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Fig.1 SEM, TEM, and HRTEM images of Co,0, containing: (110) (a, b), (111) (c, d), and (100) (e, f) planes**
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Table 1

sition reaction

Preparation method of cobalt oxide with different crystal planes exposed and its catalytic effect in AP thermal decompo-

cobalt oxide catalysts

with different crystal preparation method effect on thermal decomposition properties of AP ref.
planes

) Dissolve-repreparation . .
Co,0, with(220)planes The decomposition temperature of pure AP is reduced by about 143 °C [12]

method

Hydrothermal annealing The maximum HTD peak temperature of AP is decreased by 116 °C, and the heat

Co,0, with(220)pl
0,0, wi planes —  tod

Co,0, with(110),
(111),(100) planes

Solvothermal-hydrother

mal method

crustose Co,0, with

(220) planes treating method

lamellar Co,O, with Precipitation heat treat-

(311) planes ment method

Epitaxial growth-thermal The decomposition peak temperature of AP is decreased by 97 °C, the heat release

The decomposition peak temperature of AP is decreased by 142 °C, and the activa-

release is increased by 576 J-g”'

The HTD peak temperature of AP was reduced by 135.1 °C, 124.6 °C and 98.2°C [36]

is increased by 789 J-g™', and the activation energy is decreased by 53.3 kJ-mol™

tion energy is decreased by 64 kJ-mol™
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Fig.3 FE-SEM images of Cu,O prepared under different n(sodium tartrate)/n(Cu*") conditions:(a) 0;(b) 2.5;(c) 4;(d) 10;(e)12.5"
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Fig.4 DSC curves of pure AP (a) and Cu,O prepared under different n(sodium tartrate)/n(Cu®") conditions mixed with AP:
(Sample 1) 0; (Sample 2) 2.5; (Sample 3) 4; (Sample 4) 10; (Sample 5) 12.5'*
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Table 2 Preparation method of copper oxide with different crystal planes exposed and its catalytic effect in AP thermal decom -

position reaction

copper oxide catalysts with )
. preparation method
different crystal planes

effect on thermal decomposition properties of AP ref.

. Microwave assisted
Cu,O with(110)planes
solvothermal method

The LTD and HTD temperature of AP are decreased by 22 °C and 70 °C,

and the decomposition heat is increased by more than 35%

The LTD and HTD temperature of AP are decreased by 23.5 °C and

Cu,O microcrystal
. Hydrothermal method

with(111)planes

Cu,O with(100) .(111)

planes method

One-step hydrothermal

CuO with different degrees of Na,PO, assisted hydro-

(200)planes thermal method

High temperature exothermic peak are shown at 386.362.352.351 and
329 °C, and the HTD temperature of AP is decreased by 68-125 °C

73.6 °C, the decomposition heat is increased by more than 47%, and [42]
the average activation energy E, is decreased to 100.3 kJ-mol™

(100) Cu,O makes The LTD and HTD temperature of AP decreased by
39 °C and 96 °C, and reached the highest heat release
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Fig.5 SEM, TEM, and HRTEM images of Fe,O, containing: nanosheets with (110) planes (a, b), nanoparticles with (110)

planes (c, d), and nanorods with (111) planes (e,f)"**
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T A0 700 T LA R0 B 43 il A 0 B, A0 Fe, O, B
i 2o 2% 1 C1O, #it O R i#F HCIO, 1y iF — 26 73 fif
G| K 5w WAL T M . AP 2 T I W B %) A4 v ]
Y 14 A S5 A0 53 A A A5 52 i i — 2P m A A 8l e
F2 R AP [ HT D W 35 1) K e R AIK

P3G T B ERAS IR b 2R L) X AP S i
HEALAE T, Horh LTD R HTD U 35 2 4 S ) F J3E 1 [
I, 4 f AR A KRR T . 44K Fe, O, 1 5 1 fiE AL I
PE R VR T b2 i AL T M A A, B TR TR A T

E R HEB T O ] I A R R R B R
[] , PR A AR 0% AN ] o i Z& #8 (1 1 0) |1 Fe,O,
M T % Fe i as BB v LA 320k H CIO, [ HL
T, JF I E AP 4y i 4 NH, F1 HCIO,, /& ¥ LTD i 2
AT J3AN EEHTD B Fe s S R L A
AT HTD b 2 iy i 56 8% BRI £ i i + ML O, 5%
BE O, LM CIO B 2 NH,", &3 6 & K
HTD g i ik 50 °C . 38 1 1k it 5 WORLE AR %5 U A
KT AP B4R . Hoh  BAR R R T
T 90 K 45 K 9 oK Fr 48 BB Br T3 1k 7 o5 20 B
%, Re s W M ORI AL TE Z A Y oy F L, R T
e 1 A b TR P DR O RN AR R A D R R R
6 28 T A LG R T R ORL B B — 2D 4 AP Y 43
fift M BE -

