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Radiation preparation of MXene/graphene oxide composite aerogel for supercapacitor
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(Radiochemistry and Radiation Chemistry Key Laboratory of Fundamental Science, College of Chemistry and Molecular
Engineering, Beijing National Laboratory for Molecular Sciences, Peking University, Beijing 100871, China)

ABSTRACT MXene/graphene oxide (GO) composites have broad application prospects in fields, such as energy,
environment, and biomedicine. In this study, few-layer Ti,C,T, was mixed with GO, which was then reduced and

surface-modified using vy -ray radiation. Simultaneously, a composite hydrogel (M/rGO) was prepared by self-
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assembly from the interaction between the surface groups of reduced graphene oxide (rGO) and the oxygen-

containing functional groups on the surface of Ti,C,T,. The M/rGO-75 composite hydrogel prepared at an absorbed

dose of 75 kGy exhibited a uniform three-dimensional network structure. The hydrogel was further freeze-dried and

annealed to remove surface oxygen-containing functional groups and prepare a new composite aerogel (H-M/rGO),

which maintained the original network structure. The prepared H-M/rGO electrode was used as a supercapacitor

electrode. The optimized and synthesized H-M/rGO-75 composite aerogel exhibited a mass-specific capacitance of

119 F/g at a current density of 1 A/g, which was significantly higher than those of GO and aerogels without MXene.

In addition, it exhibited excellent rate performance, conductivity, and cycling stability.

KEYWORDS Radiation preparation, MXene/graphene oxide composite aerogel, Self-assembly, Supercapacitor
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Fig.1 Schematic diagram of the preparation route of Ti,C,T /rGO composite aerogel via y-ray radiation method

R NFEBR i 45 B Al 4 54

Table 1 Names and preparation conditions of different gels
FE AR my,.../ Mo SRR / kGy IR / °C
Samples Mass ratio of Mxene and GO Absorbed dose Heating temperature
rGO-75 0 75
M/rGO-50 1.5 50
M/rGO-75 1.5 75
M/rGO-100 1.5 100
M/rGO-125 1.5 125
H-rGO-75 0 75 200
H-M/rGO-75 1.5 75 200
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Fig.2 Photograph of M/rGO-75 composite hydrogel (a) prepared by y-ray radiation method; photograph of M/rGO-75 composite
aerogel (b) after freeze-drying; XRD spectra (c) and Raman spectra (d) of different composite acrogels prepared at different
absorbed doses; XPS spectra and C 1s peak fitting of M/rGO-50 (e), M/rGO-75 (), M/rGO-100 (g)
and M/rGO-125 (h) composite aerogels
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Fig.3 SEM images of M/rGO-50 (a), M/rGO-75 (b), M/rGO-100 (c), and M/rGO-125 (d) composite aerogels
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Fig.4 XRD spectra of few-layer Ti,C,T,, GO, rGO-75 aerogel, and M/rGO-75 composite aerogel (a); the Raman spectra (b) and
FTIR spectra (c) of GO, rGO-75 aerogel, and M/rGO-75 composite aerogel
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Ti,C, T FEILE(C,0, TDA GO i EE T & (C,
O #RI B oy A tE AR

5 GO(a).rGO-75 T#HIL (b) F M/rGO-75 5 & T (o) ) SEM &l ; MirGO-75 4 TREIE ¥ Ti . C. O TE R /M (d) 5
M/rGO-75 B &S B TEM K% (e) I HRTEM B4 (£, LK Ti C.O T E M Kl ()
Fig.5 SEM images of GO (a), rGO-75 (b) aerogel, and M/rGO-75 (c) composite aerogel; distribution of Ti, C, and O elements in
M/rGO-75 composite aerogel (d); TEM image (¢), HRTEM image (f), and distribution of Ti, C, and O elements in M/rGO-75
composite aerogel (g)

X M/rGO-75 5655 RIHEAT T TEM R k. K
SCerh, B PEELT R R A E NGO, H
B 5 B /N B )2 R TLC, T 482k 2. i1 F rGO
gk I8 E B A BRI BB EE T, ERR SIS
JEHIE AR, 1GO KA 25 T B = 4 X 4% [ A
2k, TLCT KA BEFERRNERA, HTRE
WA EAEF, Ti,CT 99K F #W 51 H:Ff 5 7 1GO

