, SEM, TEM and TG-DTA were applied to analysis the crystallization and morphology of
the samples. Synthesis kinetics of the preparation process and dynamics of grain growth were studied, and the
apparent activation energy was calculated respectively by using Doyle-Ozawa method and the Kissinger method. The
results show that the samples topography near spherical, there are no agglomeration and the mean particle size is
about 60nm. They were obtained under the conditions of titration rate, 2 mL+min™, initial concentration of resolution,
0.05 mol - L', system temperature 273K and calcination at 1 173 K for 2 h by RSC. The average apparent activation
energy of the particles, obtained by NSC, were 71.2,97.8 and 183.2 kJ-mol™ in each stage and the RSCs were 45.37,
84.34 and 152.16 kJ -mol™; the grain growth activation energy of them were 19.02 and 11.95 kJ -mol™ respectively,
the latter decreases 7.07 kJ - mol™ than the former. Reverse co-precipitation preparation technology is better than that

of positive co-precipitation method.
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energy
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(a) XRD patterns of NSC; (b) XRD patterns of RSC
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Fig.1 XRD patterns of the precursor precipitates calcinated at different temperatures for 2 h
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(a) SEM image of the precipitate prepared by NSC; (b) SEM image of the precipitate prepared by RSC; (c) TEM image of the precipitate prepared by RSC
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Fig.2 SEM and TEM images of precursor precipitates sintered at 1 173 K for 2 h
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Fig.3 DTA and TG curves of precursor at different heating rates(NSC)
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Table 1 Temperatures of the three endothermic peaks at various conversions and different heating rates(NSC)

B/ (K-min™)
5 10 15 20
ol %
T/K
I I I I I ] I I ] I Il ]
10 308.6 590.7 833.3 319.5 606.1 848 3242 616..8 852..8 328.2 632.9 869.6
20 328..8 597.2 854.7 337.7 616.9 877.2 348.2 626..9 880.6 353.7 646.8 877..3
30 344.1 602.7 877.2 371.5 628.8 909.1 377.3 636.6 905.3 387.7 659 925.9
40 392.2 613.6 892.9 401.6 639.9 925.9 408.8 648.2 935.1 418.2 670.6 938.4
50 145.9 626.5 917.4 427.7 652.8 935.1 437.5 651.6 952.4 448.6 682.6 970.8
60 434.7 639.1 9524 458.6 666.9 974 468.3 675.8 1012.3 479.5 695.8 1013.7
70 486.1 658.2 970..9 492.8 681.1 1010..1 503.2 694.7 1020.4 5159 713.6 1041..7
80 511.8 694.7 990.7 526.5 707..3 1056.8 540.9 723.4 1056.5 557.6 735 1060
90 549.4 729..9 1020.4 564.4 754.3 1064.2 577.1 763.3 1075.3 593.6 776.8 1095.2
100 583.8 787.4 1052.6 595.9 811.7 1098.9 603.8 814.6 1123.6 613.5 823.2 1115.4
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Table 2 Activation energies E and linear related coefficients (r) of the endothermic peaks at different
conversions (a) of each peak (NSC)

ol % Ey / (k] -mol™) m E, / (kJ-mol™) r Es / (k] -mol™) r
10 57.31 0.989 6 101.1 0.941 7 225.74 0.933 9
20 58.65 0.962 5 93.93 0.969 2 258.5 0.953 4
30 63.13 0.950 2 91.65 0.961 191.15 0.973 3
40 69.87 0.940 7 91.65 0.961 180.22 0.956 4
50 68.03 0.963 5 91.65 0.961 182.05 0.938 1
60 63.38 0.988 7 95.12 0.973 3 151.1 0.974 2
70 96.4 0.924 8 93.93 0.969 2 133.07 0.986 2
80 72.82 0.938 2 110.35 0.999 4 160.2 0.984 5
90 79.17 0.941 7 140.43 0.997 7 160.2 0.984 5
100 99.75 0.940 7 149.85 0.956 3 127.43 0973 7

average 72.85 105.97 177
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Table 3 Peak maximum temperature (7,,), peak shape index (I), activation energy (E), reaction order (n),
and frequency factor (A) at different heating rates(NSC)
Peak number
B/
Kemin) No.1 No.2 No.3
T./ K 1 n A T./K 1 n A T./K 1 n A
5 327.8 0.639 1.01 4.99x10"° 666.6 0.746 1.09 1.32x10° 1020.4 0.855 1.16 5.5x10°
10 337.8 0.654 1.02 4.41x10"° 682.6 0.736 1.08 1.73x10° 992.6 0.843 1.15 8.75x10°
15 340.1 0.648 1.01 5.52x10" 689.7 0.724 1.07 2.16x10° 1075.2 0.926 1.21 4.76x10¢
20 342.5 0.64 1.01 6.1x10" 719.4 0.725 1.07 1.38x10° 1086.9 0.931 122 4.94x10°
average 1.01 5.26x10" 1.07 1.65x10° 1.18  5.99x10*

