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Abstract: Graphene aerogel has become an ideal host for various zero dimensional, one-dimensional, two-dimen-
sional and three-dimensional materials because of prominent dimensional characteristics in both micro and macro
scales with its interconnected three-dimensional framework. The high conductivity, specific surface area and struc-
tural stability make it widely used in the field of energy storage in recent years, especially in the application of
anodes for metal ion batteries and supercapacitors electrodes with high specific capacity. Firstly, the treatment
strategies of graphene precursor and aerogel are sorted out, and the effects of different treatment methods on the

formation of graphene precursor and aerogel are introduced. Secondly, according to the different energy storage
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mechanisms, the modified application and performance of graphene aerogel composites in mainstream energy

storage devices are introduced. Finally, the research progress of graphene aerogel composites for electrochemical

energy storage are summarized, the current challenges are pointed out and the future research directions are pro-

spected.

Keywords: graphene aerogel; energy storage materials; composite materials; energy storage applications; elec-

trochemical
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Fig.1 (a)Preparation of graphene oxide (GO) based on the modified Hummers method""; (b) Based on ball-milling and liquid phase exfoliated

graphene'”; (c) Graphene prepared via template-oriented chemicalvapor deposition (CVD)!"”
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Fig.3 (a) Comparative diagrams of the conventional sol-gel method and surfactant-foaming sol-gel method®?; (b) Schematic diagram of the preparation

of GAs and mechanism of hydroplastic foaming method”; Schematic diagram of the ice crystal template method and SEM images of porous network

structures (c) and show the nucleation and anisotropy growth of ice grains (d)"*?
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il SCs B 1 40 Ja 32 2 o 22 1
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Fig.5 Schematic diagram of three energy storage mechanisms (Charging process)

3.1.1 A/ B AL

A /R ML F8 Lt T AR, 7F B AR H 3R
FF U T A B AR R R A A R i e
HEAH R A A AR B, ] 40 4 S F H b (Lithium
ion batteries, LIBs) fil §4 2 + L W (Sodium ion
batteries, SIBs) %% . H 1% fi & 1 75 2 n) B A% A
AL R AR A B A, R I 2 R b X AR B R
A SR 0 45 40 B R A e MR AR T S SR . O ARIIE
BT R R A, AR R AE N B AT R
1) i 38 T R PR S, 2 LR, 4R =
Ak 1 A% a0 T AR T B R PR AR
3.1.2 W /e B HIL I

W 56 /58 BREBIL T A2 AE T 4 K 2 B0 L 24 it e e
1, ABAE Ry = SR8 S AR A AL 22 K LR AE XU 2
Ao YXTHMA AR LB, B
R BHBHE 7Sl IE . RS s, MIATE
AR FR A F AR /0 T R O )2 o IR AR
SIS W RN i 25 - Sl A 7% 0 F A/ i
TET P4 AL S B A 2 6 / 8 BREAIL A 100 DA MIL A A 32 )
R de I — M B A S YR B KAG I 55 am A
FRE R AL, — AR T AT L T

fife BT AE LA A RN O L R s Sy — T T2
v L 2R BRI =F 5 40K LB Il R i A
3.1.3 IRA L

RAVH ELEAAAE T 2B F (Li'. Na*, K',
Zn*, Mg SE) IRG AT, sk fihe
1 B e e B 2 N = DR T R e, R
AR 22 I A RE U A 1 B AR e L
A 2 FEL A o T AEBIL TR, 3K o i E ML 3 K LB A
F, b 7R 70 AR R R 25 R OE A A B R TR A LA AR
DL B8 - H1 2% 4% (Lithium-ion capacitors, LICs) i
i, TEFHES, Liff s, I AR Z
[STR Y < 2 SN2 =8 %190 VAN 1 = 9 s 2B 1 )
FHE I Al , W EE PRI, AR
St RE, AT SCs MIEML; LI AH M, AL
il [ ) A 45 P AP TAR R AR, MR AR IR S P .
3.2 EETRMBAR

