Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

SEETFHNA RIFHRThee sk
REHR KA ERE HH KHF RmR

Graphene modification based on plasma technologies

Zhao Wen-Qi  Zhang Dai  Cui Ming-Hui  DuYing Zhang Shu-Yu  Ou Qiong-Rong

5 Fi{# B Citation: Acta Physica Sinica, 70, 095208 (2021) DOI: 10.7498/aps.70.20202078
TEZE [T View online: https:/doi.org/10.7498/aps.70.20202078
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

Cu—A g [a] Fe U HETIO2 (1 55—k JE FRAIF 5%

Surface modification in Cu—Ag codoped Ti02: the first—principle calculation
YA, 2017, 66(11): 117101 https:/doi.org/10.7498/aps.66.117101

BRARENEL/ R (i I LM B2 R S T S 1 5 i e i

Interface modification and energy storage properties of barium titanate—based/ polyvinylidene fluoride composite

PIFR2E4. 2020, 69(21): 217702 hitps://doi.org/10.7498/aps.69.20201031

ST T ) A1 SRR T PR SR AL RS A

Controllable nano—friction of graphene surface by fabricating nanoscale patterning based on atomic force microscopy

PyFEEEAR. 2020, 69(10): 106801  hitps:/doi.ore/10.7498/aps.69.20200124

BRI Z R AT 8200 0 i T 4540 SO AR P BIF S

First—principles study of electronic structure and optical properties of nickel-doped multilayer graphene

YyFEEEAR. 2019, 68(18): 187301  https:/doi.org/10.7498/aps.68.20190523

He B AR 77 BRI DL B PR
Effect of He ion irradiation on microstructure and electrical properties of graphene

WIFRZEAR. 2020, 69(1): 016101  https://doi.org/10.7498/aps.69.20191344

I HLJE AR B AR K AT BRI B DT i

Research progress of direct synthesis of graphene on dielectric layer

YIHE2EHR. 2017, 66(21): 216804  hitps://doi.org/10.7498/aps.66.216804


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20202078
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.117101
https://doi.org/10.7498/aps.69.20201031
https://doi.org/10.7498/aps.69.20200124
https://doi.org/10.7498/aps.68.20190523
https://doi.org/10.7498/aps.69.20191344
https://doi.org/10.7498/aps.66.216804

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 095208

T EETEMIER M40 E

FBE TN A E % ThRE L BUE

REH* KK

EWEH

HE kRED K

(B BREFHOGIEDIRIT, TR N B AP b IS T, L1 200433)

(2020 4F 12 H 8 HkE]; 2021 4F 1 A 30 AU EMEHH)

S5 B TR BUR S ROV E PR R, AR T BT AR OB TS, RS S A RO
(4 B BN T, LR AL 5 IS BRSO A R A fEL, TR A AT DAURE BGP A F R HERLUR AR, REARER
A A2 SO, A8 A5 B A A TR A5 LU A RN G R AR PR T B0 A B A R MRS N MR B, A A T AR
e it L 2 e s O PR R AR F T A RE R AR A A SO, X T R A SR A AT AR ARG S T R R — A R
ST A A SRR SO, FT DLTE R TR C IS I ST, Bl SRR I, AL BRBRIE R B 1
B AINE A A A S IR A — R A SN, A7 s M S RE AR SO R H B A2 45 b 5 R it 1 S 2 AT R,
PRARR . L+ 248, %5 T HAE 0 805 S i J5 T A O S 00 JF A B DL, 45 @], SR, B2 1
123 45 B AR BRI 1 2 i DA B R S B I, Ao S0 3 T 2 A S A 5 e, 7R SOR X eI S A AT 4
IR, TEIEX M ACRIEAT S LR A F AR AR ZE TR HE, B B S BUR IR AT IE.

KA AR, SR TIR, SR, B, i

PACS: 52.77.-j, 52.77.Dq, 81.15.Gh, 81.05.ue

1 5

A BB — PR 5T sp? 24t AL L S
ISR e AR, VRS —Fh A 1E 4R, Hi
BT ILHER AT T« 4 SRS RERS E A7 7E”
X—HIS A, B & B E Novoselov Fll Geim
AR 2010 A5 DUR P 2R s B 2
ST, E B FIERR 25 x 10° cm>V s,
B A i 1 TPa, ASAiF 58 B 130 GPa, # 5 %
5000 W-m LK1 o] WGiE Rk 97.7% 0. £ 2
Bl IS R R TSR, W L 21 2
MR Z FISEES, FEOEH | REIR . AW E
UBER L T E B A AT R SR, S LA B
SRR RS R S BRI R v AR YT e