PR 28 PR ZR T o 0 it RT3 43 [X 48038 47 HRTEM
RAE, H—DWIUE T X — M. wE SO R,
FE AL S BN 2 B X AT DU % 3] 0.26 nm Al
1.09 nm @i A% AV RE, 8 Ti,C, T/ S ™7 75 KA
JZ 3 i A7 B %23 0.36 nm A1 0.19 nm &A% 18] B,
XFRLrGO 1 dnTE ™ . fEEIS (@, K H Ti,C,T, 1
Ti G R Z oA X P, R ENRET
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(e) C/1s (f) Experimental data GOC1
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H-rGO-75 ——Background
5 . |—A:C=C/C-C
* © = |—B:C=C-0
2 2 8 |—ci¢=0
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El6 rGO-75 " {htZ \H-rGO-75 “(HHIZ \M/rGO-75 = 13Uk 5 H-M/rGO-75 £ UkEIZ 1) XRD 1 4 (2) s vGO-75 "L \H-
rGO-75 Tt 5 H-M/rGO-75 5 4Bt 1) Raman Y6 1% (b) 5 FTIR 1 13 (o) s AR IR 12k (d) s GO rGO-75 TR
HH-M/IrGO-75 E& BRI XPS 4 K (e) ; GO(F) .«rGO-75(g) JH-rGO-75 Ttk (h) 5 H-M/rGO-75 E &R (DI
XPS C 1s W45 5]

Fig.6 XRD spectra of rtGO-75 aerogel, H-rGO-75 aerogel, M/rGO-75 composite aerogel and H-M/rGO-75 composite aerogel (a);
Raman spectra (b) and FTIR spectra (c) of rGO-75 aerogel, H-rGO-75 aerogel, and H-M/rGO-75 composite aerogel; TGA curves of
different samples (d); XPS full spectra of GO, rGO-75 aerogel and H-M/rGO-75 composite aerogel (e); XPS C 1s peak fitting
diagram of GO (f), rGO-75 (g), H-rGO-75 (h) acrogel and H-M/rGO-75 composite aerogel (i)

FTIR i K (6 (c)) o, &l kb )E,
H-rGO-75 Fll H-M/rGO-75 "<, %t % 1) — OH I 5 Wl YA
U JL -4 8B 2%, H-M/AGO E &S B i) C=0
PR BN RISV tH L9 2k, Rk gh R, Bk Ak

R BABR 25 R 1) & S E RERD, I A E REH
() 25 BR T DA R T4 R AL 22 R RES . AR
2[R R T DL S SR AL A SR A IR SRR R,
Keo(dH T EAE i, GO MK E S A B,
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BN RERBAE 100 °CHE A, Sk PRI 7K
MZER: B8 AN REH BN 150~300 °C, Sk E AR}
A RE R R fE . TE 600 °CHY (1) 5 2k H R N
58.1%, TEGO#ILIR)G, &% H IR, #
faE e s, RERTED. 4 rGO-75 15k E il
LA H-rGO-75 Mk E il 45 GO M EL, FTELRIL,
TERE AL S, rGO-75 RN E 2 & A
Rell, HRHZH, MAERKLAHEE, HrGO-
TSARE TR KREERE, B EkES, £
600 °CHf {3 K B AN 12.3%.  H1 T MXene 7E 4
AT IR E R, HABEREKRE TERM
WP 7K 4G K DL R GR T B RE T 20 fif, DRI,
B A A M/ArGO-75 # R B %A R 10.5%, {EIR
KBS, ESE i — P, H-M/rGO-75 [#)
R B AR R 7.4%.

0 6 (e) H GO. rGO-75 K ke . H-
rGO-75 [ ERL M) XPS ik r] LA H, O 1s I 2
X5, C 1sUEREIaas, THE1S BRI E
WN: 1.95. 3.13. 6.24, R FW, AR
AR KACER 5, BosE LG AR B R G 0, U B AE Ab
MR EAA BEPE R, FREREERR.
GO C 1s i E 6 (D Frar, AIIHIE T 3 Fhsy
I8, o A AN TERRA T C-C (284.5 eV) . Fadk
FIFR G 1) C-0 (286.6 eV) UL K B 1 (1) C=0
(288.5eV)™, rGOMIC 1s ik (K 6(g) R, £
SO UG B RN, A R D6 R C-0 Fl C=0 1
R FEAK, 7E H-rGO [ C 1s Y61 (B 6(h))ix —
AT AN, 8ok B T A SR R R
H 2 m 1, 1B KAERHT G IS & SER I C 1s g
ACFEREER,  HrR 7S JoRR R C-C W8 FE 7R IR
KIEW RGN, RHUEEME GO Witk —
HJE

