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FhER R, S KB RO RO L ok #

— Ak £ 2 e A OK A M BE(Fe@CNTs) | 75 58 WL 45 14
FAE A EL Al b 38 A 25 8 S BRIR IR Y T AR
A AL )% HMX  TKX-50 . FOX-7 .RDX Al CL-20 3t 5
Tl vEs BB KE 24 1 i Ak AR A3 AT S S e, O SR F AR T
AT BRI — 4 T Fe@CNTs X HMX Al
TKX-50 7] BE [ fL ML R

2 SLIGER S

2.1 KFE5EHE

R ANKE B EE(Zn(NO,),-6H,0),99.9%,
bl 2- Bk mk (C,HN,),99.9% , 7 Hréli ; Z kTN
i 2k (C,5H,,FeO,) ,98% , 7 1 4li s N, N-— H 5& B i iz
(DMF),99.8%; H ¥ ,99.9% . LA L5 ¥ W 1 BT 47
TAACRHEE B A FRA HD

ACHS TR IR R L 4 A B A B F-040S 88 74
THVENL s T8 = IKA®E ) B e 5 L3R AR R DU SR 2 N
oF A5 A0 RN 48 5 6 5T MicroSmart 5.0 L 5 1 4R
K A 4% i i A7 PR 2> 7] SKGL-1200C & 200 5 H A
JSM-7001F A1 #8437 & 5 49 4 i 7 8 U85 ; 28 [ Tecnai
G2 F20 S-Twin FEI 3% & 5138 5f i+ W Gl B8 ; H AR #2¢
MiniFlex 600 % X-5f £k 17 55 4% ; 3¢ [§ 3¢ Bk € Escalab
250Xi B X-S G i R i o AT A 72 E NETZSCH A
F] STA449F3 [l 5 #43 BTAY ; 55 EI 38R K Nicolet iS-50
A L AR i 217 ) S 1Y 5 38 B 42 70N F] Micromerit-
ics 3flex BYFL AR bb 2 11 40 M A 5 db X AZ i 1E R B
F 2 H] Thermo Mass photo ! TG-DTA-)G &+ Jit 1% []
ARG
2.2 KIgtFE
2.2.1 Fe@CNTsHIA A

ek 3.57 g (12 mmol) Zn (NO,) ,-6H,0 A
0.424 g(1.2 mmol) Z Tt B %5 % T 80 mL H B,
SR J5 FE R A D A B R R 15 min, il A5 R SR A A
T g 1 1 FEVE R OKE 3.942 g(48 mmol) 2- 3 ok mk
BT 40 mLF R IS EE W B, EER T
R AR R TR BN B W B R Z
FEVNEE IS AR AR o K AR R 28
120 CH#R 5 /NI 5 850, Bl 5 F DM TR st 70 U
U, TE 60 °CF EL25 T4 12 /At BIVAT 5 F1085 AR /i 9K
K (Fe@ZIF-8) . 14 T 15 K BIF 5 34 5 J il & %) 48 5K
FrON A HE SR b8 S AR, FE 5 °C e minT Y T
TR RS I E 600 °C, 1H I ## 30 min, F L
3 °C-min (Y R AN E 900 °C, 8 i #fig 2 /N s 15
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1B, R B A AR A B RS 13 8] Fe@ZIF-8 Al
Fe@CNTs IR G W) ; IR H¢ LR S A28 BB Be K
FE 2 3 /N, BRI AT 13 5] Fe@CNTs,

2.2.2 Fe@CNTs5RREMHAHRSHENE &

K P Wy BRBE B 1 ) 45 Fe@CNTSs 5 15 BE 4E 25 i TR
/B

F A2 Fe@CNTs 5 TKX-50 4% — & 1Y Jii & 23 %X
b (1:99.2:98.4:96.6:94.8:92) 43 B FR I J5 5] A 5
WFE VR AGE LB EES 10 min, A5 2B AR &
Iy 9le 45K 1%Fe@CNTs/TKX-50.2%Fe@CNTs/TKX-50.
4%Fe@CNTs/TKX-50, 6%Fe@CNTs/TKX-50, 8%Fe@CNTs/
TKX-50, % M8 Jfi & [ 6: 94, @ i b i )7 3% #l &
Fe@CNTs 5EHE41 - (HMX . FOX-7 RDX.CL-20) FiR A&
Y, oy 9 4 N 6%Fe@CNTs/HMX, 6%Fe@CNTs/
FOX-7.6%Fe@CNTs/RDX .6%Fe@CNTs/CL-20.

23 RUEFEEMWKEHE

(1) F 4 ¥ B2 -RE 35 156 FH A (SEM-EDS)

FE5 KV s R T, SR G & A BT RE Y
SEM A Fe@CNTs & [ ) Sl 08 T 55 F1 7T 2 43+ o

(2) 3 5t 1 @ 0 BE (TEM)

TEM I3 4% 14 - Jin i L FE 180 kv, il &2 Jy =X
.

(3)X 52 At 54 43 B (XRD)

XRD 46 2 10°~90°, 4 # ) 10 °-min™',
K R 0.01°, I3 i #F MDI Jade 6 Xt [t PDF by i
R K i 52 Fe@CNTSs M 2645 4. .

(4)X T B 1% (XPS)

XPS MR 55 WO IE R FH 8 Al Ka, 213150 W,
X G2 R BE 500 wm , B8 & 43 7 25 [ 2 B L 0 80 eV,
4i5m AE 100 eV, 40i% 30 eV,

(5) i BL 0 A5 3 27 S0 335 (FTIR)

FTIR M 45 7 : KBr 23 SR &%, 4 em™ 43 BE 32 4946
32 %, HAH L F 400~4000 cm ™,

(6)BET b3 1 AR ik 43 #r

I AT K Fe@CNTs ££ 200 °C F i A i Ab ¥ 6 h,
T 77 KN RN, W B -8 B 45 U 48, AR 5 3d o BET Jr
B pr Lt R A RLAS .

