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Abstract

Graphene has attracted the attention of scientists all over the world and has been widely studied
due to its unique structure, excellent conductivity, thermal conductivity and thermal catalytic
performance. Especially in the field of energetic materials, graphene has a broad application
prospect. In order to better understand the research status of the application of graphene in
energetic materials, this paper summarizes the structure and properties of graphene materials,
focuses on the application of graphene in high-energy explosives, rocket propellants and other
energetic materials, and summarizes and prospects its development in the field of energetic mate-
rials.
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1. 5]

£ 2004 £, JEE S MHEF K22 Novoselov 55 A UK BRI 70 =5 T A sE O SRR 1. ik
BB 7 2010 SEH) 3 WURMI B2 . B, & B2 SO0 0 SRR BT Uk 2, R,
A A SRR AR SGIR SR R R I K [2] . ARG 2017 4, 50 5F 19 2 w7 Mk Akt A= 7=
T AR SR TR PR AR 4 T I 2G0T TN S [3]. IR SRR T T SR IE A R S R A E T K
EREM B Tk ar LK, (R FAR YU EEA I — RARS YR [4]. & Gep RHE T dokh &
A SRR BEEERER . EA . DHREAINFRIGAE R, R MBI REAF R SE,  RERS LA
REAHUIBE T ORI RE R [S]. H ILE AT F & BEM BT JE 25 K EGRNHERETTI SR (6] [7]. A )i BATROR
MR R0 A e DLRGE R A2V, AT REAS I S B g oKL, BE % I 25 2%
REA R Fy 24 PEREAT 22 4R [8] [9] [10] [11]. ASCHER A s I 4k S 1ERE, RARRIR 10 S8 ki 2R
FERRENEL [ AR RIS 5 REAT R (R e i, DA 5 2T ST AT X DA TR AT EER

2. ARBNSHSERE
2.1. AEBHIGHS

A1 SRR B BRIR LA sp® Z GBI HEZI L I 75 A T S0 S ROIR 1 4k (2D) BB A KA RL[12] [13]
[14]. G0 1R, RS S e i, A Sm PN RIE 70 =8, 5 R B R R 1A
K[15] A1 S ) J2 Kol /b, AR (R R Bt 2B . 1 TR AR A7 A8 7T LARRAR A SR R T g, AN
AR AS A s dl S INASE « X2 B2 s &t 2 R A0 S M R ILAS SR i L EEJR A [16]. H AT, A5k
Wil g EE o NPIE[17], — KR “H BRI, BlIniUR L] IR RA[15]5E . kR
“ABTmE” % EEARBIMEARKIA[L8]. L MTITRNEAL9]5

22. AERNFHR, FRMER

A SR B A AR RS E RS2 S5 K, e R R A A R R A4 H20] [21] ARy —4E R 2
LERRVEEA T Z N IESIEOR Q i, RIS S RE[22]. A1 SR RN R A R IR
LR L R AL A RRE 1, S (A5 AT S E ) 46 FL A 4 ) LR ARARE AT S AR (2 FH [23] A 80 74
SREE L 5300 Wm K, TR SBIAR SR, RO RS R R, XS] TR
BRI RTE24]. INITEEE N[25]7E LED BRJT RSB b . SI A SRIE IR JRUA B HEA T BRIt
RERIXTEL . SEIG TR A . MERE— S P B G AR AT A B . b — BRSO AT IR TR A 2
WAL EE, 55— DR IR BEAT A A B . AEIE BLSIC SRR IR BE RN DY 2 A, Bm s Rk 1
B o

ik
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Figure 1. Structure and transformation process of graphene [15]
1. ARBIERSEWIEIZ[15]

Table 1. Performance comparison table of sheet metal radiator

=1L O REMARBIERER LR

WHATH IR SBIE M RHECE AL Kb TR B B
45 R 51.0 ‘C/W 59.3 CT/W
FERR AR 11°C 11°C
RN 1 50.3°C 55.4°C
TR 2 50.2°C 53.4°C
BART)H 0.45W 0.45 W

M3 1 AJ: fE LED BRJT R Al it & Bt S8 08 5, LED BT R BCIERER 1 IR 10
G X BEBIEY T A SRR AR RAT R 1 S I TERE .