R3 RGN R A 0 ) £ D i DA AP R fifk SR R AL RICR:

Table 3 Preparation method of iron oxides with different crystal planes exposed and their catalytic effect in AP thermal decom -

position reaction

iron oxide catalysts with different .
preparation method
crystal planes

effect on thermal decomposition properties of AP ref.

Fe,O, nanosheets with(1 1 0)planes,

Microwave heating method

nanoparticles .nanorods with(1 1 1)planes

a-Fe,O, nanotubes with(1 0 4)planes Hydrothermal method

) Hydrothermal annealing
a-Fe,O, with(1 1 0).(1 0 4)planes
method

Sol gel method .Hydrother-

nano Fe,O, with different degrees of(104)

planes .
lysis method

mal method, Forced hydro-

The LTD and HTD temperature of AP are decreased by

[45]
51.2°Cand 31.7 °C
The LTD temperature of AP nearly disappears, and the [46]
HTD temperature is left-shifted by 111 °C
The HTD temperature of AP are decreased by 95 °C and
53 °C, and the activation energy E, are decreased to [47]
170.0 kj-mol™"and 199.1 kJ-mol™
The HTD temperature of AP is decreased by 67.3 °C,and (48]

the decomposition heat is increased by 785 J-g”'

1.4 HEAUYEEXMW

Li B8 H S B R A T ##E(2 =1 =1 0) T 1)
ZnO YK R, &L ZnO 9K A 7 H 10 S 1 4 Ak vt
I 4% 11 ZnO AL BEFFAK AP 1 HTD W 121 °C, i
PO B8 550 J)-g™', HoIG AL BB B K 13.5 kJ-mol ™',
Tian %058 o — 89 W 1L 22 R AR IR 25 1 R il & T
FREE (0 0 1) T A A4 KA 20 22 17 ) ZnO 25 0 R, 45
L% R AS AR AP B9 HTD I 35 A% 101 °C, 1% 1k
fie £, 1 (150+14) kJ-mol™ &% & 63.7 kJ-mol™',
Tang %V R AL E B TIB T kG T 2 # (000 1)
17 ) ZnO fl 48 K & A, & B3 3t 9 % 550 B B eT 4
ZnO 75 77 b AE G5 40 38 Wi i 7 Ry S 7 F A5 K L B T
(0 0 0 1)TH Y Lt 2% 1] B 3G Al A5 4 A 05 PF i — 20 42
Tt , AP 43 9 15 AL 8 E, N (154.0+13.9) kJ-mol ™ f @&
FAA% %2 (63.3+3.7) kJ-mol ™',
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Hosseini 5525l 1 75 fb A B be 1 A i T 42 22 2
(1.0 1)TH M ZnO 44 K kL , Bt & L1 ZnO R 112
40~80 nm [ EKIE FRL, TR I ZnO G4 KA+ 15 AP 1Y
HTD W i ¥ {1 120 °C, 4B i bk i 590 )- g™ 48 i %
1215 J-g™'s Chai 48l o B8 #0 i 1k ) & 7 2 57
(1.0 1) Y ZnO Bk UKL, 33 26 f0RE H 7S ke A R
FI 20 2% T, % T AP 3R G5 i 3R B0 G 3 0 A A AR
FH BN 2% B ZnO BORLAS (L RE 96 [ Ik AP /9 HTD %
M 154.3 °C, A B iA ] 1351.6 )-g7", N4l AP 1Y
3.87 1%,

ZnO X F NH, A Ak F B = A AL 16 v ifi FLRE 8
e ClO, /o ff . 16 LTD i & rh, &R b [|] 7= 4 NH,
T 5 W B AP R R I 25k B A B
fiff S IO 1 i — 20 R AT o T e M Y R T AT T
48 Re AR E NH, 19 3F — 25 404k 5 53 4h ClO, 4 il = W)
XXXX £ F XX A& F XX #
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2 ORI B RGES , 22— L, KR BRI, sk, ] A8 ik