(7) 22 4 = #4453 Hr (DSC)

DSC 3k £ ¢ - i FH 5 2 G AR i TR B ]
S0, MR E A 50 mL-min' B A A R X 8] R 0.3~
0.4 mg, Mz i B 7 [l 2 40~500 °C.

(8) P H T Ik FHAL (TG-MS)

TG-MS 38 4% 1« W22 75 [l 30~400 °C, FH i 8 %
N Lk
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10 °C-min™", 5K 30 mL-min™ 15 EARI R I 5
AR

3 GRS®R

3.1 TESW

Fe@CNTs#E it (19 SEM-EDS MR 45 S 4n &1 1 Fr i .
IE 1 RE MR 5] 53 i % Fe .CONLO MUFPIITE
Fe Fl C JC & MY AAAE X W T B AR 22K 1 2k 71 40 9 K
GO, U BoT R B TR o (AR T
B B P EE LR NAO TR, HiE I NJT
FRUARWIEXNSRAER PR, M OTR FE
5 C.N IR Y sk S AL A E B SR Bk
M, PR N E &M, /NF A NTTEMO TR
23 5 Fe Ml C IV m i Ak 27 58 B 76 H bR RE St o, # m0A2 %
IR E B A Fe@CNTs,
3.2 FMoW

K H SEM Al TEM X Fr il 25 (9 A [\ By Bt 1Y
Fe@CNTs B KL 47 T JE 31 R AE , o7 1. (1) B 5K 14
Fe@ZIF-8 1) JE i &5 ¥ tn 181 2a 7w, kL RO ' o
100 nm 2247 B AR BTN, 43 A 3450 5 (2) % i 3K 44 T
900 °CH i 2 h AR 45 By BT an 1 2b i, Horpr, KR 43
Fe@ZIF-8 UKL Fifi 5 iy it 1 45 44 A, FF i 1] Bl 44 oK

El1 Fe@CNTs[# SEM-EDS &
Fig.1 SEM-EDS images of Fe@CNTs
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b.

SEM images of the mixture of Fe@ZIF-8
and Fe@CNTs

d. TEM images of the Fe@CNTs

2 REB B Fe@CNTs (1 41 4]
Fig.2 Morphologies images of Fe@CNTs at different stages
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FhER R, S KB RO RO L ok #

R B AFAE T > A B BE 52 4% 5 (3) BT AT DL BB
%K TR A A BB B K FE R 2 3 b, 15 2 & 2¢ B Y
B8 S T B Bk 40 K8 R RE , R JBURE o 4 1 BB 43 45 B A
o3 PSR T BRI AN OKAS 5 (4) Ry atE — 25 3R O 7 e 44 K
B E R RS B TEM G REREAY TOU I 35 36 4T T
FAE, W 2d FE s L 29 10 nm 28 45 1Y 4k A1 555 T RE 1 4%
35f Ui 7 ELAR 20~40 nm 5P IR B 9 K B P s R, R
WY E B A5 ZIF A A R 1 2 Al 0 K A A L .
3.3 ¥tESW

JT R E R ANOK S Fe R WA ETE Xl
XRD iz % Fe@CNTSs 1) 4 #H 241 B #E 4T 1T 3RAE Chn &l 3
FER) . 455 BN, 7E 20~50 °HIYE I N , Fe@CNTs iy
XRD 3 J 75t SR (%) e b ORHER AR 98 08 | H 32 2243 5
I 5 PDF#75-0910 R A B9 (101) .(110) . (111) .
(020) .(021) .(200) .(120) .(121) .(210) .(022) .
(103).(211).(113).(122).(212).(023) .(221) .
(130) .(131),(222) .(301) .(132) . (311)F1(223)

Fe 2p

. rawdata
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- .
s . 73086V,
= T L] 717.7eV o
5]
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a. Fe 2p core level spectrum of the Fe@CNTs

N1s
- rawdata
——peak sum
399.9e\[ -

401.1eV

intensity / a.u.
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binding energy / eV

c. N 1s core level spectrum of the Fe@CNTs

4 Fe@CNTsH1Fe .C.N.OJTCE M XPSHH 4l Bl
Fig.4 XPS Fine map of Fe, C, N and O elements in Fe@CNTs
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i T e — 30, R OT 2 E B LUK T8k (Fe,C) Y TE
KAFAE

Ty ik — 2L AR A T R R M AE R B
FH XPS £ AR X} Fe@CNTs 4 4k 71 JF J|& 1 33 4f 2 1iF A1 53
Bro Fe.C.N.O JC & fr i 09 Ji + Ltk 23 il 4 8.6% .
79.88% .5.68% #1 5.84% ; ¥l 4a ', Fe 2p,, #1 Fe 2p,,
) H eI W S I AE T 724.3 eV 710.6 eVl

intensity / a.u.
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B3 Fe@CNTsf¥ XRD &l

Fig.3 XRD spectrum of Fe@CNTs
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b. C Ts core level spectrum of the Fe@CNTs
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d. O 1score level spectrum of the Fe@CNTs
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5