2 ARATESBERNC 1sIEENEHN

RS
Table 2 Percentage of different bonds obtained by

fitting the C 1s spectra of different composite aerogel
samples (%)

FE SRR c-C/ C-C C-0 C=0 C-Ti
Samples Cc=C
M/rGO-50 17.63 4574  9.25 2.64 24.74

M/rGO-75 19.11  47.62  8.52 1.52 23.24
M/rGO-100 2920  44.60  1.00 0.70 24.50
M/rGO-125 2996 4646  0.50 0.30 22.78
H-M/rGO-75 24.52 4413  8.17 1.90 21.27

ik — 25 % 1B K Ab 3L S AN [FARE i TR 0 T 35 4R
AT T RAEAIRTEE, S5 5R WK 7 . B 70 hig
KA H 5 H-rGO-75 B IO &5 44, B 7o) N
B K AL JF H-M/rGO-75 St O MOML 25 ¥, 3t
IR KA ERTAR LG, BT H-M/rGO-75 B &/ bt
TEIB K S 9 48 JUSH 3K GB KT R SF298 3 um, B
KIGLIAS pm), RN, FEALREE TR e8I =4k
W 2% 2584, T H-rGO-75 8 it 1) = 4 ) 5% 25 4 U
KA T — 2 M EAEIA . X2 H T MAGO-75 &
AR N TiLCLT, 5 rGO 22 1] i A HAF A5 %%
R TR ) = E 4 254

BE7 H-rGO-75#EH () F H-M/rGO-75 = &Sk (o)1)
SEM K&
Fig.7 SEM images of H-rGO-75 aerogel (a) and
H-M/rGO-75 composite aerogel (b)
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M/GO & & Bt Wk $£-1~0.2 V G ],
ERHERE A, TAERARM BN A KA R
I JF RN, TR AR A = AR K S o,
X 5 IR A RE S AT CV IR, GO. rGO-75%
HEl X MrGO-75 B &/ B CV B ZE L 8 (a)
AR I T, 5 GO M rGO-75 St i A B,
B TLC,T A &SR B AE K CV &AM
BRI 2R, RUEASER =
b H 28 SR, Lo e AR 1 L 2 AT N
GCD A4S B 8(b) . HrGO-75# Lk, E&S
BRI T AR R ], R E JH GCD
LRI S = AT, 3 1 R 2 1)
AT N H BRI ar i, x5 Cvillik
e A& . nTRLE H, B TLCT, & = 13
I, SA AR B TR TR R (R SE .

o A [RGB ) 45 79 B 1 R A B IR
HEAT 7 CV M GCD M, 45 R an & 8 (a~c) i
W& A 75 kGy BP0 45 GCD Ml R I T
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El8 GO.rGO-75 Bk M A RIS IS R 1] 2615 2 10 B &S B A CV #1 2 () AT GCD i 28 (b) , B GCD A1 CV 43 B3 415

B YA [FI R ST T i) 4% R 5 L 281 () s 1GO-75 W H-rGO-75 S S M/rGO-75 . H-M/rGO-75

BB CV

#(d)\GCD £k () F i GCD A CV 43 5 1545 21 (145 &2 L L 2AE () s H-M/rGO-75 & 45 TUREIAE AR T (¥ CV il 2k
(@), A HLIALE B F ) GCD £ (ho A i GCD [ 2 155045 2K i L 2 (D (45 HA-rGO-75 I LD CRE 28 L I 2 i)
Fig.8 CV curves (a) and GCD curves (b) of GO, rGO-75 aerogels and composite aerogels prepared at different absorbed doses,
mass specific capacitance values of samples prepared at different absorbed doses calculated by GCD and CV respectively (c¢); CV
curves (d), GCD curves (e) and mass specific capacitance (f) values calculated by GCD and CV respectively of rGO-75, H-rGO-75
aerogels and M/rGO-75, H-M/rGO-75 composite aerogels; CV curves of H-M/rGO-75 composite aerogel (g) at different scan rates,
GCD curves at different current densities (h), and mass specific capacitance calculated from GCD curves (i)