23. AEBERITEVMEAEMR

A PR Dol (Bl AR Ba e, HoRENEZE, X @R LIRE 1A
REAA RIS R L FH o DRI, 1) 48 A S BT A AR AR IR BR A 377 PR AT s N IV [ ) 0@ 1 [ 26] [27]
AR I E AT A EAA SR . A A SRR AE[28] [29]. Hi T SRR SR PR E I AR S Ik Re TS
REATAEMPAR P R SR DIREM KL, BLHOR S 2 &R PERE30] [31].

231 SHARE

AT BRI (GO) A I & AR 0 . NATTHS 8 {8 FH B SR 5 0 SRR 6 B R PP S N R B
SUH[32]. A SRIEIN 4k n SRHUAE R M TE AR R R, TR T sp® A sp? AT . I LA BIE A
LR b, H sp® M RIBR L St/ [24]. S0 A SBIA A BRI E AL A R, S E I R
FEA I, P RS RIS, A BN EE A RIEATEY B AT 238 Tz MR [33]

AL % (GO R T B A 1R Z R RIEEAR[34] . EAL A BRI (GO) R TRt A SR i — A E BB X,
Ao B KR AR AP . TR SBIG S R A BRIEERI A S E AR, WSS
SFHE— S E R, SR DhEE IS B B G [35] 0 ST AN R ik ] 4% AN b A B ) S A A
SRIBIEE MR TR EARAE— B SR, T LAE S 2] A AR R i A S5 E & ThedRH33]. ]
2 & — T UL ) 2 A A SR AR R E[36]
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Graphene Oxide

Figure 2. Preparation of graphene oxide [36]
E 2. EHAEEEHIE([36]

232. HAER

T A A0 S5 475 /2 A A S50 (GO) Fi gk — D i AL AR i A 28 (NGO), il 3(a) [37]F~. NGO fik
MAIAZ EEH-NO, 2], -NO, FEFZRE s, 7T LMl NGO B HiF REERI[38]. NGO i H N
FIZWES R, BRI , SNBSS E RN, X% T NGO MR K I MmAY . M
M NGO [y X ki &k A6 M, “EfhisEm NGO 2N B REFIMILN, (B ko1 i 2,
K nE T AR E, ERGMAREIR39]. Wikl 3(b). # 3(c)FTiR, NGO N EHZ A, HFE
AR R DgE.

7 HI[40]R FH TG-DSC & b A1 s IR 9K 26 & Be At AT P B 73 A o AASREG 45 R R I : NGO
T EAEAT4E 2 (NC) A R R T R AF I AL RS, 0 NS [R) 5 & L 1K NGO AN B8 NC IRk 22 45 4
A, NGO X NC 1ERM o il A B BUF A RCR, 85 7 NC IR, tkah, 7Em s iR (AP)
IFAT AR, A SRR (NGO) LRI 1A 7 i I A I [41] . A AK AT 52475 (NG O) X SE fHE AL 1%
JRAE RS B AT BB AR PUR E A M BHEE LG TR RE RIS T: . KT HERE I 5 5 7 TR 6 T R (9 R R i 5%
[42].
3. AEKE RN PREA
3.1. AEKESEMNPEASENMA

AT SRR AT AR A DAL P 1 B A o AT ] 8 AR 110 2 TR A 25 P AE A A 5 K 1 % 75 77 [43] -
1S W 5 GRS G I AR A BRI B R MR E A —FoB B & SR kL, B BRI et
WHIRIFE R, 23] T & ReR A8 1) 2 R [44]. a0, Hla X RS & & se AR 5 R L R 7 TR
BRI A BRI YKE & e RHA5] FIH RS AT SR0E ) % 9K & e RH46] . A BRI R AARHE
BN AR SRAT S0 = R i B B 5 ] [47]
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Figure 3. Schematic diagram of NGO conversion (a); Micrographs of NGO (b) (c) [39]
& 3. NGO py#E#rEE (a); NGO BIE#HE(b) (c) [39]