H o FAEALE730.8 eVHI717.7 eV H AL B i) T2 I
WEBA T Fe M AE e s B 4b rf, C 1s 1A 415 & rp 52
INTE 284.8 eV AL A FE E W 0 Tk gty C—C
I C—C > ,283.7,285.4 eV F1288.5 eV b [ =4~
U 5y UH JE T C—Fe S \C—NH#EA C—=N #>'; A
Kl 4cHal LA LN 1s 19 B35 o A7 78 g A g, 47 T
403.2,401.1,399.9 eV F1397.9 eV JUAL , % H & T &
TR A A8 LT RN DL B R RRAE 0T 5 /] 4d
O 1s AR 40 K, 18 4d B, 533.0 eV [ I X I 1) 2 e
B4, 531.4 eV AU I 1Y) 2 i B A0 DL ) 529.0 eV 1)
g o 7 1) A 4R L Fe@CNITs Y XPS 8] 3% b fiE
% WL 5% 5] C—Fe gt L K i 750 5% 44 K &5 44 ) b ) C—C
I C—=CH#E M FEAE I, i — 2P E W T Fe,C B AE1E DL
e A0 KA ek 1) B ) S o

T HfIN Fe,CFERR AR A LI 85 00, ifF— b
iz I FTIR XHEAL R HEA T T R AE 0BT, 45 S A 5 /R .
1 5 AT AE B 3426.5 em ' ik il g Wi i o 7 B
i I B G K 2 T R — OH B fE T Y 1 45 4R 351
1589.2 cm™ &b ¥y W i i w] 4 2 C—C.C—C Ml C—N
B G PRBIIER;1217.8 em™ &b B W Ui mf )5 SR 3R 4R
S C—O—C MM 4Rk 2555771 cm™ B 4%
55 B W MSCHE R I Y R Fe—O B () AR IR 3h1%, % e B 41
HMCTC 2R R AR AUK A, LT BB JE & Fe—O
B Fe,O, Mt &S/ £m L&A B 1P ERNO.
N .Fe JC K 74 I 1 50K F L AH N ) 2k S Ak 1) 2 2 AH
Xif 558 /0 s MR SCHR [ 33 T4 , Fe—C k(14 1 45 IR 3 1 il
25 i 3R B 4 Ak T 593 ecm T 1485 ecm T Ab , IR 4T
AP I T R W 5% B AH DGR AE AR 0, 45 4 &1 2 v TEM U
IG5 R, AT LU R Bk 90 K 4 S AN FE 7 Fe,CL B Fe,C 1Y
BRI hy T2 5 v A AT 1R I B 4 KA N s

B b 3R i BUR PE M AL R B B AR AR — A
WF5E 3 — M8 T Fe@CNTs 19 N, W52 R 5 B 25 11 ity 2%

transmittance / %

1589.2
1217.8

3426.5

4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumber / cm”

BEl5 Fe@CNTsHZLAk ik
Fig.5 FTIR spectra of Fe@CNTs
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MALBE O, a5 R mE 6w, MWK 67 UL .
Fe@CNTs [ BET LL R i F1°4 395.48 m*- g™ s MM i 1)
L mE T UUE B LR ST E P A 4 nm £
£, )8 T fL(2~50 nm) ; Fe@CNTs 7E #H X} £ 11 p/p,
9 0.4~1.0 B P 0T W G i H R ] BE 2R
FE A ER Z AL Ll 1, Fe@CNTs j2 — 28 A
A 2 R A FL R

300,

Fe@CNTs
2507,
:9’ Eis 2
§ 200|z
% go.s 1 o e .’./:’- .;
S 150]=° 10 20 30 40 50 6‘/ _._.,-—I’
€D pore width / nm o on—n—"
8 lclr".'.‘
Z 100 o=
5 b
7 50 —=— adsorption
—e—desorption
0

0.0 0.2 04 0.6 0.8 1.0
relative pressure(p/p,)

Bl 6 Fe@CNTs 1 N, Mg B -l Bh 45 i ith 2 A AL A2 43 11 5]
Fig.6 N, adsorption-desorption isotherms and pore-size dis-
tribution of Fe@CNTs

25 b, i SEM-EDS . TEM . XRD . XPS.FTIR A &
Fb 2 FRLES 20 M, 7T UL Fe@CNTs & —Fh B 7 b %
T R A A A A R, e 8 K GO0 9 K AT i 22 L) Fe,C
149 TE =X dat it 26 71 bR 1 e 490 K A7 P o 3K e i A £
5Kk Ay A [ A A 4 550 ] v BB 2L 0 114 44 Ak B ik 450 Ja
rh i B T AT RE
3.4 fEHMEESN

H T, 1= A8 2H 43 Hh o AR A4 2 ) S i oK 22
J& AP HMX RDX Al CL-20"*77", 3T 4F % , FOX-7 Al
TKX-50 K 3t H = 8 LBl 2% (8 T 19 4 a5t 9l 3 oy
TR 14 1A 28 590 FH ARCAR R 00 o AP R A AR
Jike EL Pk B U B 4 Iz A T H LR B 7 1k 3 B AR
B EE, B 53 P RoKRE & E RS,
MRS W AE AR N AR A ROk BT,
HMX H1 TKX-50 42 25 & P B8 0 5 HL AR AH 6 34K i AR
R Z AR ME A I @ AR L, 78 [ AR F
R AT SR . Uk, LR S SE Fe@CNTSs X
TKX-50 1 HMX Y 4 16 #8 J3 A 4 14 59 52 W), [) i 56 ik
Fe@CNTs Xt FOX-7 \RDX Fll CL-20 #4315 JF 1) 4 Ak
EH o
3.4.1 3 TKX-50 #0451 I

4l TKX-50 #£ FH il #8224 10 C-min™ F 9 #453Hr
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FhER R, S KB RO RO L ok #

