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%% (Co(NO,),-6H,0, 43 1714l ,98.5%) , Kt i B} %
Wi Ak 27 3R A R | 3 A B (NHLF L 401746, 96.0%)
R B AL R A BR A R JRZE (CO(NH,),, 43 B
40,99.0% ) , KT LR 40 k2 5 JF & A7 BRA ) 5 48
HLVE (1.5 mmx300 mmx200 mm) , B 111 5 12 B o 1
AR T 5 AP, VG 42 3T AR AL 2 0F 58 BT A be 5 HE R
S I K R BT K

9023A AL A X TR AR, B SR IR AR 2
H) ;s KH—100DE 8 75 i 15 Ve ML , AR 56 7 33t B M i1 i
# A B F ; D/MAX -3C B X - 5F 48 By K i 55 X
(XRD) , H 7 # % Rigaku 22 &) ; TENSOR 27 I {# L nf-
A4 LT AR TS (FT-IR) , 7 |8 Bruker 28 & ; ESCALAB
250Xi X Gt i FRETE AL (XPS) , 55 [E 78 2R & /R B
A F) 5 Zeiss SIGMA 3 & 5 14 Fa F W 3085 (SEM)
T £ w8 w5 bE AR AR A, 36 R R E A A 8 D
2 X H R AL (Q2000, TA) , [ TAL S/ 7 5 #4
FOMHL(Q600,TA), 3 H TAILARAF .
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¥ 0.5 mmol 75K & R £ (Zn(NO,) ,-6H,0) ,
1.0 mmol 7S K & SR 4 (Co(NO,),-6H,0) ,1T mmol
AL E (NH,F)F12.5 mmol JR & (CO(NH,),) & fi# 1£
20 mLEE TR P 10 min 520 7 108 (73 1
SRJT RS WA NF— i #7231 30 mL 2R PO 3 £ 45 4 L 1Y
ANFAKIET 120 CFKRM6 he HERKEEERE,
H NFHUH , FH S BER 8 T K 43 5l v Uk JLIR S #E 60 °C
T AR BB B A T IRAR . S S R AR S
ALl 2 °)CominT FHEEUR T H] 400 CHERE 2 h, LUE
AT L AE NF B A9 85k ZnCo,0,, it A ZnCo,0,
(HCs/NF) o ¢ M NF L% F >k 09 3 M4 Bt id i Zn-
Co,0,(HCs) , R A 451 .
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2.3 #oEMERENK

[l AP CL-20 " Jim A A 6] i & & 4 $e iy
ZnCo0,0,(HCs) (1% .5% .10% .20% & 30%) Z J& WF
J# 15 % ZnCo,0,(HCs)/AP & ZnCo,0,(HCs)/CL-20
HEW. RAZRB D (DSC) MR /M5 A H
2 (TG/DTC) XA W #EAT I Bl , A A1 - A/
SR T 4 A 50,100 mL-min™', B 5 B
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0.1~0.3 mg. FHEH#5.0,10.0,15.0,20.0 K-min'.
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Fig.1 XRD curves of ZnCo,O, with different morphologies
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Fig.2 FT-IR spectra of honeycombs ZnCo,0,(ZnCo,0,(HCs))
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Fig. 3 SEM images of ZnCo,O, with different morphologies
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R XPS i, 7 T 1043.9 eV H1 1020.7 eV Y WA 5 43
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H1,794.3 eVHI779.9 eVl X i T Co 2p, , fl1Co 2p,,
BIPIANIE. O 1si XPS ik (& 4d) R FE4S G g N

Chinese Journal of Energetic Materials, Vol.28, No.6, 2020 (544—551)

529.4 eV H1532.6 eV AL PN, 43500 T T T Ak 4R
Py ERWE B K T TR SR 5 Sk 25,17 1M TR .
3.5 B ZnCo,0,H N, T Bt -fi# IR 43 47

& 5 i 7% 9 1 55 0k ZnCo, O, 19 N, W B - Fid BRF 252 3

Zn2p

Co2p
Of1s

intensity / a.u.

C1s

1200 1000 800 600 400 200
binding energy / eV

a. ZnCo,0,(HCs)

[=]

2py,

2p,,

intensity / a.u.

1050 1040 1030 1020
binding energy / eV
b. Zn2p
2p5

2p1/2

intensity / a.u.

810 800 790 780
binding energy / eV
c. Co2p

intensity / a.u.