S P 2N MR AN R s AT A TS L T ELRE
R AT AP 2 T JIT IR T ) NHL 3 5 A1 it JS2 0%
Wk 4 TR, 2 8 R ) qh T (0 B S AL 5T T AP 43
fiff 3¢ B0 MR I S ) AR AL M BB L S AU A5 0 i T B AN TS fb
AERFA% , M By At B4R T, FEARZ M,
(1.0 1) I A9 4 16 1 B B o AR 5%, o5 v] AR IR HTD

UL £ 150 °Co 3 J2 BB R i il 45 19 ZnO B A 0/
BT B AR B, PR AR AR B 25 ZnO (1 0 1) 1
BRI A Rl iR A 25 0, Hoh i 748
Sy A E 43 figk B2 0% i O Hp [] 42 DA T 52 B0 AP 1) i ek
Gy o PRI 38 Gk B A% R A (10 1) T Y
11 25 ¥4 ZnO 75 2 J 30 1 O 4 A 4R AR S50R

Ra BRI R ALY 00 ) A D7 i B AP RO fife SR R AL RICR:

Table 4 Preparation method of zinc oxide with different crystal planes exposed and its catalytic effect in AP thermal decomposi-

tion reaction

zinc oxide catalysts with .
. preparation method
different crystal planes

effect on thermal decomposition properties of AP ref.

ZnO nanosheets with
(2-1-10) planes

calcination method

ZnO hollow microspheres
with (0 0 1)planes

One-step wet

chemical method

ZnO micro nanocrystals chemical bath

with (000 1) planes deposition method

ZnO nanoparticles with Sonochemical

(101) planes calcination method

ZnO microparticles with Direct pyrolysis

(101) planes method

The HTD temperature of AP is decreased by 121 °C,the decomposition heat is in-

creased by 550 J-g™',and the activation energy E, is decreased by 13.5 kJ-mol™ 149
The HTD temperature of AP is decreased by 101 °C,and the activation energy E_ is [50]
decreased from 150+14 kJ-mol™" to 63.7 kJ-mol™

The activation energy E, is decreased from 154.0+13.9 kJ-mol™ to [51]
63.3%+3.7 kJ-mol™" at most

The HTD temperature of AP is decreased by 120 °C,and the total decomposition [52]
heat is increased from 590 J-g™' to 1215 J-g”'

The HTD temperature of AP is decreased by 154.3 °C,and the decomposition heat (53]

is 3.87 times of pure AP

oAb S T 3 B AR T AL R 3R I 2 T R T4
T T4t Ak R0 e Ak 1k B A AR R S e o A AR RS ) T
B AN [R] 0 T HE B R0 S5 4 T AN [ J5 - 0 A6 B 8% )
DA SSCAE 6 Pk e (0 B S5 AR SR T A DL
BT R 25 . 78 AP 2 458 , 5% 55 95 GE & 1 4 i 1k 571
WA 5 5 AP Gl SN T A 4 R ) SBAR 45 G L A
SRS F W B 5 Ak, O E— 2B I AP S5 i, 3R
HR TR AL TR M o PRI O T LA o T A T s A
PETH I A M RE

MR B ZR 40T LU L, 5 68 A (W) b T 00 4 10 77 2%
BT AP [ A S 1 ASOLRE IR RIS HTD 14 7R
5 EALRE O EL A AR N . X AR R
TMOSs HEAF , A7 7E — Tl iy T A 75 L3R 30 e o 1 53 194
PERE ; #1141 Co,O, /(1 1 0) M .Cu,O (1 0 0) i .Fe,O,
BT 1T 0L K ZnO By (1 0 1) o 33 F2 PR Sk 3 S 1 )
FARE T 5, FEAE 0 22 1) B 55 TR 07 a0, RS IR B O 5
B2 BN 1Y) AR A AR TR AP A p AR
DAL 30 3 52 1 AR T A A ) 2 T 45 ) 2 0 R
T P AR R, BB A A X 1 b S IR 5 1 4 Ak 1k B