ail%

* [EFR HRBIEES EAES: 51677031, 11975081) ¥ B KL

# [F A DT YR
t lfEVE#E . E-mail: zhangshuyu@fudan.edu.cn
i BIEYE#E. E-mail: qrou@fudan.edu.cn

©2021 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.70.20202078

A SR i RO o Rl e 2R g, HUR P e
PR T RO SE S B0 A RUBE N, T2 WL A
(UEATREE: -9 o NN AN K= o E - 7 8 2
R, AR E I, 5N A B RREAR 2
BRI SBMATEACER R B, R
s B R E B TS AR ARR
JEE B SR AN A7 280 B 725 A SR M e 1 19 P 22 %
2 AR, TR £ S84 2Z W] A4
LR ) DR R AN P ] B B R AR A
SRIREEZ A G PR e —. e, 1
O L BTN T PP A A 5 B A 4B 2 A A SR M RE
P2 FERE TR AU Fr, T B B L AR
T FPEREAE S 1) = A1 SR R S RERE. WL,
A1 R T RE AL Bl R 4k 2R 77 2 JE Ak S
WFTENES, 23N 2 B5RTE, L T RE O RCR.

http://wulixb.iphy.ac.cn

095208-1


http://doi.org/10.7498/aps.70.20202078
mailto:zhangshuyu@fudan.edu.cn
mailto:zhangshuyu@fudan.edu.cn
mailto:qrou@fudan.edu.cn
mailto:qrou@fudan.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 095208

Forp, SRR 1 SRR A D REVEME MR DT 5T, L2
T SRR BOR BRER: AR AT B T i
IO ARV 2 5 TR B A L e BB Y S A
5 g i 5 TR e 14 A4 2 A S I 2% I it
3 D0 1) e N P IV 3 e A BITAYS
ZN i —8E, SUA EORITEAEIT S . A SOR 2555
TR REAL B PE A7 S M S RO BT AT T 5T IR B A ]
BRI, e EOR B TR AR

SRS FUACET DL 1T BRI A SR R A L B R R
(et e R RN DO G Rl =00 S SN
I PR R A PR 55 TR A T I IR U
FAF: AL PR RE R R T, BT
FE T, T HORL A9 32 2l e e 5 h s 1
AR F3E e AR PP fREo B e 2 P o
BT, Wl TR T RS 1. i T LT A B /)
TR R, 5 T g I AR AT = hE
i, RIS TREEERR T R AR
TIARAS S LT AR AR RE R, B S Y
KT TIA R A A RE, 13l RE AN T A
INTHLT, BER R BUN A E TR 2 AR
FRRFIE. B P TR B e P P ok 1 R R Bl
JEA G, ERAFMmERK SRR, HgR
G, REEA RN, W S5 &M T
HL AL D[R] GG 1 8 - R ek 7 RS S
Yy RA A e, T DI SR A 1F T S B e i Ao
PRI A T ARME LR A A2 SO, FEFSTERT R
RIAEDUR R AL ZIh B2 e ik
M. A S-SR I RE , HA USRI AL A s
SETE, Tkt S B S A7 SOSARt eg T o
PROE AT, WP AR AP AU AU 22, i
FAAET 2R RIS, B UM AN iR TR B 1) 4
PP, FE S B AR T AR U PR
P A S B TR IO RE R T — SR AR
G ) A0 SRR D REAL PR BOR B LR, (AR AT
IE. A K A ARG, R AR T AL
B T B 9 KA LA R B 8 i Al 2 U
BB, J5 AN T AL A7 S A 48 LR
SO, BERDLBE S B 55 A i Al 2 UM L
PR Z0h SR ACRE | SR SRR | 1B 245 RS EAL
R, ANE 1 R, X R IR T A A
£ SRR R DRt B v, B R ). AL
R LA 32 R AL 4 3 AR 535 06 HH AT 5 4R
EHATIRIR, TR EERn b, 25 T E
PR IR AL

Oxidation Doping

_& Reduction

Deposition

.@ Ion @ Electron @@ Carbon atom
® Oxygen atom @ Doping atom @ Hydrogen atom
1 SR TR BRSOt SR 1 B B AR IR

Fig. 1. A schematic diagram of the main physical processes

of graphene modification based on plasma technologies.
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Fig. 2. A schematic diagram of (a) growing graphene on a Ni substrate by PECVDI", (b) growing monolayer graphene on a Si/SiO,
substrate by PECVD ) and (c) growing vertical graphene by PECVD with and without Cu catalysis 2.
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Fig. 3. A schematic diagram of (a) GO reduction using DBD plasmal®l, (b) GO reduction and repair using CH,/Ar plasmal®,