MR N 7 Ji7s o T LA H TKX-50 A9 #0 i oo 72 43
R 2 A4S TR B, A AR B BT I A 2 SR 5 4% 7% LA
K1, 17 -Z g g (BTO) Fl 5, 57-R (2-58 F Y mg )
(ABTOX) It A B %% 46 45 5o AR RO B3
PR, AR B TKX-50 B9 1% IR 5 #4 0 42 1 o O i &
Fe@CNTs M LR

153 T Fe@CNTs/TKX-50 1%Fe@CNTs/TKX-50

w —— 2%Fe@CNTs/TKX-50
—— 4%Fe@CNTs/TKX-50

6%Fe@CNTs/TKX-50

- — 8%Fe@CNTs/TKX-50

= —— raw TKX-50

=5 210.8 2447

= 8.4

=

]

2

150 200 250 300
TIC

B 7 AlF% & Fe@CNTsHEfL TKX-50 9 DSCHHZE (=10 °C-min™")
Fig.7 DSC curves of TKX-50 catalyzed by different contents
of FE@CNTs(B=10 °C-min™")

PLTKX-50 A, 25 %8 1 i Ak 500 & 5 %) 55 B 41 73 44
gy ff R MR B R B, X 1%Fe@CNTs/TKX-50.,
2%Fe@CNTs/TKX-50., 4%Fe@CNTs/TKX-50. 6%Fe@CNTs/
TKX-50.,8%Fe@CNTs/TKX-50 T F i & W) 76 71 i 3 %
910 °C-min™ T WIS BT i i AT T, 25 R
K7 B o YA R B3I & 1% 2% 4% . 6% Fl
8% INt , TKX-50 YA Uit 73 fifk 04 53 S 42 /i 1 33.9,36.3,
39.4,40.4 °CCH143.1 °C. Bl & M Ak 571 5% 1T 09 AS Wy 1
i, FEXT TKX-50 Fé i Ak 19 4 B R A8, 4 4 M 1k 28
W0 — MR o 5 T Bk T A b 7 A [ A B ) v
MR AE DL A s e i A 700 0 % 5 R 6% LLIEAT
i OE

FHIDSCEL T A [F F-iR# % B(5,10,15 C-min™
120 °C-min™") T TKX-50 fll 6%Fe@CNTs/TKX-50 f}
Py e, g5 R 8 ran . 54l TKX-50 (1) #443 fif
W FEARE , 6%Fe@CNTs/TKX-50 TR A ¥ 8y 5 4 Ji 34 By
BrAewin R E R ED . MR EER S,
10,15 °C-min™" #1 20 °C -min™ i}, fil A B & 20 £
6% B Fe@CNTs & , TKX-50 f4 1 8 il #1406 43 5 $2 1 1
37.6.40.4.38.6 °CHI139.5 °C. ItAh, 764 Al A4 FF L
R, TKX-50 Y /& i il #4404 43 5 2 17 1 50.0.53.5,
53.8 CH151.3 °C. B4R, Fe@CNTs X} TKX-50 (¥ & i
3 fifk W B 11 5% Wi LK TR 0 B B . TEe AT, 1
RBFFEUESE Fe@CNTs X TKX-50 Ay H 0 i 1k P2 A W 35
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TKX-50 L% T
——5°C-min”
- ——10 °C-min’ 252.5
2 [ —— 15 C-min’
= | — 20 Cmin’ ﬂi
3
= 2774
(3]
2 244.7
2706
235.5 2895
A / .
150 200 250 300
TIC
a. DSC curves of TKX-50
Fe@CNTs/TKX-50 u% T
—— 5°C-min’ 213 poes
— 10 C-min” <
— 15 °C-min’
">
=
=
2 9432168
=
2
197.9 5005
150 200 250 300
T/C

b. DSC curves of Fe@CNTs/TKX-50

8 TKX-50F16%Fe@CNTs/TKX-50 B DSC fh £k
Fig.8 DSC curves of TKX-50 and 6%Fe@CNTs/TKX-50

A1 o

J T IRA B Fe@CNTs X TKX-50 Ay #4473 i 4 1k
YEH, SR BEE J7 W35 T M R A4 i sl 122 58
W2 MR VSR

Kissinger** v& 1A i AL BE MY 7 A2 an =X (1) o
TBPZZInAEIj_ERa.;; (1)
%P BT, Kemin™'s T F 2 il it K ;
ARFETTH T, s RO E %2,8.314 ) - mol ™ - K™;
E, R RE R 2 W% AL RE L k) - mol ™'

W H R Ozawa 7 ik M B2 B 2 TR
TR (2) s
g5 Ig[ AE,

RG(a)

R, a WAL T % G (a) Ny 52 L e BR 4 1Y
| W

BB ALy 1 A AV 2 B (A3 figt S 9 S B L
Too A3 i M 05 (B FE T A R0 R BE T, 4R
H M IR RE T BT A O A =C(3) M (4)
JIE R

In

RT

P

Ea
]—2.315—0.4567 (2)
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Te()orpo = Te/'orpi - bﬁ( - CB(_Z — dB[_3 (3)

E - |E* - 4ERT

Teburpb = 2R noe (4)

o, T, AT 43 00 2 TR 8 32 8 T & i DSC itk 1
1 A1 HE R b I B 5 IR L K BN Kissinger #8880 T 530 1
3% AL RE L k) -mol™s T, 80 T, 53 50 o THil 2 2y B I
DSC i £k I i Sh ek 4 T 52 5 e 3t L Ko

P F SR AS G IRk AH I A T B
M AE AGOR R R Hoat B A= (5) (K (6) = (7)
JFR

Ae(%) = ve(%) = khBTe(_éf) (5)
AG” = AH" - TAS” (6)
AH’ = E - RT (7)