2 EAFIREERE T AP RS ME M RN
A ) B A A 3 1 T P 7 AR R BB R OG . T
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P AV 25 A R b S B 2 50 Ak B R R L R AR
i 4 1k o TR I FLAS B 5 RN b R R o
FHES G R R AL R B ROR o WS e B, A A 7] 5k B A6
FIX R, G0 A By A R 4G S A A X ) B A R
PR A T A7 PR 5, BRI LA g A R AR Y R
0 1o 950 5 52 M R A0 S BRI 7 A B0 A T 4 T
TERR . AR, B BE TR B 2o Y 4R Ak
{14 4 B Ak~ S5 A R TT 2 0 oK G0 AR 79 14 A 3%
oo BBA TR T TMOS 95 K B RHiE 4k 1 B iy — 23
A R B 2K A TMOs 40 K #1 KLY
P - o R AR ) 2 AR DT A B 2 A 43 I IR
B 505 Ak, SC B AR T M I $E T .l T AR S
A I A S v ] W BRE 1 R R 9T L R R D
AN 5T A BB A7 a5 T B A Sk T R B M
A A T A R S R T 4 T8 W Rl 2 18]G B[R] AR
FAAT AT LA — 25 0 Ak v -1 235 4 R g o /e W A 7 il
A5G K AR E FL A £ 55 40 358 3% B0 M O A i

T A Ak T e S LA AR AE B B A H A 2 38 s P
S AR R TR B 0 B/ AT R, O Bl BN Y
T LT B B R T ST R B Dl 5 2 B A L i AR A
KPR L M TR ) 2 AR E M AR AP A
fif L FE v, ClOS I NH, 19 B F 5% 7% 1 72 DL J HCIO,
At
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FNH, 19 43 it o B8 X g 3 48 5 1) 458 A, 1o 44 £ 5
TG A RE U8 N H T AL R A A et R
B, B B X A Ak T P R e 2 OGO G E T
B B AS A AT DATE MR S LB A 19 BE G, 3 5 v o B
R 5| Ak 2 o 1 A8 Ak, T EL BB AR SRy W BRI 1 A3 6, 3
i SN AR ) R B /e W, R 2 G i S ST A5 A ) B8
B, (A5 5 il S 9 4
21 % EEEYREERERMm

Jiang &5V i Ak U E-E A SR A W A& T
CuO, AR IRBE AL, I ks T A 7E S A A8 25 {07
FIE 58 A5 T8 2010 25 Bl di A B , DRI X AP #8736 B0 1
BEiE e, WE 6 i, Hh LTD AT HTD 43 fif i 4 F &
F, H HTD B iR 43 fifk i 32 T UG It 7 31 341G 13,2 °C AN
80.6 °C; 734, £ MG AL 58 £, B A% 79.2 k) -mol ™", iR
AR S Ak M RE

3130 C

3416 C

AP+CuO l

2988 °C 4222 C

pure AP ~ N
10 20 300 40 500
temperature / °C

a. TG

heat flow / mW-mg”
ENDO

6 Zli APFICuO.CuO, 5 APIRSFHI TG 45 DSC i £k o

Sang &5 38 18 V5 e TR 5 RS TR B e v i 4% T kR
i (CuFe,O,) , T il £ BRI 5 Jy 22 i A1 B FLA5 G ,
mm AR B e Sl A AL R AR A T 2 0 Y Cu/Fe BEIR L
1: 2 B X F AP A AG TG PR fe A, Wl AP 9 HT D e LR
i 100.1 °C. Dong % 5l i I I il 5 T Cutsa=iv
a-Fe,O,, WA 7 i, B i 4% 1) Cu-Fe, O, LA f 5 10
AL 35 M (15 AP Y B £ 43 ff IR R IR 121 °C .
a-Fe, O, JiUhi A A7 75 TR TE 2 , K 1 8k 28 Bl R 4025 Ao
i A5 2 10 EL AT v W R R TG 1 5 ILAMNE Fe, O, A
o, Cu S5 B U Fel S i — 2038 i 4025 0 A H At 4
S , 30 2o AR R AL T T ORI aE AP HR i

Shi %Vl 5 K kA LT 4 G EE R b R
Cu-WO,, iZ M EL X AP #4453 fif & B0 i b 25 09 fi AL T
P BEFEAR HTD 3R 71 °C, 5 4h, £ WLIG 1L fE E, B 11T
118.02 kJ-mol™, B A & 8 i 656 )-g7'c HA AW

mass loss / %

N | w—

150 200 250 300 350 400 450 500
temperature / °C

Fig.6 TG and DSC curves of pure AP and CuO, CuO,  mixed with AP*"

266
AP+4%Fe,0,(Zn”) {
AP+4%Fe,0,(Cu”) {
N
= 345
2 280
5 [AP4%FeO, !
©
£ 208 393
pure AP |
466
100 200 300 400 500
temperature / °C
a. TG

b. DSC
o 350
>
i
- AP+4%Fe,0,(Zn” 245 G
S o
£ lg
B | AP+4%Fe,0,Cu™) Wi 245
3 388
8 | AP+4%Fe,, 245
457
pure AP 245
100 200 300 400 500
temperature / °C
b. DSC