(compared with H-rGO-75 aerogel)(color online)
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FIF IR MR A 22 M RE . FR L& LAY
PemE RONTE y SRR IR R, GO BB ik i,
SRR TE, RN GO 5 Ti,C,T 44k Fr B 4%

060203-10



MRS ES LY %M 2024,42:060203

NEFL) =M g ahity, B TR EHES,
Pem 1 HERTAR, BT R BLTEEAL A, B,
55 1 M/rGO B &S Bk Ik B A T 4 i s AL 2R
A, UbAN, MXene MEIE AT 1T BPERE, 2
TR AR T Y TR K A B — P e
JR 7 GO, [EINILIERR 7 AR I RH 7 1 & A E
REd], $Em TMEIEAR SR, BAFT K
MRS BRI R N . 2L IR KA EE S, #
B b A — 203 . HrGO-75 R ILH T 89
F/g R HEZ, H-M/rGO-75 &K 1) i &
FLHL 3 2 119 Flgo X2 KA K AL HE— 25
X rGO TR, S EER I T kBT TT
PLH-rGO-75 £ A xf B, X it & bh e 8 S e
(1) H-M/rGO-75 5 & S I I 3k AT £ % M BE 0F 9%
H-M/rGO-75 E & T IRAEA FH3E T CV i
L K AN [F] L 908 %6 FE R Y GCD il 2k 4 Pl 8 (g~h) T
N, BEEFEM AL, CV AR IE AR A
AZ, £ 5~100 mV/s FJHHE FIRALRFERTFR . fEA
[ IR % 2 N, B GCD 51 i & b B 2 an P 8
DTN, MHEFEEMN T A/gmz] s A/ght, H-
M/rGO-75 &SR 1) i LL - M 119 Fig T 1%

(a) 10

——rGO

8 —— M/rGO-50
—v— M/rGO-75
—— M/rGO-100
F — M/IrGO-125

-Z"'IQ
o

® .
6 L
c
:N 4 L
|
2f ——1GO
——MIGO-75
—e—H-rGO-75
or —+—H-M/rGO-75
2 4 6 8 10 12
zZQ
(d)
100 °* H-M/rGO-75
. &% * HIGO-T5 oo
= P RGP RSP P
s 75} ;
— -
2 o 57%
‘G:J S o2l Last five cydies --|1|.M1
50F =
[0} o
8 s: 0.4]
£ <08
o H
g 25F % 0.8}
8 S -10]
250 500 750
0 Time /s A "
0 2000 4000 6000 8000 10000

99 Flg, HAMIRFEZFRIER] T 83%, I H-rGO-
75 SRR ) T L FL R U A 89 F/g T B % 70 Flg,
HAREFR N 79%. BEASEREIE T E i1
P s soRERe, — 5 TR A B 1 n-n 3EAE
SEATERE B IR SR AN IR KA B S A3 DK, A )T
PR, H—hmeERNEEEKARZ1L
ghiky, [FIEWZ 2R B EE A S R R R 1
MXene 492K 7, FELRR T 25 - A0 HL T AE FELAR R
Bt TiE, Itk T T RE R, FIERCR
AT R FE T, AR IR RF = 1 L LR

A2 BEPTI R g5 SR an B 9 Ca~b) BT, 3 4
Bl 9 Cod AT [ S5 R P B P, Ok % i () BEL R4
Ho M THESEH, RAX M Nyquist #1£8 )1°F
B TR, TR UER] T A Y A
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L