A, TR A0 ik S0 A W B0 B, K5 v R i AR 4 7 Y R
AR 5 h B W B, 6.625%X107 ) - sk N
Boltzmann % %%,1.38x107% J- K™,

I A T6] A R 2T g A 0 R B
Kissinger-Ozawa 15 %! 1+ 5 TKX-50 Fil 6%Fe@CNTs/
TKX-50 14 57 fif i B 8l D)2 S 80 a5 R &1 iR .
54l TKX-50 /1 1t , 6% Fe@CNTs/TKX-50 () 3¢ VL3 1k fiE
E A3 ABEME T 11.2 kJ-mol™(Kissinger) #111.9 kJ-mol™
(Ozawa) , Bl Fe@CNTs Y il A BE % 5 ik TKX-50 $453
fife BN BT D RE A 42 . B4R, Fe@CNTs J& il 2 i fIK
T3 fifk SONE T s 1Y) 9% A6 B Sk £ i TKX-50 1Y #4453 ik iod
2, K] Fe@CNTs e % ] T I8 4% TKX-50 & 4 #F 51 19

F2 TKX-50 F1 6%Fe@CNTs/TKX-50 (K31 J] 2% Fn 322 4 5 5

BRI

F 2% T TKX-50 Fl 6%Fe@CNTs/TKX-50 IR &
P A ) 2 TR 2 S 0B Rl (1) 78
TKX-50 & Z RN T 6%Fe@CNTs Ji, T, Fl T,, % %
fiX 7 39.6 °C, # I 4l TKX-50 43 5 [ A% T 18.6% Al
17.7% , T LT, 53 S BEAIR T 22.9 °C 1 23.2 °C(FEAR
10.6% f110.2%) , & Fe@CNTs [ il A X} TKX-50 [
IO 1 S BT — s AR AR (2) 38 Fh i E A
P s B SN 3ok Y A A TR L BE 1S 5 (3) 5 4l TKX-50 4
b, 6%Fe@CNTs/TKX-50 1R & 9 1 16 L 45 B A1 , 16 1A
6%Fe@CNTs/TKX-50 M 3k 2% 2] 3 & & 1) BR AT o 7 v
LT B D R e A, BIAT 3k TKX-50 (8 3440 fift 1
B E BT 5 (4) E AR 3 Ak LR A T B R Y
WA KT oM HLKE , Fe@CNTs A LRE W A 5%
T TKX-50 (9 #82fiff , T ELAAR 38 784 AL 700 m A R 5
I TR 2R RS, W Fe@CNTs J& TKX-50 i K
G AR

F 1 TKX-50 Fl 6%Fe@CNTs/TKX-50 [ #453 ift 3l 1 % 2 4L
Table 1 Thermal decomposition kinetic parameters of TKX-50
and 6%Fe@CNTs/TKX-50

Kissinger Ozawa
materials E E

« o, lgCA/s™) R © LR

/ kJ-mol / kJ-mol
TKX-50 173.9 14.5 0.99 182.5 0.99

6%Fe@CNTs/TKX-50 162.7 14.7 0.99 170.6 0.99

Note: E and E, are the activation energies calculated by the Kissinger and
Ozawa models, respectively. R® is fitting coefficient. A is the

pre-exponential factor.

Table 2 Calculated values of thermodynamic and thermal safety parameters for TKX-50 and 6%Fe@CNTs/TKX-50

materials T,/ C T,/C To/C T,/ °C AS*/)-mol™ K" AH*/kJ-mol™"  AG*/kJ-mol™’
TKX-50 212.5 223.3 216.1 227.9 19.4 169.8 160.3
6%Fe@CNTs/TKX-50 172.9 183.7 193.2 204.7 24.5 158.8 147.4

Note: T, is thermal decomposition extrapolation onset temperature. T, is hot ignition critical temperature. T is thermal decomposition extrapolation peak temper-
poO

ature. T, is thermal explosion critical temperature. AS™ is activation entropy. AH™ is activation enthalpy. AG™ is activation Gibbs free energy.

3.4.2 T HMXELRSBFENZ N
HMXAFFHE#EZ(5.10,15 °C-min ' F120 °C-min™")
TR BT B 2 B 9a s . BE A IR E TR HMX
B A 2 AE 199 CCRE I 30— AN 155 A W $A e 5 24
6% = T 280 CJa , HMX JT U filt, T8 1 /N 1 22 B 1)
W AU N [T AR ] BN A AR R AR AR R . A B
SEAEN, 7E ik B2 ol T AR A AR AR 5 A A S R D R
AR ZL R B AR S S BOBE B A R SR BT,
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HMX T 43 fiff il 48 4) (RBLAE DSC 46 L, B HMX
FE T IR A AR v 2 B BE D 2R B A B, HUHOAS e 4
s il W A G i T ik TR % Y 8 O T 4 o R . 2
BA5 C-min™ B, 7E R Ze T 00 AS ) W FR 5 2
B4 20 °C-min if , W HAIEIEF B 2 . N A Fe@CNTs
i AR50 AT AR HMX Y A Ak B4 23 i 4 Pk Can 181 9b i
RS THREE K 5.10.15 °C-min” #1120 °C-min™’
B, 6%Fe@CNTs ¥ Il i A] fil HMX Y 4 43 ik 550 44 06 i
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HMX 9 T
— 5°C-min’ H

|10 cmin’ 2033

@ | —15°C-min’

% —20 "C-min{gg 89.9

3 ; J

o : 85.6

2 =T J

150 200 250 300 350
T/C
a. DSC curves of HMX
9 HMXFI6%Fe@CNTs/HMX i DSC il £k
Fig.9 DSC curves of HMX and 6%Fe@CNTs/HMX

A3 BI4RET 10.8.1.8.4.3 CHI 4.5 °C, £ W] Fe@CNTs X}
HMX () 35 fiff 3o 72 2 A — 8 AR .