545 50 53 530
binding energy / eV
d. O1s

B4 ZnCo,0,(HCs).Zn 2p.Co 2p K O 1sMiEi%El
Fig. 4 XPS survey spectra of ZnCo,0,(HCs) ,Zn 2p, Co 2p
and O 1s

e

www.energetic-materials.org.cn



I 55 IR ZnCo,O, 1Y i & F XI AP F1 CL-20 4 43 fift 47 o 1 5% Tl

547
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Fig.5 Nitrogen adsorption-desorption isotherm and the cor-

responding pore size distribution of ZnCo,0,(HCs)
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J T A AL ] ZnCo,0, (HCs) fie {4 1 & , 17 AP
B¢ CL-20 Hfin A A ] ot & A 73 %489 ZnCo,0, (HCs)
(1% .5% .10% .20% F 30% ) B JB& IR 4 159 51) AP 5% CL-
205 ZnCo,0,(HCs) I & & ¥ i#17 DSC ik , 45 4 fn
& 6 fr s (JHIE 2 4 10.0 K-min™) . 7E& 6ath, 24
ZnCo,0, (HCs) [ & Ik 1% B, AP 1 & & 53 f#
(HTD) U 3 A AR IR 43 i (LTD) W i 43 51 B Ik =
632.23 K#1575.37 K, Bfizg ZnCo,O,(HCs) & Il 1Y
K, AP B 5O S3 fife R Y 1) AR T m B8 . S m A
20% ZnCo,0,(HCs) I, HTD & LTD 4 fif 6 i i#f — A
% 2 575.01 K #1556.84 K. 51 A 20% ZnCo,0,
(HCs) M EL , i A 30% ZnCo,0,(HCs) i HTD } LTD
U B VR BE Ay BIHE S T 9.44 K )2 12.10 K. ZnCo,0,
(HCs) 1y H 3t X} CL-20 #4443 fiff 14 BB 1 5% T 5 4 {k AP
AAMFEBEH (K 6b), BiE ZnCo,0,(HCs) By,
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MR AE A 3E— b B8 {H 4 ZnCo,0, (HCs) Fl & #8 i
20% , %F CL-20 Ay AL B5CR SO B . I ZnCo, O,
(HCs)VE i Al 550 19 d5e A T B2 20%, 5 22 0F 92 2 DA
20% ZnCo,0,(HCs)#E 1k 7) FH & b i .
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3
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525.46
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DSC ifi £

Fig.6 DSC curves of pure AP or CL-20 and its mixed with
different proportions of ZnCo,0,(HCs)

3.6.1 20% ¥ E 1K ZnCo,0, 3T AP B 11 14 &k

11 N 5 i = U I N B T )
ZnCo,0,(HCs . NCs .NWs K& NSs) X} AP #4443 fift 1 fig
B 52 (TR 3R 9 10.0 K-min™) 25 S a0 18 7 fir s o
Hai¥y B, i A ZnCo,0, J5 , 15 2 1y 1U Fh &2 &
(19 FR3 fife DR ER AR P B2 11T . L ZnCo,0,/AP i HTD
VIR EAT F B, DU PR [ JE S ZnCo,O, %) AP 11 [ i
M g e NCs > HCs > NSs > NWs., T il % A # 55 Rk
ZnCo,O Xt AP H A7 R 4F iy i Ak 16 % o

8 k4l AP J ZnCo,0,(HCs) /AP 7& T i 14 5N
10.0 K-min ' B TG/DTG k& . 4l AP TG/DTG
it £k 32 B LA P 2K I B, 43 X R HTD ALTD
A RPY . i ZnCo,0,(HCs)/AP 1) DTG i & v] 1,
ZnCo,O,(HCs) iy #s finfiff 52 & W (4 P > 2% 2 i B B8 %%
A% . [ 8 DTG 2k W (H IR 3 1) 28 Ak a3 5 151 9
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FIEIR R FRR A R R Wk, D

FE S AE TH IR 3 R K 10.0 K-min™ (9 DSC il £& 14 i 2%
b —8" . Bhsbh, 4l AP [ 2k R K F ZnCo,0,
(HCs)/AP ()2 T % X £ TR Be i 1L 77 ZnCo,0,
(HCs) 7 5 il B b J5 A2 A7 7E , 78 DSC il ik i 7 v Joit
HILPFARAZ.
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E 583.54
= NSs
2 956.84 57501
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Fig.7 DSC curves of AP catalyzed by ZnCo,O, with different

morphologies
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Fig.8 TG/DTG curves of pure AP and ZnCo,0,(HCs)/AP at
10.0 K-min™