RURAN Y HT LIBs B A A AR I A=A R R
MR, ZHheE A B MORHOT & T LIBs bk,
B0 4 J& AL (Metal oxides, MOs) I Si 55, {H
SR 2 | IURE I B R ik A e 1 ) ™ o BH
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X K m A MR AR . InA GAJefk, TT
BB 1k — B iy g, it 2L A5k = B
TS5 R MOs F1 Si AE AR, B e 715 5 B A%
M RFRE K, [ B S L 25 P RS e i B e S 1],
TRIIE MOs F1 Si 55 & #EAERe R 3.
3.2.1 MOs-GA it}

BT e R L, MOs BAT 85 i LS 2
W, DR 7 H AR 2 i RE UL LA T2 A R A
SR AR AT 2200 1) AR B 1 S B 2R M

A F5 o NS i PR U R4S, fi MOs ARG
AR AN AR, GALKRmA K, FH
PEAF HBA =4 B 2 L4850, 1ERE &k
FER AL AR % P2 A P 3 i R S B A, T L Ag
% 2% fit MOs W AT K, E— 20 52w b RE I it A7
PERERGE PR Ffim o T K 32 2R T LIBs A
[@] #f 2% (Fe;0,. MnO,. SnO,. MoO, fl TiO, 55 )
M Z P R EEH (KL . GORBRL . 91K % |
YK AE AN KAE ) 1) MOs-GA T il (55 1)1,

*®1 #HFBE (LIBs) ALERLY (MOs)-GA EA KR MOs Fhzk, FiRFnikaeitae
Table 1 MOs species, morphology and energy storage performance of metal oxides (MOs)-GA composite anode materials for
lithiumion batteries (LIBs)

Anode MOs Nanomorphology Specific capacity/(mA-h-g™) Current density/(A-g™") Ref.
Fe;0, NWs/GA Nanowires 557 2 (45]
Fe3;0,/GAs Fe;0, Nanoclusters 522.8 1 [46]
Fe;0,/GA Nanoflowers 797 0.2 [47]
TiO,/GA TiO, Nanoflowers 663.2 0.1 [48]
GASO $n0, Nanoparticles 1032 0.1 [49]
Sn0O, NRs/GA Nanorods 1 005 0.1 [50]
MO/MS/SGA MoO, Nanoparticles 533 0.5 [51]
Co;0,@GA Co30, Nanosquares 850 0.1 [52]

Notes: GASO—Graphene aerogel/SnO,; MO/MS/SGA—Mo0,/MoS,/S-doped graphene aerogel; NWs—Nanowires; NRs—Nanorods.

Fe,0, WIRF 5 . MAMHBEIEA RS, ER
B ST Bk )2 W 5E . Wang %5 49 Fi] F K $ [ 26 2
2 % O K Fes0, 91K 2 & GA M KL (Fes0,
NWs/GA) 1w ] T LIBs itk , 5HABAKEEHAE L,
AR L AR AE B R A /e o R b AT DL R Y
RGN & A i, I H B A B e+
WA BY, R R 0 A% 2k B A6 SR PERE
TEH 5% — W TAEH, Wang 2851 i 3 B0 — 25
A T TE B 1 48 K Fe,0, Wk 2 & GA, il %% i
Fe;0,/GA & & Mtk b kL, 855 FABKEYH KR =
Y A L 3% B2 RN A K UKL fx A G A ol R 2 A
Fe;0,/GA il 3R I & 25 i it AR PR R . X T JB0REIR
Fe;0, Ml #5 , Zhou %1 % FH — F {7 BL/K #4451
B, Hl 4% H B AR AE 200~500 nm 2 [7] 1Y Fe;0,
W 7% Bk WUk 52 & GA, A% T 4l Fe,0, %5 B 5
W —f%, BV ZE 1Ag? F1F 3 500 K 1% FE A
522.8 mA-h.g',

A BA B &M HEE AR B
2L (vs Li/LiY) IR P AR AR S5 4 T g )
{2 Hb R FH R B AR R R B SE . Ma SE P i
BT — P e R AR N K UKL 5 -k 22 SR S Y
BAT 0 AL A5 H FUIRAZ K 1 MnO/ 241 GA =21k 9,