AR — T A OIS % B ) SR A
RWE3IPiw. H4iHMXH L, 6%Fe@CNTs/HMX
RAEWK R WE LG E 20 9K T
96.9 kJ-mol™ (Kissinger) #1 97.1 kJ-mol™ (Ozawa)
1 L AT UL, Fe@CNTs S 3 3 F AIK #4052 17 T 7 114 1o
b fig SR A2 3E HMX B F000 i 2o B2, 3 5 28 10 1 i b 28
W LA B AR R ) D RE 58 4= — 3. M kAT L, Fe@CNTs
SR — A R R AR R BE 5 T T U A HMX R HE 2 )
)RR

HMX Fll 6%Fe@CNTs/HMX 1R 4 9 il #4727 Fl $k
TSRO B R 4 s, ARl A ()3
6% [ Fe@CNTs Ji7 , HMX 1A Z i 4 7 i &0 41 e 1 I 2
FI AR HE I R BE XA B R CRE IR 16.7% I
14.7%) , %W Fe@CNTs [y I AT HMX i #443 fiff H A
— i B AEARAE L 5 (2) I A AR S L BN /9 1% 600 R

F£3 HMXH6%Fe@CNTs/HMX (1 #443fift 3 1 2% S 4L
Table 3 Thermal decomposition kinetic parameters of HMX
and 6%Fe@CNTs/HMX

Kissinger Ozawa
materials E ) E )
K . |g(A/Sﬂ) R? (e] . R?
/ kJ+-mol / kJ-mol
HMX 249.3 20.3 0.99 258.6 0.99

6%Fe@CNTs/HMX  152.4 11.2 091 161.5 0.92

F4 HMX M 6%Fe@CNTs/HMX 131 1 2 FHA 2 Pk S 80T B H

Fe@CNTs/HMX 2 T
—— 5°C-min"

—— 10 °C-min’ 288.8

—— 15 °C-min"
—— 20 °C-min’

heat flow / W-g"
f%
(%]
2 A

150 200 250 300 350
TIC
b. DSC curves of Fe@CNTs/HMX

FAE, F W PR 2 b 45 2 U 25 A0 VR AL R 3 R AIG 5 (3) 15 4k
FEAE I 2> T 96.6 k)-mol™, 3 BA K 2 W i 55 /8 1 fig 1
R AT S B RE S 0 BR AT 5 (4) 36 A4S 35 A 0 (1 el e Y
IEAE, BEBE AL BN S A R IF AR, T LU HMX
FEJNA Fe@CNTs Hij J ¥ 40 T 0y 2 A2 e kA o
343 WHESHEDELRSBEENZN

T XF T T L TR (1 2 i S 2R 2 U S i R L 2 R AT
TEMBF G )G , 20— % 5 T Fe@CNTs 1 g 104 1 i Ak 71
X B T A2 5 T T AR E R = BB A4 (FOX-7 .
RDX 1 CL-20) [ #4 4 fiff 457 Pk (4 5 i), 36 22 N 254 95
(1) X FOX-7 i {4 o3 fif R PE B 52 i . 38 %, FOX-7
8 T3 i 1 S8R AR IR I B, A WA A i, AR A R A
XFGE 8, X N T FOX-7 Mtk & 08 I8, il 3 & A
45 TR R v U B B, i R T R e ZR T L R
W L (g B AR 10a FIF R 45 Ok &, M i A
TN 6% 1Y Fe@CNTs Ji7 , FOX-7 (415 1 ikt #h g
TR TT T 4.9 °C, = i By B VLA A I 3 R RS 4 )
fif 15 ¥ R & AR AR AL, & ] Fe@CNTs Xf FOX-7 1y f
3 fif T RE 2 AR FF A 3L 8T 4 A L (2) XF RDX
HEAL B3 i e ME RO B2 IR . RDX 4 40 i o 72 I8 T4
Bl A 2, 7E X RDX A 445 72 b, I o5 L FR
Tt RDXFE 204 CAEAT KA K6 Rl AH A8, 6 R 1 #4037
il 2k — A~/ IN I SR B0 1Y W A | B S TR RDX & A2 1
AN, T B — A 55 5 14 R A0, o O ok 5 vl i i 1
24 B N TOA IR IR A U R R S R R A 1Y

Table 4 Calculated values of thermodynamic and thermal safety parameters for HMX and 6%Fe@CNTs/HMX

materials To/C T,/ °C AS™ /) mol™ K™ AH™/ kJ-mol™ AG™/ KJ-mol™

HMX 269.9 280 129.9 244.8 174.2
6%Fe@CNTs/HMX 224.8 238.8 =43.7 148.2 170

Chinese Journal of Energetic Materials, Vol. XX, No.XX, XXXX (1-14) A A AL www.energetic-materials.org.cn
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P B 10b AT R 25 SOk A Y A B 4 B0k
6% ] Fe@CNTs J5 , RDX [y i # I R 2 /T T 6.0 °C, 1M
W P R % A2 AR AL, W] Fe@CNTs X RDX B 4 1k #4
Sy RE R RE R E AR TR R W RS R L (3) X
CL-20 f# fb 31 o fif F5 P 52 1 . Mao % A48 i CL-20
B3R i R — A TCRGE R FE X CL-20 By il 72
Bif 5 0 R R SR 1 T, 6 A i S [ e DT 21 B A 4B
R T B 242 1100 05 0 58 A 100 S B3 T I 1] PR B K R 1Y
At B 10c TR 25 ROk &, 24 A i 43 H0h