i3 DSC M 3k45 T 46 AP & ZnCo,0,(HCs)/AP
TEA 7] FHR % K (5.0,10.0,15.0,20.0 K-min™") Y
Pt 9 iR . 76K 9a b4l AP (A it ad 72 AT
PR AR AW R T AP A IE SSAHE 3T
TR A AR LA . 2R AN SRS R T APRILTD,
T AP [ [ &S e RTHE BT, 55 = AN 1m B A U )
NET AP B HTD, 5540 Y1 SO A 5. i DSC it
2R 5 H R AL 5 A AR TR B 24 R 51515 K, RBTR
M ZnCo,0,(HCs) X} AP (14 fi b 5% 722 1l B2 15 A 520, {E 6]
AP LTD FIHTD i #4252, i AP /) HT D e il
M LTD e 8 Faike . 54 APHI ., ZnCo,0,(HCs)
S AT AP /Y HT D 06 i 75 AN [R] U 2 258 T 43 51 44 ip
796.72,101.87,100.87,102.90 K([& 9b)

e O[] I 3 R R A R HTD iR 5
Flynn-Wall-Ozawa (FWO) 75" [ Kissinger-Akahira-
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Fig.9 DSC curves of pure AP and ZnCo,0,(HCs)/AP at dif-

ferent heating rates
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FWMIGEBE k) - mol ™,

# 1 J 4 AP F1 ZnCo,0,(HCs)/AP 191 fL BE E,.
PO W Ak & IS TN T v o = N R R Ao 24
P AR w e, VAT R M BUE T (E . DL Kissinger-1£ 4%
1 Je Ozawa-3% MR 1155159 2 09 1% fL B4 b H (8,
FWO 7\ KAS % Al Starink 32 318 15 21 (1 75 1L & A1 Xt
WEM/NT 5%, 54 APHIH,ZnCo,0,(HCs)/AP [
TEALBEFEAL T 17.88 kJ-mol ™',

£1 AT EHEHR M4 AP FI ZnCo,0,(HCs) /AP [ UL
e

Table 1  Apparent activation energies of pure AP and
ZnCo,0,(HCs)/AP calculated by different methods

E,/ kJ-mol™
samples Kissi e -
FWO KAS Starink IS8INger zawa
method  method
pure AP 142.36 138.47 138.62 135.94 135.94
ZnCo,0,(HCs)/AP 123.50 120.29 120.40 118.06 118.06

Note: E, is the apparent activation energy. The content of ZnCo,0, is 20%.

3.6.2 20% 1K ZnCo,0, %} CL-20 &Y & 1k 1 Ak

AN FE B ZnCo,0, % CL-20 #4434 B8 14 52
M, 25 AN & 10 s o PUFPIE 3% ZnCo,0, X} CL-20
P I B R AR R AR 22 A K. 546 CL-20 #H [k, HCs X
CL-20 b 7n i R4 AL is Pk

f 521.65
exo

NCs
"o 522.61
=
z | s 520,99
©

HCs

320 370 420 470 50 5710
temperature / K

B 10 AR ZnCo,0, M1k CL-20 AY DSC il £k
Fig. 10 DSC curves of CL-20 catalyzed by ZnCo,O, with
different morphologies

& 11 J& 4l CL-20 ) ZnCo,0,(HCs)/CL-20 7£ T}
IR R 10.0 Ke-min™ B} (1 TG/DTG #ih £k |, 4l
CL-20 f1ZnCo0,0,(HCs)/CL-20 ¥ /R A — 2k H it
T o TR R AE AL R RS E A7 AR, 21 CL-20 Y 2R R R
F ZnCo,0,(HCs)/CL-20 {2k F R,

Wi 12 k4 CL-20 & ZnCo,0,(HCs)/CL-20 7E
ANTE TR R R SR . 7 12a 7, CL-20 Y
Oy i b B A AE — R B A R i K R
(& 12a) 0] LLWLEEENTE 429 K ZE A FEAE— > e #H 3] y M

CHINESE JOURNAL OF ENERGETIC MATERIALS

B 1) AR P AR I B . PR ZnCo, O, (HCs) X CL-20 Y
s A 2 A8 YR B R WA R R (L CL-20 14 A 4 i 0 TR
Sy AR T T 5.17,3.73,3.80,4.59 K([& 12b) , £ W
ZnCo,0,(HCs)Xf CL-20 F — & B AL AE .