3.11. ASKBEPKRE SR TKX-50 A S BRENXER

5,57k PYME-1,17- — 58— FRJIE (TKX-50) 72— BoA iy ol . AR NI A R K24 [48] . E 1R 5%
[49]% 5T T GO X} TKX-50 #AJr ik RERIFAM . &l 4(a) Pl %1, TKX-50 5 TKX-50/GO 1] TG #iZk#H1LL,
TN GO FHI%E 48 TKX-50 HIHAM NI . B 4(b) AT %0, 76 10°C/min fFHEEZH R, =Hh TKX-50/GO
FIXF T TKX-50 JEURH AR 20 3 PR T 12.0°C/12.5°C/12.2°C o 11 55 By B AU I T, AR IR, 7 10 7%
37 125CHI 16.4°C, 4 GO JFiEHHIEINE] T 5%, JHHEEARE . XEH, GO HiEAMEHIH
IS RIGHEET, {23 T TKX-50/GO &+ BHI I ikt o

ik AL [SOTRF FE T AL A% TKX-50 X Mol Y i g 79 1 2R I 2o R M R 1 52 o At AT K Bl 15
TR AT BRI (rGO) 14k Fe 03 9N KK 1) h-Fe,04/rtGO B &M, tnlEl 4(c)fir, FEHIRIIE RN 300 44
K Fe,03 FRL T, 9K Fe,O3 KA T KEREFMES . X KHLIFL 1 Fe,03 PIKBUR I EAIER . 0
Bl A(d) s, 38 A 5205 (rGO) 14k Fe,05 49 KMIRLIG , 7= 2E ) h-Fe,05/rGO B &4 (1) Fe,03 1K Rtk AH
XM He X HIORE P 5 v P SR S 0K 2 B R I A K S B
3.1.2. ARKE CL-20 AS BRI RPSELER

CL-20 & Fh A RAFEBEIEREN) & BEARL[51] . Zhang S5 [52] R HI/K LIl & T RIB A A IH(NGO),
HH 8T HNF CL-20 # IR LI o
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Figure 4. TG and DSC curves of TKX-50 and TKX-50/GO (a) (b) [49]; SEM images of Fe,O3 nanoparticles and h-Fe,04/rGO
(c)~(d) [50]
[& 4. TKX-50 1 TKX-50/GO #Y TG #1 DSC Bi%k(a) (b) [49]; Fe,0s 2K Fiil  h-Fe,05/rGO BIFFHEEE FEE 15 (c)~(d) [50]

/4 5(a)#& CL20. rGO/CL-20 Fil NGO/CL-20 ] DSC Hh%k, & 5(b)f&xt T3 TG-DTG £k Bl
JREAR R TAE B, HEIR A CL-20 () DSC HIZE7E 156.23 CALHI I T — MR/ WL Hg, WA IR FE A
252.13°C. NGO/CL-20 Fl rGO/CL-20 (1) 53 4N H /™ 43 VIR FE 43 7] A 245.63°C F1 246.82°C .« M TT LWL
%25 NGO/CL-20 1 rGO/CL-20 4t i it 72 . H4liff) CL-20 ALK, NGO Flik i A ik A7 S )Xt CL-20
A R — 2 FIEALAE R . 2R1M, NGO IR T 16 A 22 0E, H A E R E KT
6.58°C. SLERFKH], NGO fift 7 CL-20 ¥ [ hnid 7 ff [ o

