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Fig.1 Schematic diagram of the preparation process of Ni@C

nanorods
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500 nm

a. SEM image of Ni-MOF

b. TEM image of Ni-MOF

500 nm

- =

d. TEM image of Ni@C
nanorods

B2 Ni-MOF J Ni@C-800 4§ K F& 1 & 5t R AIE 4]

Fig. 2 Morphological characterizations of Ni-MOF and

Ni@C-800 nanorods

c. SEM image of
Ni@C-800 nanorodes
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Fig.3 Structural and elementary characterizations of Ni@C

nanorods
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a. TEM image of Ni@C nanorods after etching

b. HRTEM of carbon layer
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Fig.4 HRTEM images of Ni@C-800 nanorods after etching
by HCI
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Fig.5 TGA curve and Raman spectra of Ni@C nanorods
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10 Ni-MOF FIUAS A48 be il B T Ni@C 94 K
Y b 2 T AR LR B R AL AR I a5 R . AR 1 ]
PLE L NI-MOF B 8 K R L, 1 Ni@C 44 K
PR AE 20 3 e TR IS b AR TR D RS 2 A R Y
AP REALFIAH EE 7 AT BAT B K b B (W) B, B
BB IR BTN, Ni@C 44 >k W5 1 £L 1A BRI o7 39 K,
- 28 FL AR 3 WU /0N L 3K T AR R T BE A TR R T
Ni-MOF 43 fiff 55 Jin 5¢ 4, & 748 55 fin ™ & i 5 30
BER I b 2R RS AL AR BRI R R AP 35 i
o AR AR R S T A A AR R S v R AR
JH ], 5 20 # AP 1) 38531

F1  Ni-MOF FUA B LS IR T Ni@C 44 K A 2T HE -
Rz 00 3. 5 2R

Table 1
Ni-MOF and Ni@C nanorods at different calcination tempera-

Nitrogen adsorption-desorption test results of

tures.

Seer Viore average pore
sample .

/m?.g™! /cm?.g™! diameter / nm
Ni-MOF 216.3 0.12 4.3
Ni@C-800 143.5 0.34 3.2
Ni@C-900 123.8 0.55 2.9
Ni@C-1000 105.6 0.59 2.6

Note: S, is the specific surface area calculated by the Brunauer-Emmett-

Teller model, V,, is the total pore volume.

3.3  Ni@C gk 3t AP #4314 BE B &2 T

Ni@C-800 44 K # & 5 1 1k 71 55 B — i £k 5] Ni
NPs Fil C X} AP #4443 fift- 1 5 1) 52 Wi (1) DSC i 2 W1 /] 6a
i o P 6a TN, 4l AP (K2 0 i 4y o = A it
T2 200 (D i B 725 i Sk B ] R 7 245.0 °C A2 A B
P, AP B A7 R AR O ST b &R s AR TR 4 i 2t
FE(LTD) , % i & Hh 280~330 °C 4 jift # i, H AR It 43
fiff W A IR R 310.5 °C; B T A i ik B (HTD) |, % iz ]
1 400~450 °C [y it $4 0 , L IR 43 i 0 0 R A
423.4 °C. TEFIFEMINA S50 T, Ni@C 9Kk 2 & fi
PR3] 5 B — AR 7] NI NPs T C % AP f i 780 7 718 5
ALTD 3 F2 6 W 5 i, (X H HTD s #2 A W 8 1k
EH . 54l AP 19 #4053 fif o B2 A BE AL, B — i £k 7
Ni NPs Fl Cffi AP i HTD W& i 4 B4 75 T 65.1 °CHI
71.1 °C, 1M Ni@C 44 K #% fiff AP iy HTD U5 i 2 i
78.3 °C, K4E T E A M B UM FEMEH , R b —
Y R SN & O

AR IR E T Ni@C 40 K 18 X AP #4> fiff 14 g
R () DSC #h £k an & 6b fT 7w .t Bl 6b 1] 115 4l AP
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A, Ni@C-800 X AP (%) LTD 1 #2 JC W W 52 i , ifij
Ni@C-900 F1 Ni@C-1000 i 13 LTD & F2 () jit #4 0 JL
P, 5 HTD of B R e AR ml A i AP B9 A 72
&, XFF HTD i #, Ni@C-800 ,Ni@C-900 Al
Ni@C-1000 43 il fiff i 4 0 IR $2 10 1 78.3, 87.4 CHI
99.6 °C, nJ LA & B, Fifi & 4B 08 1l B2 19 365 fin, Ni@C 44 >k
1R X AP B A AL SR R B 3G N . 25 45 110 SCHY HRTEM
FIE 2 TR % 43 BT o] A, Bl B8 T 1 T Ni@C 4ok
b C 2 A AL R, B T CR R
LM ST A R T AP R A3 fif a1 R T % B L DA I D
P AP I3 i 7