E=69.7; k=-8.3; r=0.966 7

E=89.8; k=-10.8; r=0.986 2

E=189.5; k=-22.8; r=0.992 1
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Table 4 Activation energies calculated using Doyle-Ozawa method and Kissinger method(NSC)

Method E, / (k] -mol™) E, / (kJ -mol™) Es/ (k] -mol™)
Doyle-Ozawa 72.8 105.9 177

Kissinger 69.7 89.8 189.5

Average 71.2 97.8 183.2
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Fig.6 DTA and TG curves of precursor at different heating rates(RSC)
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Table 5 Temperatures of the three endothermic peaks at various conversions and different heating rates (RSC)

B/ (K-min™)
5 10 15 20
a/ %
T/K
I I I I I 1 | I i} 1 I i}
10 316.2 550.4 750.7 326.3 568.7 774.9 328.6 574.2 792.5 337 587.5 798.7
20 326.4 562.7 775.1 338 576.7 795.6 342 588.5 816.4 350.1 601.3 828.4
30 340 571.2 799.5 3522 591.8 825.6 354.8 602.5 836.7 365.3 615.8 859.8
40 354.3 583 821.4 367.5 606.2 856.4 372.7 620.4 867.1 384.6 627.2 889.5
50 3724 601.3 844.1 387 621.5 876.2 395.6 635.1 890.3 404.3 648.5 9194
60 395 615.8 868.3 412.4 639.1 896 4242 651.7 932.8 430 669.4 953.5
70 420.6 635.6 897.2 441.6 657 939.5 446.2 679.2 962.2 453.2 688.5 9717.6
80 438.5 655.3 923.6 463.1 682.6 976.8 471.6 704.5 992.3 478.4 718.6 1013.3
90 462.1 679.2 958.3 485.6 708.5 1016.4 494.4 724.7 1030.7 504.7 744.7 1050.2
100 486.7 703.8 999.5 514.1 734.2 1051.8 528.1 758 1071 531.3 770 1085.8
1.4 ¢ 1.4 1.4
13l . . peak 1 13t peak 2 13l peak 3
— 1.2+ . . :1.2 r = 1.2+ .
f‘g L1t RN ‘—E L1t
S 1ol S0t S 10}
S 09} 09 f S 09
20 20 o0
0.8 0.8 | 0.8 F
0.7 0.7 = = = = L] 0.7 +
06— 06— ool
1.6 1.8 20 22 2.4 26 28 3.0 3.2 34 13 14 15 16 17 18 19 0.9 1.0 1.1 1.2 1.3 1.4
10/ T/K?! 10/ T/K?! 10/ T/K?!

K17 Doyle-Ozawa 125 5K W U4 1 35 fL BE 1Y 1g8~1/T I (RSC)
Fig.7 lgB~1/T plots for E of the endothermic peak using Doyle-Ozawa method (RSC)



818 b7/ IR /e S 14 %5 30 &
x6 BITELRRHNUE o WEHNFELEE RIBXEREH r(RSC)
Table 6 Activation energies E and linear related coefficients (r) of the endothermic peaks at different
conversions (@) of each peak(RSC)

ol % E, / (kJ-mol™) T E, I (k] -mol™) T E; / (kJ-mol™) I
10 56.91 0.920 3 95.15 0.973 4 129.64 0.986 6
20 54.39 0.965 7 93.93 0.969 2 126.40 0.966 5
30 57.08 0.983 4 87.18 0.984 2 125.02 0.975 3
40 51.82 0.952 7 90.59 0.995 7 116.88 0.983
50 51.82 0.997 5 91.92 0.985 108.35 0.948 5
60 51.93 0.998 9 87.18 0.984 2 105.47 0.995 2
70 57.18 0.995 3 88.56 0.976 2 124.07 0.994 8
80 57.03 0.973 4 81.53 0.992 6 118.01 0.970 7
90 62.04 0.994 8 87.16 0.9845 123.65 0.981 8
100 60.62 0.950 9 89.65 0.995 7 133.66 0.973 7

average 56.08 89.28 121.12

x7 TEAFABREXETHEBEBRE T, EREH I EERBn) FERTF A RiELE ERSC)