32. ARBENEHFHMEREFERNNA

3.2.1. AREESREMFEI

HEEMEN TREZ A B A H EXREENEM . BRitdbHMX), &—FEA mEE
RERME AVELA[53]. Li S [541M 70 RI: EXEZ 2 5] N A S 07 (GO) T LA 38 i HMX (1935
1LRE, i HMX (o #dase tER BT X — IR R B FENEZh 5] A0 305 0] LLRZ A M X 24 HMX R34
FasE k.
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Figure 5. DSC curves of CL-20, rGO/CL-20 and NGO/CL-20 (a); TG-DTG curves of CL-20, rGO/CL-20 and
NGO/CL-20 (b) [52]

[#] 5. CL-20. rGO/CL-20 # NGO/CL-20 9 DSC #h%%(a); CL-20. rGO/CL-20 F NGO/CL-20 #J TG-DTG
fh%k (b) [52]

WEY 2,2- Z1H3E 2 4-1,1- —iZ(FOX-T)1E 20 RTINS B IRE R, FOX-7 BA B mN#REGE
AR, (A B B A B R, e — R B RN F AT S B A RH55]. Su [56]55 @il i B
P fih 2 T 1) 38 JE AR AL (OH: O) 4 EL 491 SR ATE 78 FOX-7 580 AT S 975 (GOY & A b k1 F T M ELA o T
FN BRI T 7 DA OH:0 Lufilf) GO B, e 2 fizn, iXFl FOX-7-GO B &M kH 45 & R
# AL 7E-0.76~-1.00 eV-nm ., T )2 A B B MOk, X AR R A A R/ T oA SR -FOX-7 A
G-O-FOX-7 4 & RE(-1.26 eV-nm™?). B4R, fERME A EN, FOX-7 H4FZ A aBimRAE T
HT R . 15 6 BTz A OH:0 = 9:5 I FOX-7-GO & & 4 RMEAK G I 45 A Rl i fuf 25 7% 22 . AN AT LA HY
AT A R ERAEERMX . 5B s AR SN BIG A, FOX-7-E A )65 S EHI AL
BRI S X LRI AR, 1 FOX-7 FLIHI X 2 BRI iR FE . BT LI 45 A fE L 2 S
AHBAEAN A S S FOX-T Z I IR f R L, MU g & i K FOX-7-GO B & #18L(0.276]e,
OH:O = 0:14) s A £ £ 1) FOX-7-GO H & # kL4, OH:0 = 14:0, 5:9)45 & REHE K, 4371 4—1.00, —0.96,
-0.98 eV-nm 2,

Table 2. Interface hydrogen bond number (Nyg) of FOX-7 monolayer in composites with different OH:O ratios, charge
transfer from GO to FOX-7 monolayer (CT), binding energy (AEb) and energy band gap (AEgap)

2. OH:O tkEAMKIH FOX-7 BEMEBMEEH(Nyg). GO [ FOX-7 BERB TR (CT). LA EE(AE,)EEH

PR (AEgap)

OH:0 NHB CTle AEy/eV-nm > AEgap/eV

14:0 4 0.061 -0.96 2.444

9:5 2 0.045 -0.75 2.403

8:6 2 0.038 -0.76 2.481

FOX-7-G-OH 7:7 2 0.042 -0.86 2.459

5:9 4 0.067 -0.98 2.387

1:13 1 0.062 -0.83 2.317

0:14 0 0.276 -1.00 2.371
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@) (b)

Figure 6. Charge density difference between side view (a) and top view (b) of FOX-7-GO composite
with OH:O = 9:5 oxygen group. The grey, red and white spheres represent carbon, oxygen and hy-
drogen atoms respectively. Equal plane level set to 0.0015 bohr™. Cyan: charge accumulation; Yel-
low: charge exhausted [56]

6. OH:0 = 9:5 2 FEH FOX-7-GO E &M R ML E () FF L E b)) BT ZEEER K&,
TEMEAGHEKSRIRER. SMEET. FEAFIREH 0.0015 bohr®; Hta: BERR;
HE: BERER56]

MR RS SISt B2 A e, fEANLERer R, BSOS R n, REBUE S A ZE,
5RKER FOX-7 ML, ARSZE ) FOX-7-GO f%A - FH#38 in T 5%~10%, HARFIIEINE S GO Bl b4 E
BERI S BE . X LEERN], Sl FOX-7 7815 FEAL A BIF 2 5 7 50U I FRAIK.