(c) one-step reduction of HAuCl; and GO using Ar plasmal’”l, (d) nucleation and growth process using plasma reduction and

thermal reduction, respectively®.
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Fig. 4. Functional modification of graphene by oxygen plasma treatment: (a) Photoluminescence image of SLG, BLG and FLG after

exposure to O, plasma and a schematic illustration of the atomic structure of graphene after O, plasma treatment!S7; (b) SEM pho-

tos of pristine GO and P-GO surfaces™; (c) water droplets on SiC, HOPG, SLG on SiC, and oxygen-plasma-etched graphene on

SiCP9: (d) a schematic illustration of preparation and characterization of monolayer nanoporous graphene films®.
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Fig. 5. (a) Band structure of pristine graphene”?; (b) the position of the Dirac point and the Fermi level as a function of doping

type; (c) bonding configurations for nitrogen atoms in N-graphenel®; (d) cyclic voltammograms of H,O, on N-graphene

electrode('%); (e) Co 2p deconvolution spectra (left) and N 1s deconvolution spectra of N-CogSg/graphene (right)['%); (f) linear sweep

voltammograms for OER of S-graphenel!2.
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THBAITRINSFA IR AT GO 5B 4R
PR3PSR B 99 4 X — 2 PR T R
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PeriB 2%, st Al 2O S, TR TR
W, Ao AR R, A B T TR Pl fig
P TR A5 B R B IR A AL R PE, R
AR ARUARSCE ) & A T UARAE
RS, MBI, BB N AR
W R MR AR BR, L HEXT R A #5 2%, Elias
S 100 B, DU g 4 1 A S5 M 28 H /Ar 55
BT (10% Hy) 2hBE, EJEF T LSRR E
B C—H &, i f7 B0 P A BRI M sp? b Ar
by sp? ZeAb, TR A B0 MK S 00 A Ak ok 46 25 0
TR ARSI BBIE S, X — i e
A SR TR B AR A AT R AR K AL B
Jei, 22T 2 A EORT 2 4 TR R R T LA 3
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J5i. Akada 55 0O FI FH &S5 25 RS T X7 HOPG
WATEERB SR, IR AT Rk 8.9%. Wtk
PR G 2% T 1) 445 K 2 R 5 SR 0 b I R A 2
FHIG: BURT- SRS h A% i s kB 25 47, B
AT B, A AR AR 2 T B BRI T PR AIG ;
BRBGZS AN S, AR T I AR AN AR X
SH T ZTY B RE FIILIE T 20, ERE FInLng 7 &5
FReFEHABIEY R ETE. Wang 45 193 ) F 4
ER T BIGHEAT T B EUE, Jisde a8
BA R HyOy HUARJFIETE (B 5(d)) FAEYLIR
PERE, A AR R | SRR, AT
PERTEOL T, AR SASBR AT 2% 0.01 mmol /L.
Shao 45 10 38 3o 56045 B AR B A il T 2 A
K47 ORR fEALIE M BB A A B0, T AT
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HREEFHRMAARN, 258 PR
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N JEF 1 RBE S5 AHT, B Flf A 8800 ks
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T $2 4 45 2% R 38 2% 1 WU ik H Y. Baraket
A5 107 R 2 W B IR A SR Y PECVD A=
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T A7) WA, Horh 23k 45% BB A%
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FHF i 7R AR AAR SR AT, Dou 4 108 i FH 22 55
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B DR A6 T 2 SR A 2 i B - (W A48, Lk
JEF D —A i, B, A SR P B C R
JRF R T p BB 4. BURA BT 5 A 4B
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JR AR AR LI AN R RNE. Abd-
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SPECIAL TOPIC—Several problems in plasma physics and material treatment

Graphene modification based on plasma technologies”
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Abstract

Plasma contains highly reactive species, including electrons, ions, radicals, photons, etc., which are critical
for catalyzing or directly participating in chemical reactions. Plasma is a highly efficient tool in chemical
synthesis and material modification, since it can make the chemical reactions that are difficult or even
impossible to occur under thermal equilibrium conditions take place and accelerate through its catalysis. The
chemical reactivity of graphene under conventional conditions is low, which means that the reaction of graphene
requires high temperature, high pressure and/or strong acid or alkali, thereby restricting the synthesis and
modification of novel graphene-derived materials. Plasma-assisted graphene reaction can trigger a series of
chemical reactions, such as reduction, oxidation, defect repair, doping, grafting, epitaxial growth and cross-
linking of graphene, under ambient temperature and pressure without any corrosive conditions. It provides great
potentials for the functional modification of graphene and the synthesis of graphene composites, which deserve
further exploration. Over the past decade, a number of studies of graphene synthesis and modification by using
plasma with distinctive characteristics have been reported. However, most of reports focused on the
presentation of technical routes and corresponding results, and the research on chemical reaction kinetics is still
far from being fully addressed. In this review, we make a comprehensive discussion about these reports by
mainly summarizing and discussing some of the representative results, in order to promote further research in

the relevant fields.
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