7 4 AP Cu.Zn 44 a-Fe,0, 5 APIR A G M TG 5 DSC il 2k '
Fig.7 TG and DSC curves of pure AP and Cu, Zn doped a-Fe,O, mixed with AP'®*
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2 ORI B RGES , 22— L, KR BRI, sk, ] A8 ik

B RN B R A5 0 B Cu-W O, 25 5 B & 77 A L 748 X
Xf, o il 5 HCIO, [ I A i A Ak 9 A rl 2
I — 25 A NH, 2 3E AP A% . Li 250758 1 — 2
Tk At v T A T N EB 2 Bl B 3 M R A B B 2 JB Co A
KAKL (DAC/Co) & 45 b KL, 7] B 52 B8 35 44 1 15 4 Al
R, 45 KB, AP/DAC/Co-20 B A MBI 1%
Bk BE K KR R AR AL A AP A HTD 43 fife 6 T [ 1%
135.3 °C, it K 5 (2647+12) J-g7', HiGLAE E,
AR % 130.7 kJ-mol ™,

TE AP ()20 i 1 B b, NHL 7E AP 26 1 A FH B2
il AP B3 fife 1) OC B DR 3R AR % 1 TR NH, AR M B R
b B B A7 R 1 SO 5 TR I TR T T A I BRE NH A 4 1k
I F AP A i AR R . o LR (V)
Sy AR 3R 1 2R TR B AT LR S B B 3T R A6 s W B NH,
A TR, T HE S AP A R F Sk kAT,
TMOSsHILE , & Vo B9 TMOs XF T NH, 4 i 7= 4 i % B
PE R EE 5, B X T NH, A b i . B4,
Vi 38 AT LA Bl A5 A Ak 700 19 H 1 45 F O 4 e e R

17 HL S R A 42 TR A2 i 2 C1O, % NH," (i i1 756 7%
[7) It BE Al 1 OB 1~ 19 AR i, #E — 2P HE 3 NH, %84k
FET+ AP Y 73 fif PR BE

5 PR T AR R BE A BR B R 4810 W i L R
Xt AP (AR A TS W), G e 5 3 T e o 1) AR 790 2
B X AP DI B fE AL PE BE , T HOR X T HTD U4
R fe ok 3 . BT NH, R AR 2 HTD S i o 72 o
R EEAYBREUE B MV BE S NH, BE 4 & IS
ClO, 73 i 77 O B 1, i — P i NH, 41k, R
HRTEACRE E,FEAR LA L SO B 3R T . X T &R
SR TR AE BV A 1F T 2 38 A A% v Y 4
B A SR IR A A 0 o DRI SR K Rk R T
E I AT LUAT ROM 45 b R S S AL R . T3 Ak B 2
X TR AR S L I RE B R R EE AR
FICE B 2T LLFEAIR TMOs K & 1 & 25 08 iR L 7=
A T 2 3 VAL RO R — 2P 3R TR AL 5 IR Rl DLE
1 4B J S Bk B Al L, G a4 i D R 2 A A
[ 2850 07 3t — 25 41 v B WL R0

RS S FMIBRBA YRR B R AL TR R Y TR A 5 1 B AP RO A SN T A AR RO

Table 5

mance in AP thermal decomposition reaction

Preparation method of iron, cobalt, and copper oxide catalysts containing surface defects and their catalytic perfor-

iron, cobalt, cop-
per oxide catalysts preparation method

with surface defects

effect on thermal decomposition properties of AP ref.

Chemical precipitation-

The initial decomposition temperature and peak temperature of HTD are reduced

CuO [61]
b vacuum sintering method by 13.2 °C and 80.6 °C,and activation energy E, is decreased by 79.2 kJ-mol™
Sol gel .Low temperature .
CuFe,O, T The HTD temperature of AP is decreased by 100.1 °C [62]
calcination method
4% Cu-Fe,O, makes the final decomposition temperature of AP decreased by
Cu-Fe,O, Solvothermal method 121 C [63]
The HTD temperature of AP is decreased by 71 °C,activation energy E, is de-
Cu-WO, Hydrothermal method B . o ., [ee6]
creased by 118.02 kJ-mol™',and the decomposition heat is increased by 656 J-g
One-step high temperature The HTD temperature of AP is decreased by 135.3 °C,decomposition heat is in-
DAC/Co [67]