Table 7 Peak maximum temperature (7,,), peak shape index (I), activation energy (E), react ion order (n),

and frequency factor (A) at different heating rates(RSC)

peak number

B/
Kemin®) No.1 No.2 No.3
T./ K 1 n A T./ K 1 n A T./K 1 n A
5 327.3 0.674 1.03 7.01x10° 612.5 0.726 1.07  7.52x10° 972.5 0.927 1.21 1.44x107
10 339.2 0.668 1.02 7.73x10° 681.8 0.758 1.09 2.45x10° 987 0.844 1.15 2.12x107
15 351 0.672 1.03 6.67x10° 641.6 0.725 1.07 1.01x10° 1003.6 0.933 .22 221x107
20 355.4 0.686 1.04 7.30x10° 651.8 0.749 1.09 1.04x10° 1021.6 0.955 1.23  2.11x107
average 0.675 1.03 7.18x10° 0.739 1.08  7.62x10° 0.915 1.20  1.99x107
E=40.65; k=-4.89; r=0.992 3 E=79.4; k=-9.55; r=0.984 3 E=152.16; k=-22.1; r=0.974 5
PR XT S RL ROT E2 e, AR InD~1/T B (WL
ot " peakl 9), M 9 HEL AR _ER T F] PrZn0, Fok
o o Peak3 K HG T AL
% el Vel O T 7% R 1) 00 5 1 (RSC) 16 £ 4 R ]
g o {6 T 15 1 52 15 (NSC) A 5 43 31 31458 1
Ca02f K AEAGRE ] Eae=19.02 kJ -mol ' Eyge=11.95 kJ -
3108} mol-!, 4K PryZr.0; 1) U LA ARAIG 19 L A= 1K 37 1L
1o f At B2 PR Sy 8 o A A2 O, B R R A,
-12.6 I PO Y U PR U SO SRR S |

08 101214 1618 202224 2.6 2.83.0 32

10°/ T, / K

8 NI AIE 7 R 7 TR 9 (/T )1/,
E(RSC)
Fig.8 Relationship for 1g(B/T,)~1/T,, at different heating
rates of every peak(RSC)
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HEAh , Guo S5PIRS SE ALAZAB A% 1 S AL B A0 K b
KLHEAT THESE, e BB A K AR R B AR | 2 T 402
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Table 8 Activation energies calculated using Doyle-Ozawa method and Kissinger method(RSC)
Method Ei/ (kJ-mol™) E, / (kJ-mol™) E; / (kJ-mol™)

Doyle-Ozawa 56.08 89.28 121.12

Kissinger 40.65 79.4 183.74

Average 45.37 84.34 152.16
s PR TG AL RESE — R b e 1A% B B
» u NSC L ME S BRI o1 B 12 BT Al R TE PryZn,0, 195
4'1 i A P AR A WA ) LT AL RB B, BEITIX
o W BeAR X BME A A DRI R AR I B B 2 4 PR
§4° I 1] 4 148 B 22 0 R ok ke W A5 S 7 % 2B 52 4 X I
R 1E B 7 SR ARG A B B i K LT AL RE A A
38 Bk KT AR T (2 9), 6 £ BN TR %
37 W B B2 ) 25 0T G R R o DL R ok A K T AR
YTy W S AEBATIRE T A% PrZn0, 40K B It

10°/T/K!

Ko KM InD ~1/T KFR A
Fig.9 Relationship between InD and 1/T for sample

A 2 B B A B AR AR A M R TR
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Table 9 Apparent activation energy and grain growth activation energy abtained under different titration method

E, / (kJ-mol™) E, / (k] -mol™) E; / (kJ-mol™) J— (kJ - mol™)
NSC 71.2 183.2 22.62
RSC 45.37 152.16 11.2

3 & it

(1) LLEOK R POVER], LEH E H A 2 mL-min,
BEER 5 W 4RV 0.05 mol - L, S0 A4 & i 273
K,pH A 11, BIEEFE] 24 h, 1 173 K BRI R 2
h 25PN Jl Gk E SR E O3 AR Pr,Zn,0, 4
KA AR B 113 5 5 ARASFE SR SR T 1E 10 2% | B
FUEIROE | TR S, —RAARZ 60 nm,

(2) M Doyle-Ozawa ¥ Fll Kissinger ¥ 15 i} 1F ]
T 5 ¥ (NSC) 1 1] 15 22 5 (RSC)XF . DTA 1 2k 4
B Bt W AU (1) TR AL BE | 0 T X 00T 1k BE 2
W :71.2.97.8 1 183.2 kJ-mol™, J& 7 1114 £ W
TEALRE S 3 R 1 45.37 .84.34 1 152.16 kJ-mol ™, J5 &
W0/ TR0 5 d W52 1) 77 2 15 (RSC) S84 T i 1T
WG RS, AR T EAGRERTS Przr,0, 99K
VLN

(3) 1 [n] Ji 22 5 (NSC) Al B2 1] ¥ 2 15 (RSC) 3k 15

Pr,Zr,0; 40 KR it b A= K 36 AL R 23 31 R 19.02 kJ -
mol™ F1 11.95 kJ-mol™, A RIH | J5 3 176 1L HE [
KT 7.07 kJ-mol™; R WIH B PryZr,0, B K 1 fAE T
Z0h I E
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