—FOX-7 2t
—— Fe@CNTs/FOX-7

heat flow / W-g"

100 150 200 250 300 350
TIC
DSC curves of FOX-7 and Fe@CNTs/FOX-7

®

— RDX £t
—— Fe@CNTS/RDX
‘o
= 2313433
=
8
©
2
204
150 200 250 300
TIC

b. DSC curves of RDX and Fe@CNTs/RDX

Exo

—CL-20
— Fe@CNTs/CL-20
2422 251

heat flow / W-g”

150 200 250 300
TIC

¢. DSC curves of CL-20 and Fe@CNTs/CL-20
B 10 6%Fe@CNTs fit ft FOX-7 .RDX £ CL-20 f§ DSC i £&
(B=10 °C-min™")
Fig.10 DSC curves of 6%Fe@CNTs catalysis of FOX-7 .RDX
and CL-20(8=10 °C-min™")
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6% I Fe@CNTs 7 , CL-20 Ay i iR $4 7T T 8.8 °C,
oy ik il 2 W TR TR O R 0, B L A B o, &
Fe@CNTs Xf CL-20 [y {1k #4 43 fi A3 7T fig 02 32 2 4E
SR YL [ESSUN
3.5 fELMIE

N HE— AR I Fe@CNTs XF HMX ( Z R R HE2h)
MTIKX-50( Z A ST e s 3 il , R H
TG-MS B RAETFHRHEHE K 10 C-min” W& F
X} AR RE SR FEAT T . HMX A1 6%Fe@CNTs/HMX
REYE TG-MSIAZE R 11 frox. ATLLVAE
(1) HMX By #5832 5 DSC #i il ko Je 3 i —
B,y Ok B B A R TR R 199 CAS,
HMX JF 4 2« 8, B % 330 CEEL M 455 (2) A
Fe@CNTs J5 , HMX Y #1 J% e i I B ) 3 R A1, (H 2
J 7 F T DX T A G, A i 0 VL A 4R T 5 (3) A
WAL 5, B ff te (m/2z) B 16(NH,) (18(H,0) .28
(CO.N,).30(CH,0 .NO)fi144(N,O .CO,) iy & F Iif
AT T 1~2 °C, Wi W] Fe@CNTs B 48 Il nl LA #F
Py R AR 72 (NH, . CO . N,. CH,0 . NO . N,O,
CO, . H,O) iy $2& 15 4= 5 ; (4) I AF , 72 HMX 1) TG-MS

100
80-\——_\\/\m/z=44 _
miz=30 =
= 601 miz=16 2
(2} =
& 40 miz=28 3
= miz=21 £
20+ miz=18 kS

| miz=43
01 \ mlz=17
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T/C
a. TG-MS curves of HMX

100
801 _
=3
< 60 >
= Q@
8 40 mz=16 | G
& miz=18 £
20 | mz=43 | s

miz=27
0 \%
-20
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b. TG-MS curves of Fe@CNTs/HMX

Bl 11 HMXF16%Fe@CNTs/HMX K TG-MS k(=10 °C-min™)

Fig. 11 TG-MS curves of HMX and 6%Fe@CNTs/HMX

(=10 °C-min™")
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Mk b, T 283.5 CHETHBL T m/z} 27 (HCN) 198
Tl BRI 7E 6%Fe@CNTs/HMX A #: T 4 2 v G 18
Il 12 3] 3 Kb U 1) A7 E U0 AR SR B A AT BE X HCN
SR AT R R AR T S

TKX-50 1 6%Fe@CNTs/TKX-50 i TG-MS ] i
ERME 2 07m  IWEHRTLUE Y, (1) TKX-50 [ #4
KB B Ay WA Ay B — B BN 172 °CHF i F
209 °C,FER R BRI T 47.6% ;45 By Beny 45 842 M
209 CH 4R, ) 275 CHIE MR E1.9%, 4 H
DSC #Ji ifi 4e XF L 43 1, 5 AR i A (244.7 °C) I
e R B I (270.6 °C) FiF Ak A9 3R B DX [) A — 255 (2)
A Fe@CNTs Ji , TKX-50 1K & i $4k 8 Ih I B2 B2 7
JFHMA K EXMILFES, 150 CE 206 °C, H
i TR BN 97.2% K E 5.9% , X — ISt 5 R
I £ T A A U R T T 1Y B B — B0, I 206 CTF
163 248 °C, M i i — PR 2 0.5%; (3) TR A
WALFI G , m/z 8 28(CO (N,) B F I )\ 241.8 °CH2
A % 204.8 °C, m/z 5 16 (NH,) .30 (CH,O.NO) .
44(N,O .CO,) Y & F I H W ¥ 511 T 32 CA A, Ui

1004

8 ::\_A,_&
] mizzds | s
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=
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. o
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a. TG-MS curves of TKX-50
1004
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2 80 miz=27 ©
2 miz=44 3
2 B
S 401 miz=16 2
3=
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b. TG-MS curves of Fe@CNTs/TKX-50
12 TKX-50 Fl 6%Fe@CNTs/TKX-50 [ TG-MS [iii £
(B=10C-min™")
Fig.12 TG-MS curves of TKX-50 and 6%Fe@CNTs/TKX-50
(B=10C-min™")
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B 6%Fe@CNTs [ ¥ 1l w] DL A F 44 4% fit S 7= W)
(CO.N,.NH,.CH,0 .NO ,N,O.CO,) iy # i 4= & ;
(4)7E TKX-50 i TG-MS i &+, F 270.2 CLE A H
m/z R 17 (NH,) /45 T 1§, 266.5 °CAab H 85 fif Lk
18 (H,O) ) %% % , 8% i 7€ 6%Fe@CNTs/TKX-50 iy
TG-MS & H 2 W22 5133 15 Ak g () A7 78, ] g Je il T
Al 300 1 8 L 2 T AR O /N Ay AR P A
F18y W B