decomposition method

creased by 2647+12 J-g™',and activation energy E, is decreased to 130.7 kJ-mol™

2.2 HRUAYRERETN

U AR FHULUE 1 46 T Agl-ZnO & A& 4 K
WA, KB 0.3% 1 Agl B4 R L i Ak M RE Je £, I
1 BEAR HTD W3R 130.8 °C 3 45 2= (i 45 4 ek v 40 Il o
JEThE IR R M . N iR
ZnO XF T AP #5352 17 9 4 AL T 1 5 USR5k
FH TR & T /B 2% ZnO 4L F (N-ZnO) . 5]
A ZnO Fil N-ZnO J& AP ) HTD i J& 4 5 B Ik T
132 °CHI141 °C,J N ZE 911 J-g ' F11253 J-g,
HLTD FIHTD 1§ & 4.
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Zheng %57 3 o W Ak L & T — A
N-ZnO, & B N-ZnO [ il A 4% LTD i 5 HTD g &
B H SR A B 4% B, $0 ff 1ETR F 163 °C,
T ALAE E %A% 84.71 kJ-mol™, Zr i k8 1325 J-g 7'
ZnO g #s N T B O J5 7 11 LU /N L -7 B, 34
AR S LR A B G o BBE AT LR R A L RS
U 2 UE AP I . 34 Z BNV SR — A
RSB BT N-ZnO, & LA B 24 J& AP #4311 1k
T M I BN 0 R R g Sk 3% B Ak M B A
g AR, A LTD FIHTD W& 4, i B A% HTD
N Lk
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WY T 133 °C, iR 3 i 912 J-g7'. Juan %72 R
FHAR SR e G T A B 22 19 ZnO/Ag WA K 5 G M
BE, & A B 2% 0 R XE AP B R R R A B R
Fh s BN 4% T 2 Ag B M R AS AU A5 AP () LTD Al
HTD IR E S, H HTD R & E K 163 °C.

AR5 R BAE Y AP B LTD 3 B2 4R T
NH, 2 ClO, 1Y 5T 754 8 ; Horp & E 4B 44 B FE 1 TMOss
AR TR 2 0 0T AP 2 il 1 v AR AT L SO TR BB
F B B vT LUAE Sy 05 Bk BR A A0 8T T N NH, B
) ClO, , T BN LTD b #2555 5b , W45 44 T LA™ AL
5 B A7 5 F W B HCIO,, Jin i HCIO, 43 fiff 2 72 v 119
HL T 568, E— 2L 3T AP 19 20 il M e

6 52 T & 3 Bk B R BE SAAR W Ak R X T

AP A AE R 52 e, v 5 3 T R B 10 B AL Ak P A b
FIXFT AP 2R B LTD A1 HTD oot 72 45 25 B0 00 S 1 i
B PERE , AU S LTD A HTD W5 4, i H HTD 45
FEAR — | B DL b DLAE B 4% o0 AR 3R 19 3 1w B
TMOs 40K A4 R F B0 P AU S R 451 | il 45 i 7 A
Py B T i BRAE TR B DR R . 1 IE S SXBGE Y
B RE A AOEFE ClO, 3 J5 ™= A L7 B R T AP 1Y
Gy AEHTD & rp i Ak 0] S Th DB g H
FTHEAESHEBRENH, I, I K LTD M HTD g H A
DL R A B B 3G R i, i a5 O o R RURE Y
P AR A2 15 TMOs fi 16 3 h & 15 2% B B 7 it 1Y
i, G Ak A A 0 H 5 B L AT HE AP I AR
I3

R6 T A BRI BB AR B0 ) A D7 ik BTE AP B i SR TR AT R

Table 6 Preparation method of zinc oxide catalyst containing surface defects and its catalytic performance in AP thermal de-

composition reaction

zinc oxide catalyst

. preparation method effect on thermal decomposition properties of AP ref.
with surface defects
Agl-ZnO Precipitation method The HTD temperature of AP is decreased by 130.8 °C at most [68]
The HTD temperature of AP is decreased by 141 °C,and the decomposition heat is
N-ZnO Solvothermal method ) B [69]
increased to 1253 J-g
4% additive amount makes the HTD temperature of AP decreased by 163 °C,acti-
N-ZnO Wet chemical method vation energy E_ is decreased by 84.71 kJ-mol™",and the decomposition heatisin-  [70]
creased to 1325 J-g™"
N-ZnO One-step combustion meth- The peaks of LTD and HTD coincide,the HTD temperature of AP is decreased by (71]
-Zn
od 133 °C,and the decomposition heat is increased by 912 J-g™'
. The peaks of LTD and HTD coincide,and the HTD temperature of AP is decreased
N-ZnO/Ag Deflagration method [72]