WK 6(a)~6(d) Fim . £ 80 R L9k RSHFL A7
FE AR HE LA BB S M4 A B TR EIE R,
TR R, R AR EN:, 05A.g"
A6 FF 300 Yk 26 BH H 7 35 979.6 mA-h-g™! i1 ] il
K, 2Ag" #I L 493.6 mA-h-g ! B A5 FhE
F1o Pan S5 R TE T — A B A AR B A K A4 2
SR, TH AT K B ] A R 4R 40K MingO, 57 U7 R I
Sy CEE VU A KW, TR A GA, it R
RE A 122 0K 3, Mn,O, 3 B8 76 GA M 454 v
I LT 4 5 9 Mng0,/GA B 28 i 1 il 2 2%
B I Liu %P0 AR 515 % GA R E 7 MnO
JBE AR i A v A 3] e £ 7 it 5 MnO/GA Tl , )
/NRST I MO ¥ 2] 43 A 7 47 8806 v R T, ek
FEEE( GA 1) % W45 46 A BEAS B AR B

Cheng %5 "1 fi Bh B8 30 47 FC /R 78 B A ML, R
FH TG A A 15 A il 2% AL 2 AR TiO,/GA B &
Ko Z IR TiOo, W AOK 18 IR 47 24E K 7 GA &1,
i B R A FLES A . AE TiO, 2l Ry 45 44 Fi
GA 1) = 4E i B 25 RIAE T, TiO,/GA B A
WA R R ALK MG B AR E
o BIfHAE 5 A-g™ Y LU B R F 7 BF 4 000 4K,
7] 3K 45 215.5mAh-g! (9 1] 8 %5 B, Wang % &)
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Fig.6 Schematic diagram of preparation (a), GCD curves (b), rate performance (c) and cycling performance (d) of MnO/porous-graphene aerogel

(PGA)"; (e) Schematic diagram of Si@SiO,/carbon nanotubes (CNTs)/GA preparation’®’

HAE T —Fh R IR A S A, A
AR = 2 B A B IRAOK B S — 4B 4l SnO, 44
KA (NRs) # E Z & 4589, X LivRl Na& 3
R AR A ARG R 24 A LIBs 745 b4k}
ff, SnO, NRs/GA 7 HL Uil % £ o 0.1 A-g' 1y 1% L
TAEH 50 %, HA 869 mA-h-g! 1 Al i LA,
BPffifE 2Ag" 7, AT LI RE 458 mA-heg ',
Zhang 45 U i £ 4 — F i 5% 45 4 19 MoO,@/b )2
MoS, 2K ki T, FIH =4k S1B2% GA1E N F b dk
TR 2% fift Mo b 1 1) A B AR R Ak, R $E it 5T
ZEYEDNL S, AN, STBZRRY GA 1E R i N 4%
R ST HLAR , JCATURG 25 R RN AL AR, ke T T4
Eu A SRR NIV B S e 7 S N (R A )
PEAR B — P, BT UL RS, R
TE 0.5A-g FAEH 350 IR B8 T 533 mAh-g™' (1
RAELS g8
3.2.2 Si-GA itk

RESRLT E AT S 0w . BRI AR IR R
WA R (>4 000 mA-h-g ") S5 5 A AT W51
448 3 A4 22— 7, AL RE S LR A0 AR Al X

X LIBs SR i, H BB & %5 B0 2 4 5 40% Ao 4T,
LA AR L FH AT 5, SR Ak 5 6 A 76 918 28 oo 7
P A R B AR U K (~400%), 7™ 52 1A HA,
{44 FH AT S A A5 4y . Chang %55 i) Ji] 3D GA &
HRRI A B8 05 0 78 Rk 40 K JBURL (SiNPs), fif HIER 0
N3 — H 354k % (Polydimethyl diallyl ammonium
chloride, PDDA) f&/fii Si NPs 2 i i Hofy i vy, 3@
i # L 4H %E FT K R  l #5 PDDA-Si NPs@rGO1/
rGO2 ‘S #E K/ LIBs ffi e , I 3 £ TG 34 14 g
fr %M RE . Yang S5 i H—Fp R R ELAIG AR 1 11
P ME AT B A 8 BE AR A SR s i A s 4
1 ¥I51 0 Si/GA b, IF R4S B 4F i it s 1k 6e
X R A B BHARCFE R AT, AR A R P g
GA 5 4 F AR A RH AL T 587 1 5w