Cycle number

9 GO.rGO-75 S HE K A R A il 45 15 21 1) &2 A B 1) Niyquist B (a) ;1GO-75 \H-rGO-75 S5t/ K M/rGO-75
H-M/rGO-75 & &S %t 1) Nyquist B R : 10°~107 Hz) (b) 5 82 L 28 3% 0 S5 30 4% B () s H-rGO-75 S I A H-M/rGO-75
AABGTE 1 A/g R EE R 3E4T 10 000 YK GCD f§ 34 ot Fit o 1) L B 25 R R 26 (DD
Fig.9 Nyquist plots of GO, rGO-75 aerogels and composite aerogels prepared at different absorbed doses (a); nyquist plots of tGO-
75, H-rGO-75 aerogels and M/rGO-75, H-M/rGO-75 composite aerogels (frequency: 10°-107 Hz) (b); equivalent circuit diagram of
supercapacitors (c); specific capacitance retention of H-rGO-75 aerogel and H-M/rGO-75 composite aerogel during 10 000 GCD
cycles at a current density of 1 A/g (d)
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IR 1R 0T B LL U A R R 3208 82%, T H-rGO-75 1)
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SRS 5 MG I 78 R il R TR AT) SR 42
T EEE=MTE, R HAE 10 000 RAG I J5 1598
TRFE T X2 A R AP mr v . MR 5 RAIE
B, S6SBREGEIFHIESREEE. BT
FHL 2 FEL 2 2% 1) 70 P s 25 T P R/ A R THT L
HLZ AT 2 8, R R A B OB, T HL
Ti,C,T, 5 rGO Z [A] (¥ AH ELAE F B A Rike e R BRI
S YEM L LER, AT LA S HrGO-75 ML, E &
SR AAEE MR e Z8W. Z4RHE5H
TEEAER (B 7O —E. mE3 T, 5Cwk+
F A 2 F MXene F1 rGO [ & & A BFFH LG, H-M/
rGO-75 A A HE I AR SR I H A 53 (1) R 20 L 75 2%

PERE
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Table 3 Percentage of different bonds obtained by fitting the C 1s spectra of different composite aerogel samples

AR FELfigR ot EE A A E TR RBU A RFFE 27530

Electrodes Electrolytes Specific capacitance Cycle number/ References
capacitance retention

H-M/GO-75 8 &bt 1 mol/L Na,SO, 119 F/g (1 A/g) 10 000/82% (1 Alg)  ALAE

H-M/rtGO-75 composite aerogel This work

PANI NWAs/VA-rGO, VA-rGO/ MXene * 1 mol/L H,SO,
(rGO)/Ti,CT B &K 1 mol/L Na,SO,
(rGO)/Ti,CT, composite aerogel

YK ET Y 35 MXene/rGO S Bt i PVA/H,SO, /KBt

Nanofiber-reinforced MXene/rGO aerogel PVA/H,SO, hydrogel

108 F/g (1 Alg)
107.05 F/g (0.5 A/g)

10 000/82% (10 A/g)  [37]
10 000/71.1% (1 A/g)  [38]

274 mF/cm’® (1 mA/

cm’)

100/96% (1 mA/em®)  [39]

Ti,C,T/TiO,@GO* ® PVA/H,SO, 7Kt
PVA/H,SO, hydrogel
R-GO-M ° H,PO,-PVA 7K #Efi

H,PO,-PVA hydrogel

82.7 Fig (1 Alg)

50 000/98% (1 A/g)

2.19 mF/cm’ (10 mV/s) 1 000/93.7%

[40]

[41]

7E :* PANI NWAs, IR ZGK L FE 51 : VA-rGO , 1 ELHRA (138 J5 AL A7 S50 5 GO* , HUBOE AL I S84 A1 2804 © R-GO-M, B Ji

AMNA SME-Ti,C, MXene &M £l

Note: * PANI NWAs, polyaniline nanowire arrays; VA-rGO, vertically aligned reduced graphene oxide; * GO*, mechanically
activated graphene oxide; © R-GO-M, reduced graphene oxide-Ti,C, MXene composite material.

Iy B LR AR AR R GO A § TG T 5
rGO 4K Fr B %, TERMEK/ 7 R A 1A &R+
BRI %% T MAGO B & /K& . R,
rGOE N =44 (B 28, Ti,C,T 40K it o1
[FAH EAE B b, SEOZE A KER A A
IR = 4E M 48 S50 o R % K B R VR T ) A% MY
GO BER . WHFLRIL, B S E R Ti,C,T, &

I, MAGO 56 & 1) 5T & L HL 75 {F 3
K Bl ROSCRE 3E N, R A SR I 5 A L
AR S 38 K ek o B I IR K AR H R R
AUERERDIEE— IR R GO, 33 REL Ak 1K) H-M/
GO E &S . E1A/gRHIREE T, by
M MAGO-75 A& SRR HAERRINH T
96 F/g = L%, 1B K5 H-MAGO-75 & A<
GBS S S 1 R B L R Al 119 Flg, @il
TlH4s GO R B A A . b, EHEABK
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