10 °C-min”' 345.1 Exo

309.1 ' t
Ni@C-800/AP

352.3

303.1
C/AP
307.2 358.3

Ni NP/AP

heat flow / mw-mg™

4234
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"AP—\K/\_/’/L’—
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temperature / °C

a. DSC curves of pure AP and AP mixed with Ni NP, C

and Ni@C-800.
10 °C-min”" 3238 Exo

7, | Niec-1000/aP 1360

£

Z | Ni@c-900/AP

= 345.1

z 309.1

% | Ni@c-800/AP

2 4234

AP 3105
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temperature / °C

b. DSC curves of pure AP and AP mixed with Ni@C-800,
Ni@C-900 and Ni@C-1000

BEl6 4 AP AT AP A 1 DSC 2k
Fig.6 DSC curves of pure AP and different AP mixtures

F2 24l AP FIARE AP IR G 7E 10 °C-min™'
DSC il 45 5 , AL 45 LTD aof #R W (7)) \HTD & 72 g
W (Ty) W53 M 8 CHD 28 0843 i 2R 3188 in i (A H) Al
KR (GR) . 3R 2 [T, 4l AP Al 3 UL 4 i Ay
825.4 J-g™, BL— AL Ni NPs 1 C {ff AP (1) 2 W43 figt
AT 170.0 J-g ' A1 187.1 J-g  HEK R K 20.60%
Ml 22.67%, ifii Ni@C-800, Ni@C-900 11 Ni@C-1000
53 BIE AP (8 30 53 fif FA 38 I 1 311.0,448.9 J-g7' Al
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598.4 J-g ! MK R H K 37.69% .54.39% A1 72.50%.
5 AR AR H, Ni@C & A HE AL 371 i AP (1 26 WL 2>
fifp ALK o0 WY G iR T o7 4, 36 B L T A A Ak

R Ni@C 44K B X AP (9 LTD i 72 i 1 3R 4%
55, HBEME S AP BRI 43 fiff 06 8 55, JF AN R A T, W]tk
Ul /N BN T R H O fR BE R AR T — AR
Ni@C g4 K 15 X AP 1y $ 73 fift ik R ke 2] 1 R 4 1 4 Ak
RO S T, i KRG T 99.6 °C, 3 W 43 fifk 40 K36
KA R IA 72.50% . MBI 4544 5 241 i % 18 Ni@C
Aok R R A 4R NI 2 Nl LB CE R
SR, [F S Y CJZ ST A NG K
LI B 514 RAE T N JIURE 8 3 BOME S R T &
552 4 BRGS0 A 10 M BB, FTRE A9 4 Ak B BKE 7R
3.5 T IRANRUA

F2 4 AP KRR AP IR A I DSC K 25
Table 2 DSC test results of pure AP and different AP mixtures

sample T,/°C T,/°C H/J-g' AH/J)g"' GR/%
AP 310.5 434.4 825.4 - -

Ni/AP 307.2 358.3 995.4 170.0 20.60
C/AP 303.1 352.3 1012.5 187.1 22.67
Ni@C-800/AP  309.1 345.1 1136.4 311.0 37.69
Ni@C-900/AP  — 336.0 1274.3 448.9 54.39
Ni@C-1000/AP - 323.8 1423.8 598.4 72.50
Note: T, is the peak temperature of LTD process, T, is the peak temperature

of HTD process, H is the apparent heat of decomposition, AH and
GR are the increment and growth rate of apparent heat of decomposi-

tion, respectively.