by 163 °C at most

A Ak 790 Bl I 2 i A AR 2 T A R R L S,
6 B B | % T B B AR L X B BB A LA S A A g
P AN [) 1) 0 B Ak 27 M T, AS AT D4 46 3 4 s
P& TE N W W BEERE T, 8 BB A8 B IR R N B TS fk
Al U 5 e R o SR, B B L 1 B A
PR IS PR AL T T2 5 0 Ak R i Ak T BB
W, A B FR A Al ) I T X B B S TR
fiff 4

FE A VR A RE BB 25 13 0 b ) i L 2
A, 5 0 R R 0 ) BEA AR B . AT, AR AL R
1) 4% S 45 2% 145 o 23 7 850 B 45 1 3 2o el A8 44 0 2
U 3h F1 28 47 R A2 HE 2 1 04 O i fof 1 4 8%
TR R R 3G PE 70 A AP A3 i o AR P A AR R
14 2% T 5 B AT LW B O T Ak R R DA 5 4 A0 4]
25 6 e B AT LA B NH, LB 2 8 T 2L S HCIO,
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BE S — i, ClO, 40 i = AR i O %5 ] 1y
JoT RE 5 1 S Ak AR #E — 2B Ak NH, DA A2 3E AP (1Y
56 4241 il

e 5 1 6 Jran & 2 1 Bk B A A AR R X T AP
O3 i 2% B A S 00 4 Ak TR BE L R X RE 6F 45 LTD 14 A
HTD W 8 & 16 AL e A S ) B2 B2 A R AIC, T LB o
i E I, ZRA X LR R B 2% T i B 1Y A AL
Py A A ) 26 B0 HE RO O S M B 3O DR Oy 3 s AR
T i B B A% oA B SR AR ) 1 H T S5 A A T A
MRS KA, -2 s 5 5 E ™= Y NH,
I ClO,™ 2 N, fie 2 32 B R Ak AL 00 X T AP 19 155 i 1k
WL B, B 4 T A B G S — R
T Ak 500 25 F R s O X, S 22 AT DL A 51 A 2 44 R
B, 38 H 5 U B T AR R X T AP Y 4 b
o3 ffMERE
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3 %.HA.HEEYYWESESEAFNRETNT
AP 43 fi# tE BE 32 im

BB 22y B o A e A T AR SR L TR
F AT B4 T PR X T A 7R A P BE R B pe s MR AR
ARl ROT R AUR M B R S5 S5 2 —  JEA K
ROEESE A, R R S AR A 22 51 A BT 22 S 82 T {755
Yy AL = VERE 7 AR AR . BE A 8K R RS B IR
FHIRIAR B RO 22 iy S SR R B S B T B
AR REAR IR T A PR G e B R
[F1) 40 B8 L A 45 A 4% 2 0 22 18] A7 A 188 R e % 1
FEALE 7 RS RO 3R Bl H o 1 3 Ak ) K T g
g 380 1 JHG AT AR 5 MR 1 ) I RS AR A i 7R L A

K Feilow _‘-,‘,. 3

0.27.nm (110) * W

Co30s (400)
]\(()43() nm

A7 IE [0 Bl L 26 B A AL M RE A B TS X
T i S SR U, B T U R A S R A
SN BN AE CO AR AR S i K Ag Uk
T8 T TiO, R, i T f g i B h s #6 1 5 A,
TET 245 A0 118 T 3 A kol A5 S T A6 A R o, i —
A TR

Luo Z5" Pk #4658 ok 4k B & ) % T Fe,0,-Co,0,
A MRL, W E 8 s, iZ M BHH L T4l Fe,O, . Co,0,
X AP AR B0 AR S AR AT S ZE TR I 2% A5 T
T WAL T HTD W36 156 °C, £ W IE L Bk E % &
114.43 kJ-mol™. Fe,O, ¥ 2] i % B 7£ Co,0, 4 K ¥
0, NS % RLE , Co,0, Fl Fe,O, 2 ] () K 4f-
[ VE 5 1l 756 RS AR 0, R B I 5 09 1k
Wk

¥ f .‘S'li

8 Fe,0,@C0,0,(a~c) Y Fe,0,/Co,0,(d~) ) TEM B4 55 70 2 B & {514
Fig.8 TEM and element mapping images of Fe,0,@ Co,0, (a—c) and Fe,0,/Co,0, (d—f)'®

Zhou %53 3 K # ik 3R 18 T Co,0,/TiO, f# 1k
A, 54l Co,O, M TiO, Hl L R K4 1o b PE 58, 7R
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Fig.9 TG and DTA curves of ZnO/AP, Co,0,/AP and Fe,O,/AP
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Table 7 Preparation method of iron, cobalt, copper, and zinc oxide based composite catalysts containing interface effects and

their catalytic performance in AP thermal decomposition reaction

iron, cobalt, copper, zinc
oxide based composite cata- preparation method

lysts with interface effects

effect on thermal decomposition properties of AP ref.