RERAT ff SR AR BUAE £k ARG P51 ]
Aghajamali % V¥ Ty 8 1L J5 (19 49 K Si-COOH 5
GA B A, JEXF Si (A [R) ROSF F A ik 3 4% 14 k47
TH, HEERKMRST (<15nm) T, Si/GAE &
MELRA B S R R A a, IR, R
/MY Si/GA (3 nm) H L&A &k s, il
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i 600°C 1B k[ 2= —COOH A1 J5 , JHA & 2 1)
Si/GA (3 nm) H) & 30 H fie I 5 19 10 A A% 8 o R 4%
HRAF, 500 G5 2 &R REAE 90% UL L
Bai % LI GA M5 M) E 4k, B4R (CNT) R4
TR, A B —Fl B X # Si@Sio,/CNTs/GA
bk, FHHE T Si@Sio, & & %t B A o i % fig
REMIsZ I, aniEl e(e) Brn, GA FEAKN Si@Sio,
REIRZ B I B AL 85 110 28 [R) 28 S IR FR K
Iei) BSF PR TIE fE KL A9 B 7 BORN L A5 i 3l 1 2%
3.3 WEFRBLAR

AT IR A D, JAFE R LIBs M LA A
Wi 1k, 5T T ks B G A i AU AR H
MW, =F BN R A i T B I 2 Tl R
KT SN R S F T, BT SIBs 7E TAE
FEE 5 LIBs 2848, MUt SIBs £ 4% M ok fie HL A 5
(i LIBs 5 R R Z — 1, A )& K1) Na=f: 1%
(0.204 nm) X SIBs L AR A4 L (%) 25 48 4 ) T 5 v Y
BEOR, Na'fi e A /B By 0 3 o ORI K R
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PR LR B A A, ELFLE e
VB S 105 1 4 R 70 31 8 RE A AT K2R A R 3RE B G
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7% Sb,05 fi) SIBs 5 %4 7 W A4 K}, 7E 100 mA-g™ #Y
L% B2 T E A 100 I, HLA 360 mA-h-g ! FRE 1Y
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T Ak Ab B, i %5 4R (9 94 K SnS, A Bk EL I E A
GA I, XFp =457 )24 B SnS,@GA wi Ik T 1% 4t
A BRIGE A MRh EALY  RAE, A R T2
P R N HL o A% 4 2 11 A5 B 5R . 7E 0.2 A.g HLIR
B R A 690 mA-h-g ! Y 5 T A, IR AR Y
i R B R K 6 35 % o (4A-g T 492mAh-gt,
1000 (K AG 25 5 17 # 83%). Zhan 551 3% 11 If- il
i —Fh B2 AR Z L GA NI A5 44k {1 7 Sb,S,
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Fig.7 Schematic illustration of the preparation procedure (a), microtopography (b) and sodium storage rate performance (c) of rGO@Sb,0;*%;

(d) Schematic illustration of the preparation of Sb,S;@N-C/rGO™; (&) Schematic illustration of the preparation of N, P co-doping GA (NPGA)"™!



RS A7 R SBER S G BERHE L fl 22 ik RE b Y 1 B 50

- 1703 -

AMUGIAT HITE, EREE YN GA L [ 285k
Sb,S;@N-C/rGO & A B i e 8L iy R 4F i 1F 24 fig
JI RGP RE, 9 EE Y 4> SIBs H A5 189 W-h-kg™
(A RE 1% . Lim 55 00 SR B S — M U 05 vk R Bl
BUYG RALRIEFARBESE T /e GA Bk, B
AL B RN 3 ) 2% A FEPERE 1) NiCo,S,, LI B
Foah Ak sy 2E R A AR JE AL, 2% B S il 25 BE 8
et At bR S S N B g A R R E T S AR A, BT
FLAG T 48t e 1o R PR R 25 4 B 0 2 AL R R
PERIMERE, AT HL A e b A e PR i Y
SIBs T 4 it 1 — S SR K
332 JLEBIHGAEGHMN