3.2.2. ARKIIEANFMHENKE

SR BEA RN NI R SR 10 5 — R T A [57]. RERINEARE, HiTFeildss Ty
MIrERE, MORESE = A MR 2 ThREVERE[S8]. B, 41880 vl 12 M SR S WU B [59], X P i 4
A SR PT LA, FH L C5C 0 245 ) S M R ) Ak

1,35-=5Jk-2,4,6 =AiHE IR (TATB) A = SV RG 45 1 24 (PBX) (17 N B 7 /2 385 B 24 A7 AR S )
BRI B R R [60] . Lin ZF[61]1% 58 A 2807 Al PSR G R & 7I(NPBA) K S0 (TATB) R R & 45 & 12
(PBXs)IIF AL M e 72 3 R AEZIR T A PBXs HEAT He 4 A IS PE 358 (1) 45 R o S0 25 R B 7 I 7 0.5 wt.%
AR PBXs BT 3 FE A BT 58 B2 LE R AR IR IR ¥ TATB %& PBXs 73l 425 1 5.1%7F1 29.2%. iX
LB, A0SR BN R 46 775 VERE B S35 52, AERT R 1 B A B 2. N 0.1% wt.%[¥] NPBA
AP A MR RS . 2 REY, EH A EAA NPBA 1R G4 G 1E 2 (PBXs) B A femi 1
PUEFGLRL SR o

Lin Z5[61]7F 60°C N 7 16N /14 4 MPa. 7 MPa il 9 MPa [{iGAR RS . Wil 7 B, FERMKIE
i (4 MPa) T, TATB 2 PBXs [ = st 25 i 4 AL i P2 75 5206 15 € B[R] (5400 s) N % A K A IR il HIER
A PBX-2 AZTEHR/NT PBX-1. TN T A 5241 NPBA 1) PBX-3 128 BiAS W) fe /) o FE LR
FEHAZE i (5400 s J5), MEFATLLE S|, PBX-2 Al PBX-3 HIRAE 7 5 b PBX-1 /)N 40%H1 57%. kAl
IS H A58 A A SR NPBA 1) PBXs sk L M RE KK IS T AEE 7 PBXs [MHif e . X 1]
AR R N A BRI 0 SR Ak B A B BUZ S PR 1, A& TATB AR ARG A 775 NPBA 2 [HJAH ELAE FH 45 3

BTG, HFRANGRE T TATB 3 PBXs MMM RHTE, WK 8 fin, ARGEES
1E PBXs WY, MR T —AZ4EMLE . A SIEE AL S, B0 T AR RS XA . BeA, Ak
555G A 2 1) R L 1 ST 568 B R A B T U % 1) e 0 A P R P 30 it
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Table 3. Mechanical properties of TATB based PBXs
7= 3. TATB % PBXs B 45

A BUE R JR 4t iR T 4 b ALY b fif R e
(MPa) (GPa) 1K 2 (%) (MPa) (GPa) K2 (%)
PBX-1 25.81+£0.19 7.61+0.17 1.96 +0.07 4.76 +£0.05 541+0.11 0.141 £0.003
PBX-2 27.12+£0.21 7.87+0.32 2.60+£0.16 6.15+0.20 8.27 +0.36 0.216 £0.013
PBX-3 29.21 £0.26 6.74 £0.26 2.34£0.29 7.10£0.08 8.60£0.24 0.245 £ 0.005
0.0012
0.0010}
0.0008|-
£ 0.0006}-
£ L
0.0004|
0.0002|
0.0000 \ ) ] : )
0 1000 2000 3000 4000 5000 6000
time/s
(@)
0.0012 0.0012
0.0010 0.0010
I 7 MPa
0.0008 |- 0.0008 9 MPa
9 MPa L
§ 0.0006- E 0.0006, 7 MPa
0.0004 2 MPa 0.0004
L 4 MPa
0.0002 |- 0.0002]
0.0000 - 1 1 1 1 1 1 0»0000-
0 1000 2000 3000 4000 5000 6000 (l) 7000 2000 3(;00 4000 5000 6000
time/s time/s
(b) (c)