3.4 Ni@CHX#EXT AP DB HF WM

K FH AR B 3 2% 43 B J5 v # R Kissinger 25 5
Arrhenius J7 #2135 AP 1 HTD 33 72 #4J3 fif 5h 11 2%
S8, BAR T RRIE

F3 i AP KOANTE AP IR A W0 = 800 1 3N 124 S8

E, AR
In(£)=— In(—) (1)
sz RT, E,
Ea
k=A-exp(-———) (2)
RT

A, B TR A, °C - min™ s T, 2k i i S5 A 06 048
K; R N BEAR S AR % %0, 8.314 J-mol™ - K™'5 E, g S ¥ %
fEHE  k)-mol™ s AR FT IR T, min™' 5 kb J 7 1 5
B,s7 MRAEASTE AP ARSI AES5.10.15 F120 °C-min™
TR v I 3 i W A I L B LR YRR S A i AR TP Y
B ES R RN 3R . 3R 3 AL I AR
AT AR AP e A R B TR AR RE L A L Z R Ni@C
a0 >k F Eb B — 9 NI NPs B C 9 20050 o 42, 45 ) 2
Ni@C-1000, ffi AP = i 5 f# 15 AL RE BRI T 24.6%.
J I AL RE B /N | SN B2 5 AT, U B Ni@C 44 K
RENS (I AP 25 5 3 i o X T 5 2 ROV IR &, RV 46 iT
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(0 o3 flf R 5 L 25 5 SRR TR o A R
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Jong g m .
3.5 EHNMELH

G54 O P A SC SR 25 Ni@C 4K
Bk AP (48 43 ff b B i 7 TR o B I 7 AT
FEAR IR 7 i 3 72 AP 52 53 % o NH, R ClO, ™, L F
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I 43 it B B, HCIO, %2 #4 43 fig i O, ClO, . CIO
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LA NO N,O HINO, %77 W) . RHE 2w i iHox , i

Table 3 Kinetic parameters of high temperature decomposition process for pure AP and different AP mixtures

T,/ C B o B
sample E,/kJsmol™" A/ min™' k/s™
5°C-min™! 10 C-min™! 15 °C+min~! 20 °C-min™'
AP 412.3 423.4 435.3 440.5 172.50 1.88x10'2 2.06x107
C/AP 340.5 352.3 361.9 369.9 168.98 1.84x10'2 2.73x107
Ni/AP 346.2 358.3 367.9 375.8 146.11 5.04x10" 3.99x107
Ni@C-800/AP 331.3 345.1 351.1 360.1 141.43 4.15x10"! 3.97x107
Ni@C-900/AP 321.8 336.0 343.6 350.5 140.31 4.96x10" 3.96x107
Ni@C-1000/AP 309.4 323.8 331.7 339.1 130.04 1.06x10" 3.86x107
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Fig.7 Mechanism diagram of the thermal decomposition of
AP catalyzed by Ni@C nanorods
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Preparation of Porous Core-shell Structural Ni@C Nanorods and Their Catalytic Properties for Thermal
Decomposition of Ammonium Perchlorate

LI Li', KE Xiang*, AN Ting', SONG Zhen-wei', WANG Ning*, HAO Ga-zi*, JIANG Wei’
(1. Xi"an Modern Chemistry Research Institute, Xi'an 710065, China: 2. National Special Superfine Powder Engineering Research Center of China, School
of Chemical Engineering s Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: To enhance the catalytic effect of nano-sized metals for the thermal decomposition of ammonium perchlorate (AP),
Ni@C nanorods were prepared by combining solvothermal method and high-temperature calcining process using nickel-based
metal-organic frameworks (Ni-MOFs) as precursor. The morphology, structure and composition of Ni@C nanorods were charac-
terized by X-ray diffractometer (XRD) , field-emission scanning electron microscopy (FE-SEM) , high-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spectrometer (XPS), Raman spectrometer, full-automatic physical adsorp-
tion analyzer and so on. The catalytic effect of Ni@C nanorods on the thermal decomposition of AP at different calcination tem-
peratures was studied by differential scanning calorimeter (DSC). Results show that Ni@C nanorods are porous core-shell struc-
tures with metal Ni as core and graphitized C layer as shell, and highly graphitized C layer effectively prevents the oxidation of
nano-Ni particles. Ni@C nanorods possess more superior catalytic performances on the thermal decomposition of AP than single
Ni nanoparticles and C nanorods. In particular, Ni@C nanorods calcined at 1000 °C make the peak temperature of high-tempera-
ture decomposition of AP reduce from 423.4 °C to 323.8 °C, the apparent heat of decomposition increase from 825.4 J-g™' to
1423.8 J-g™', and the activation energy of reaction decrease from 172.50 kJ-mol™ to 130.04 kJ-mol™.

Key words: core-shell structure;Ni@C nanorods;ammonium perchlorate;thermal decomposition;catalytic effect
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