454 TG-MS 45 F L K SCHk s B 0, 42 Hh 2k 67 2%
BN K A5 X HMX I TKX-50 33 9 28 /&5 BE 2H 43 1 i Ak 16
PRI RE 5 DU F7 mAE A OC (1) 3 & R ks
FLAT 58 0 T R TR B BE Y 7 TKX-50 1Y 34 43
fiff Ao R v B A% W 50 AL P Y B AR R DT A
ok AR sk /N B4 3% Ak BE B9 1 0 gt R B O S ) A Ak 1k
Al 5 (2) HMX Y $0 fift 52 0L 4 T Al 35 11 24 24 s hg
LA T M 1 4 B AR O A R A R & T M g
B 11 B A0 K RE N I 0 B 5 RE A T b e e
AHEAE T, Ry 4 i B 07 45 A48 T P A2 st o R B G i S5 i
HEFE 5 (3) 90K G 4 T T 2 g 0% 1 — 20 34 5 4 s S
HEAL T B AL TG PE 5 (4) BR YK MR A BE R R R
R AT 5505 1 B D TR 66 45 440, 30k Al 2 R %) P It G g %
A A 19 5 AL R i B Ry AR5 (5) Fe@CNTs B
A3 v 1 H 2 TR, R A5 A A B HMX T TKX-50 4
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T e A HE 7R A A e M e

4 % it

T Ao Xk B 2 Rk 4 KA A A TR Y B B R AE R
e e ST, 15 LR 4538

(1) LA A 10K e i - 24 Sy i K4S, SR FH A 8 2
[ A AR Rl A AT I I g i B A i B N
Fe@CNTs, #£T SEM .TEM XRD .XPS FTIR Fil [ 3¢ i
R T 85 3R AE 7 s i — 0 R W] Fe@CNTs & —Ffh A
1o L 2R TR R AEUAB 2% R R O A 40 K A R ), S
BT R FE L FeC, T8 2 B i T ELAR 20~40 nm BT
TR B AN KA

(2) 5 F 52 (1 DSC i i 42 5 #e T H 5 0 # oy
fift s 1 22 S8 AT IR VS BN T A R R
B, Fe@CNTs J& — Pl A3 250 (14 49K S A A6 9] , B 08 X 22 A
o AEE 2 R BN W R AR IE ML TR R R
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6% B}, TKX-50 ,HMX ,FOX-7 \RDX ., CL-20 1. Fh /& fE
2 53 0 TR I IR 43 I AR HT T 40.4.1.8.4.9.6.0 °C Al
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P 10 AR A A

(3) & T Fe@CNTs Al RE A fEfL UL L . o X
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Preparation of Iron-loaded Carbon Nanotubes and Catalysis of Energetic Components in Solid Propellants

DU Xi-feng, YAO Ya-jing, ZHANG Xin-hui, ZHANG Yu-xin, HU Shuang-qi, FENG Yong-an
(School of Environmental and Safety Engineering , North University of China, Taiyuan 030051, China)

Abstract: To develop a high-performance burning rate catalyst for solid propellant, an iron-loaded carbon nanotube material
(Fe@CNTs) was synthesized by high-temperature pyrolysis of the caged precursor. The elemental composition, microscopic
morphology, phase structure, specific surface area, and catalytic decomposition performance of Fe@CNTs were investigated by
scanning electron microscope-energy dispersive spectrometer (SEM-EDS), transmission electron microscopy (TEM), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), nitrogen sorption iso-
therm measurement (BET), differential scanning calorimeter (DSC), and thermogravimetry-mass spectrometry (TG-MS). The re-
sults show that, Fe@CNTs is an iron-loaded carbon nanotube material with a high specific surface area, which can reduce the
exothermic peak temperatures of octogen (HMX) , dihydroxylammonium 5, 5'-bistetrazole-1, 1’-diolate (TKX-50), 1, 1-diami-
no-2, 2-dinitroethylene (FOX-7), hexogeon (RDX), and hexanitrohexaazaisowurtzitane (CL-20) by 1.8 °C, 40.4 °C, 4.9 °C,
6 °C, and 8.8 °C, respectively, when the addition amount of this material is 6%. The calculations of thermal decomposition ki-
netics based on the Kissinger-Ozawa model show that the apparent activation energies of 6%Fe@CNTs/HMX and 6%Fe@CNTs/
TKX-50 decrease by 96.9-97.1 kJ-mol™ and 11.2-11.9 kJ-mol™, respectively. Theoretical calculations of thermodynamic and
thermal safety parameters indicate that HMX and TKX-50 are still in a thermodynamically stable state after adding Fe@CNTs.
Based on the results of TG-MS, the possible catalytic mechanism of Fe@CNTs on HMX and TKX-50 is further proposed.

Key words: iron-loaded carbon nanotubes (FE@CNTs) ; solid propellant; octogen (HMX) ; dihydroxylammonium 5, 5'-bistetra-
zole-1,1’-diolate (TKX-50) ;catalytic performance
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A high-temperature pyrolysis strategy of the caged precursor has been used to synthesize iron-loaded carbon nanotube material
(Fe@CNTs) independently. The elemental composition, microscopic morphology, phase structure, specific surface area, and

catalytic decomposition performance of Fe@CNTs were investigated.
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