Hydrothermal-annealing
Fe,0,-Co,0,

The HTD temperature of AP is decreased by 156 °C,and the activation

method energy E, is decreased to 114.43 kJ-mol™
. The HTD temperature of AP is decreased by 140.7 °C,and the activa-
Co,0,/TiO, Hydrothermal method ) ) 4 [84]
tion energy E_ is decreased by 73.8 kJ-mol
The HTD temperature of AP is decreased by 26.4 °C,and the decom-
Fe,O,/AP Solvent-non-solvent method - o B [85]
’ position heat is increased by 202 J-g
One-step solution combustion The HTD temperature of AP is decreased by 187.7 °C,and the activa-
La,0,C0,/Co,0, . . B ., [86]
method tion energy E, is decreased form 371.6 kJ-mol™ to 140.6 kJ-mol
. The burning rate is 32.4 mm-s™' under the pressure of 7.0x10° Pa,
Fe,O,@AP Solvent evaporation method o o ) ) [87]
which is 8.3 mm-s™" higher than mechanically mixed Fe,O,-AP
Intermittent spraying-dryin The HTD temperature of AP is decreased by 92 °C,and the decomposi-
CUO@AP e praying-drying . e p B y p (88
mixing method tion heat is increased by 1066.1 J-g
o . 4% of ZnO/AP makes the HTD temperature of AP decreased by
ZnO, Co,0,, Fe,0,/AP Liquid deposition method [89]

126 °C at most,and the decomposition heat is increased by 525 J-g™'
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Progress in the Influence of Surface and Interface Effects of Metal Oxide Catalysts on the Thermal
Decomposition Performance of AP

LI Si-heng, QU Wen-gang, ZHAO Feng-qi, JIANG Yi-fan, ZHANG Zhen, ZHANG Ming, ZHANG Jian-kan, LIU He-xin
(National Key Laboratory of Energetic Materials, Xi' an Modern Chemistry Research Institute, Xi' an 710065, China)

Abstract: Ammonium perchlorate (AP) is an important oxidant in solid propellants, and its thermal decomposition performance
directly affects the combustion characteristics of solid propellants. The use of combustion catalysts can lower the decomposition
temperature and increase the decomposition rate of AP. Different methods for microstructure control of nano-combustion cata-
lysts for AP thermal decomposition were studied and summarized. The effects of microstructure control methods such as crystal
planes, defects, and composite interfaces on the catalytic activity and catalytic mechanism of combustion catalysts for AP ther-
mal decomposition reaction were analyzed. Besides, the characteristics of catalysts that can achieve optimal catalytic perfor-
mance were explored. The results indicate that the catalytic activity of nanometal oxide combustion catalysts can be improved by
adjusting the exposed crystal faces, element doping and constructing a composite interface structure. Among them, transition
metal oxide nano-catalysts can enhance catalytic activity by exposing designated crystal planes, and element doping enhances
catalytic activity by generating defects, while constructing a composite interface structure utilizes interface effects to regulate the
activity of catalytic sites, thereby enhancing catalytic activity. Transition metal oxide nano-catalysts showed good catalytic activi-
ty in improving the thermal decomposition performance of AP.
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By summarizing different methods of microstructure control of nano-combustion catalysts and their effects on the catalytic
activity of AP thermal decomposition reaction, and analyzing the effects of structural control methods such as crystal planes,
defects, and composite interfaces on the reaction mechanism of AP thermal decomposition catalyzed by nano-combustion
catalysts, the key points of catalyst structure control methods that can achieve the best catalytic performance are discussed.
Nanoscale combustion catalysts with superior performance can significantly enhance the thermal decomposition performance of

AP and exhibit excellent application prospects in the field of solid propellant combustion catalysis.

o
Il

CHINESE JOURNAL OF ENERGETIC MATERIALS R XXXX HF & XX A& HXX#8 (1-19)