A BEAIGB 2 O W0UE 52 BE U8 7F £ 8800 bR
gl ARG, JEERJZ M RIBE B ek i
B ALl i 7, Zhao 55T R AR AR AR ALE
(45 b BE 22 5, 3 2 A I IR AR b o) Tk A e
IR 2 B IR E B 20 il , 4 Hh L OE 8 A
RAILIB 4P £ 7L GA (ON/HG), 1N SIBs Jo ki
455 M, ON/HG % 3 L 55 i 77 % fiE
(0.1A-g"' F 446mAhg"), KIEH Hmr (5Ag' T
2 000 Y6 B 75 B A F5 81%) F1 & 15 R v Bk (1
10A-g" T 44 89 mA-h-gh), Li %7 42— Fh
F SIBs iy N, P X158 4% GA (NPGA) 1) il £ % W% ,
e 7(e) frs, 8% & NH, 1 GA 1 3K (4% i
WAk, 19 30 B A w6 a0 A i FLRR 2 T 1 1Y NPGA,

T — 4 5 v fig SIBs A M 4 A A ) &5 7 1
Fan 257 $2 13 338 7] Sn0,/GO 1R & %W b fin Ak
Ik, XF GO #4T N. S X458 2% 1 [F] i i /b SnO, 15
#| SnS,@NSGA, SH# e fl GAL T H o7&,
512 NSGA F1 SnS, 2 [A] 5 i (Y HE A M 1k, MU £
UE T SnS,@NSGA M BB I3 My N FF 4 iy, 3R
B R AF B 06 IR R ME R AT 4 i . Wang
A 10 [G] KE DL B NH, (19 tGO N Bif 3K 4, i 11 2% 1%
Fe,0; #1781k, & 3D N, PB4 5
15 %2 4 FeP 44K 5 (FeP/NPG), [FIf} N, P Y4524
fii 55 2 19 Nafg % Pl 4 A /B, i 4 FeP/
NPG HA {5 A R L e
3.4 BRESH
mTFEATRE . ARt AR
AN 42 Gk - 2 a5, SCs 2. ) b b7 FH7E 4%
P i . GAVE N A 880 76 — ka5 i) L
B AT AR, B I LB, AR A
B R R RS B, RISk T B P
H Y Sde it 3D il . HARM LRI, HEY
MU S BRI 2 ALE5 0 . RIS RROR K
H SR Al GA AR 5 SO 45 M RHESR - SCs fig
ARG T A Tz R TR, BEre
LT GA E-A MBS N SCs FUAT &by, A4
iR kE-GA . M A HVHER-GA. FHEREY-GA K&
SR E)-GA 5, Wk 2% R,

K2 BRHERDE (SCs) FH GA E&MFMERERI

Table 2 Energy storage performance of GA composite materials for supercapacitors (SCs)

Electrode material Specific capacity Cycle performance Ref.
All SCs Bio-AC/rGO/CNF//MnO,/Bio-AC/rGO/CNF 812 mF-cm™ 99% capacitance retention after 5 000 cycles [78]
ETAC/CNF/1GO 556 F.g' 97.5% capacitance retention after 10 000 cycles [79]
TpDq-COF/rGO 269 F-g”! 96% capacitance retention after 5 000 cycles [80]
DAAQ-COFs/GA 378 F-g"! 88.9% capacitance retention after 20 000 cycles [81]
v-COF-GAs 289 F-g"! 92% capacitance retention after 20 000 cycles [82]
All SCs PPys-CNTs@3D//GA MnO,@CNTs@3D GA 950 mF-cm™ 84.6% capacitance retention after 2 000 cycles [83]
PANI/rGO 808 F-g' 73% capacitance retention after 1 000 cycles [84]
GA-Fe,03 200 F-g! 72.3% capacitance retention after 5 000 cycles [85]
MnO,/GA 275F-g"! 100% capacitance retention after 5 000 cycles [86]

Notes: Bio-AC—Biomass active carbon; CNF—Cellulose nanofiber; ETAC—Eucommia wood tar-based activated carbon; TpDq—1, 3, 5-
triformylphloroglucinol diaminoanthraquinone; COF—Covalent organic frameworks; DAAQ—2, 6-diaminoanthraquinone; PPy—

Polypyrroles; PANI—Polyaniline.