Figure 7. Time varying strain of TATB based PBXs under different stress at 60°C: (a) PBX-1; (b) PBX-2; (c) PBX-3 [61]
[# 7. TATB & PBXs 7£ 60 CR R H1EA THIRTE MR E: (a) PBX-1; (b) PBX-2; (c) PBX-3 [61]

SCHR[6L] AT FCUESE 1 A7 s df A1 R S V&

+
45

FI(NPBAYHI I N T B 42T+ TATB LR EMEEIEL

(PBXS)HIHLIR AL ML LA R ifir . PURIRSE o IX— A B AT S 48 50 KF 24 P RE AUk ) ML IR L 17 J3 K

3.3. ARMBTEEHEHTS AR

RE WA 2 A S RESHMEL

REWIRE L

INNEEZ R AN

OV BERE TR AN /D  HA

HK[62]. A1)t & REL S — LR G VERE DL S 0 2 Dh REHEE IR 25 20 73 [44] -

PR [631WFFT T — ol AL e Th e A S0 A 58075 (EFGO) X i S0 B2 i (AP) #0443 il Js . ) A A ¥ 12 o
I 9(a) & 9(b)#&: EFFGO ) HRTEM B, MKW 41 EFGO HEEAE M, HEmEA sy, B
RETES., 45615 9(c)rl %1 EFGO Wi & 73 %77 7l 2.5%7F1 5%Ir, EFGO/AP ] LTD #1 HTD H& 3%
N R 4y BB N2 1026 A1 2154 J/g, AHXT4E AP 43Rl 371 A1 1499 Jig. 24 EFGO [¥)Jfi &%
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HEE 10%0F, B A R BRI — 2 T & 319.4°C, AHXT 4l AP $2HT T 113.4°C, FM o R

/PN % 3348 0/g, AHXT4E AP $2 15 2693 J/g.
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Figure 8. Microstructure scheme in PBXs: (a) PBX-1; (b) PBX-2; (c) PBX-3 [61]
& 8. PBXs Y MLE TR (a) PBX-1; (b) PBX-2; (c) PBX-3[61]

@ (0)

5k 2.5% EFGO in AP mixture ~ 319.4
5% EFGO in AP mixture
10% EFGO in AP mixture
10 |
E sk
=
]
3
=
o}
-5 -
-10

goc 300 200 500
©

Figure 9. HRTEM diagram of EFFGO (a) (b); DSC curves of EFGO/AP at
10°C/min heating rate (c) [63]

9. EFFGO Y HRTEM [E(a) (b); FiBiEZE 10°C/min N EFGO/AP #J DSC
HiZk(c) [63]

100 200

DOI: 10.12677/ms.2022.1212149 1345

BB


https://doi.org/10.12677/ms.2022.1212149

ok, #HLH

60000 ~AVAP
—— AVAP-FG,,
—— AVAP-FG,,
50000 1 —— AVAP-FG,, itk
—— AVAPFG,, '
40000

Intensity

30000

t;+t (ms)

20000

10000 -

0 10 15 20 25 400 600 800
Content of FG in AI/AP-FG Wavelength (nm)

@ (b)

1000 1200

oo oo
EXE NN
o

80

0] (b) M

© by
D,,=0.567 ym
D, =0.823 pm
D, =1.972 ym

=S,

(d) D, =0.428 um
D,, =0.530 pm
D, =0.758 um
D}, = 1.822 um

10

(O] .
5

Agglomera]te Diameter (pm)
(© (d)
Figure 10. (a) Duration of combustion in the same stage (t), maximum flame duration (t”) and stable combustion time (t”); (b)
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Table 4. Application summary of various graphene in energetic materials
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