20% ZnCo,OHCs)CL20 . o
) F“—Z,
= =
2 @
& pure CL-2 522.91 s
T E
Z
)\\ss.fS% S
— T j— ) !
370 470 570 670

temperature / K
B 11 4l CL-20 } ZnCo,0,(HCs)/CL-20 7£ 10.0 K-min™' ff
TG/DTG ik
Fig.11 TG/DTG curves of pure CL-20 and ZnCo0,0,(HCs)/CL-20
at 10.0 K-min™

exof e’f" LS ’”‘7‘ 647
_ g 10 K-min 42038
‘o z 15 K:min
% 2 ULy J—
g . 420 425 | 430 435 440 o173
% 5 K-min® temperature / K 525.46
& 10 K-min' 532.76
145 K-min’’ 35.93
20 K-min”
320 370 420 410 520 570

temperature / K
a. pure CL-20

@
3
o

ol [5Kmin' 42523
428.36

10 K-min”

[ fefdt

15 Kemin”
4298

(e — s

heat flow | W-g"'

425 430 435 440
temperature | K

heat flow / W-g''

320 370 420 470 520 570
temperature / K

b. ZnCo,0,(HCs)/CL-20

B 12 4l CL-20 &% ZnCo0,0,(HCs)/CL-20 7E A [a] - i i K iy
DSC £
Fig.12 DSC curves of pure CL-20 and ZnCo,0,(HCs)/CL-20
at different heating rates

2 il FWO 7% (KAS i | Starink 7% Kissinger
- L M Ozawa- & ML 545 2 A9 4 CL-20 &
ZnCo,0,(HCs)/CL-20 Wi ki E,, AN [ 7 i o h 55 ok
H s AL RE R IR AR L . A Kissinger-i%£ 07k X Ozawa
AR R TR AL BEAE O B, 54 CL-20 A 1L,
ZnCo,0,(HCs)/CL-20 iG L REFEME T 6.23 kJ-mol ™,

N XK 2020 % % 284 # o6 (544-551)



550

FIEIR R FRR A R R Wk, D

£2  ARFEFEHEARN4ECL-20 F1ZnCo,0 ,(HCs)/CL-20 155

WL AL BE

Table 2 Apparent activation energies of pure CL-20 and

ZnCo,0,(HCs)/CL-20 calculated by different methods

E./kJ-mol™

samples WO KAS Starink Kissinger- Ozawa-
method method

pure CL-20 158.16 157.93 158.73 155.05 155.05

ZnCo,0,(HCs)/CL-20 152.59 151.60 151.79 148.82 148.82
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Preparation of ZnCo,0, with Honeycomb Morphology and the Effect on the Thermal Decomposition of AP
and CL-20

LI Yao-yao', ZHANG Ting', LI Cui-cui', WANG Wei*, PANG Ai-min *, GUO Zhao-qi', MA Hai-xia'

(1. School of Chemical Engineering , Northwest University, Xi'an 710069, China; 2. Hubei Institute of Aerospace Chemical Technology , Key Laboratory of
Aerospace Chemical Power Technology, Xiangyang 441003, China)

Abstract: In order to study the catalytic performance of bimetallic oxides in solid propellants, the honeycombs ZnCo,O,
(ZnCo,0, (HCs) ) particles grown on nickel foam (NF) were successfully prepared by solvothermal method and the subsequent
thermal annealing process. Its phase composition and morphology structure were systematically characterized by X-ray powder dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS), fourier transform infrared spectroscopic(FT-IR), scanning electron mi-
croscopy (SEM) and N, adsorption-desorption test. The thermal behavior of ammonium perchlorate (AP) and hexanitrohexaazai-
sowurtzane (CL-20) catalyzed by ZnCo,0,(HCs) were investigated by differential scanning calorimetry (DSC). Results showed
that when 20% ZnCo,0,(HCs) is added, the thermal decomposition peak temperatures of ZnCo,0,(HCs)/AP and ZnCo,0,(HCs)/
CL-20 decreased most which were 575.01 K and 521.55 K, respectively. Compared with pure AP and CL-20, the exothermic de-
composition peak temperatures of ZnCo,O,(HCs)/AP and ZnCo,0,(HCs)/CL-20 were decreased by 101.87 and 3.73 K and the
apparent activation energies calculated by thermal analysis kinetics were reduced by 17.88 and 6.23 kJ-mol™". Furthermore, the
as-prepared ZnCo,0,(HCs) exhibited good catalytic activity comparing with ZnCo,O, nanocrystallites (NCs), nanowires (NWs)
and nanospheres (NSs). This can be attributed to the porous structure and large specific surface area of ZnCo,0,(HCs) , which
can provide rich active sites as a catalyst for the thermal decomposition reaction.

Key words: solvothermal method;nickel foam;honeycombs ZnCo,0,; DSC;thermal analysis kinetics
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