3.4.1 AW A R-GA

SBURS UIECEY/ N5 S 7/ =Rewak. -3 kil R S e
B I S o R A R SCs FL I T . AR 4
FIERN—FMRAFBDTFREHEAROKRELL .
KB HE T AL 5 A LB R R Y ) 2 b R
R — P b B 71 SCs F bz b4k, Chen %57

DA A SE R R AR G Sy SR 3 Sl ] A L T R i
#7 (Biomass active carbon, Bio-AC) Fll£F 4k % 4/ oK
#F 4 (Cellulose nanofiber, CNF), Ll rGO &%,
s 5 A A — S A E A 2 )2 LA
TG B HL 1 I 45 1) Bio-AC/rGO/CNF & & S BEIE
CNF FAEA R E T GA WHES , 42 1 Bio-
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ACTIURLIAr 8, 7ok, FE B RILEA FIF i
fiff S50 55 B AR A R B2 il RTB %, R I Bio-AC/rGO/
CNF S BE 4 BH) S i PR K455, GCD ik i
INZMABHE 5 mA-cm™ HRZEE T HA 1625 mF.cm™
5 T AR 25 o Liao 55 70K 9 20 0 10 A A A £ il
TG PE R (ETAC). CNF 1 rGO 7E IR A &5 14 T 4 %%
W E A SEE I H B ETAC/CNF/rGO, 0.5 mVs™
T 556 Fg ' S LA . /- HT R, ETAC
B R S B R R A (2 187 m*g ),
T ML A A v 42 B CNF 8% H T35 3% GA 19 ) 2%
PEHE (317kPa), 7 A, & & & ) ETAC (i & [t

67%) B & R B B A 5 AR MnO, Ut fRLRE D
(1540 mg-g"), #%% il JE %I X SCs (CA/MnO, 1F

M) B M 0 L L 2F (105 F-g™t) AL 3 A9 1 3R F
FEPE (10 000 KB IR 5 25 5 PR FF 97.5%)
3.42 HLMAPIHER-GA

BE&ESHNTBBN GAREE G R EC
Jie B 2 ) AR R BE e L (EAECE [R] s
XT3 2 45 K R Rk 1 AU R 2 LA 3 1) 5 3L R 4 AT
B NE R A A HIHESE (Covalent organic
frameworks, COFs) fE by — Fl#7 8 (1) 2 L A7 DL R
Y, WHEASLBERTHE ., &5WAa)7 . R
BUR Je B = L5025 10 F1 22 Dy e 46 P i 7 vl Ak
A0 BB IR L P A 3R . L A5 58 2 K AR
AP 1,3, 5- = HITEE K =1 (1, 3, 5-triformylphloro-

glucinol, Tp) Fl — % % # §if (Diaminoanthraqui-
none, Dq) X i &5 M TpDq-COF, TfiiJ&5 5 rGO ¥
WIR A K, % R T4 )5 159 2 TpDg-COF/rGO <,
HERE, SCEL COFs/GA MBI Z2 Wil & 3R T H
75 W B A1 SCs fifh e S L T, %M BHE A DL
W 3R O R R W B RE O (200887, RN
SCs iGPE L B A1 R, 7E 0.5A-g' T HA 269F.g' 1y
LA, JEFR R AR A 5000 K, WA 8 TR .
An ZE U 0 B A 2, 6- & FE U COFs
(DAAQ-COFs), fiE il #id B AR LH & EZE
fL DAAQ-COFs/GA ML K , &L =451 )= 2 L1
S HL v AR A R IR R B M R S R S5 A AR 45 COFs
P L 5 P S B P 7 4 fh i 2 e U R L
rhfL I A7 R AR 2 B8 ) A 0 M 6 s i I
B R AUBRAE it B (0 22 op 2, F i 5 B A
A BRI 2 AL R IE B R/ ME . FE 1 AgT LR
EETNRIRE 378Fg LA =,
343 FHEARY-GA

FHRGY R - E A LS 0 LS
TAORL, BB LR A 2 R . PR RS A
TAOR R, S R A R I o8 A TE AR A
A, R R A R A A AR IR ) o E I A
*Hl—ixﬂ, B AT B A ol GE Ry H A 2R
WAL R S o B, Hh, Rokng
(Polypyrrole, PPy) & —Ff 5y K HU . AR Ho L &
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