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Table 1 Advantages and disadvantages of some graphene synthesis methods
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Figure 1 (Color online) Catalytic effects of different transition metal substrates on carbon source precursors. (a) Comparison of surface activity of
different transition metals™®; (b) diagrams of adsorption sites on the surface of transition metals; (c) linear diagram of the binding energy of CH; on
different transition metal surfaces””; (d) diffusion potential energy curves of carbon monomer, dimer, and trimer on the Cu surface!®”); (e) initial

concentrations of different species on the Cu surface at different partial pressures
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Figure 2 (Color online) Transition metal substrates assisted carbon source addition. (a) Diagram of graphene AC and ZZ edges on the Cu(111)
surface; (b) schematic diagram showing the growth process of Cu passivated graphene AC edge on the Cu(111) surface; (c) schematic diagram showing
the growth process of graphene ZZ edge on the Cu(111) surface. Green balls represent Cu atoms bonded with C atoms, and all energy differences are
measured in eVP®. (d) Schematic of graphene ZZ and Klein (k) edges on the surface of Ni(111); (¢) STM diagrams showing the growth process of
graphene ZZ edge on the Ni(111) surface is accompanied by Ni atoms*!
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Figure 3 (Color online) Orientation regulation of graphene by transition metal substrates. (a) Orientation relationship of graphene on different low-
index facets of metal, where 6 represents the angle between the graphene ZZ edge and the close-packed direction of crystal facets; (b) binding energies
of graphene on different low-index facets of metal as a function of 01*; (c) the arrangement of graphene on different facets of FCC metal
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Figure 4 (Color online) Graphene growth on Cu substrates. (a) Schematic showing growth mechanisms of monolayer graphene on Cu substrates; (b)
schematic diagram of preparing single crystalline Cu(111) foil by annealing polycrystalline Cu foil; (c) parallel arrangement of graphene islands on the
Cu(111) substrate®; (d) schematic diagram showing the orientation of high-index Cu facets; () schematic diagram showing seeded growth of high-
index Cu substrates; (f) unidirectional graphene islands on the Cu(112) substrate!®®; (g) atomic model of the twinned metal structure and the

unidirectional alignment of graphene islands on both sides of the twin; (h) unidirectional graphene islands on the twinned Cu substrate
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Figure 5 (Color online) Graphene growth on Ni substrate. (a) Schematic showing growth mechanisms of multilayer graphene on Ni substrate;
(b) schematic diagrams and optical images of graphene growing on single crystalline and polycrystalline Ni substrates™®”; (¢, d) schematic diagrams and
atomic models of continuous epitaxial growth of multilayer graphene on Ni surface; (e) thickness characterization of graphene films transferred to

Si0,/Si substrates'™!
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Figure 6 (Color online) Graphene growth on Cu-Ni alloy substrate. (a) Schematic illustrations of growing graphene by localized feeding of carbon
precursor on Cu-Ni alloy substrate; (b) optical image of graphene grown by localized feeding of carbon precursor™; (c, d) optical image and

transmission electron microscope image of bilayer graphene; (e) optical image of trilayer graphene
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Figure 7 (Color online) Graphene moiré superstructure on large lattice mismatch metal substrates. (a) Schematic diagram of the formation of moiré
patterns; (b) striped and diamond shapes of graphene moiré patterns formed on Ni(100)°*); (c) standard rhombic shapes of graphene moiré patterns on
Ir(111)°" and Ru(0001)®"); (d) C 1s NEXAFS spectra fromsingle-layer graphene on different transition metals; (¢) C s photoelectron spectra of
single layer graphene on different transition metal surfaces!'°”); (f) schematic of four representative regions of graphene moiré superstructures on
metal substrates; (g) binding energies of the graphene on four different configurations of metal substrates as a function of distance!""; (h) STM images
of graphene at different rotation angles on Pt(111)!'%; (i) STM diagrams of the graphene moiré superstructures on different transition metal
surfaces!!107)
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Table 2 Information of non-rotated graphene moiré superstructures on different transition metal substrates, including lattice constants of metal
substrates, lattice mismatch between graphene and metal, period and height difference of moiré superstructures

Gr/Ru(0001) Gr/Rh(111) Gr/Ir(111) Gr/Pd(111) Gr/Re(0001) Gr/P(111)
SRR AR B A) 2.71 2.69 2.71 2.75 2.76 277
rm i R BE BE (%) 9.08 9.35 10.35 11.84 12.20 12.79
FAA) 27.08 26.07 252 20.49 19.87 18.92
PR EZ(A) 1.56 1.53 0.44 0.51 1.53 0.28

4670



ISk

K, 7ERu., Red55s A BAE AR L, SRR
1.5 A, Wifelr, PAE&JEAIIK L, IRIUH0.5 AL (HTS
EERE, ASBECu(ITFE LIPR B fEE 5
IRFBEER, AE 8 TV N B A O T R ASE 55 1Y)
FHEAE, £ 8865 /R A T8 306.6 nm, 111
FERAR AT LA ZBEASTT. I, A 28 7ECu(1 1R L
AT B X A e o 1),

3.2 LURESHN R

A 1 KT B ) 7 5 1 v B UM, A BRI SR L
I ZE 5 AR db PRI R AR SR R A AT IS B A 254 H Y A
JLAnE8(a), (b)7s, SutterZE AMIFIFHSTMMEL R T
A1 BRI A S S RuR IR S S, AR AR R E
SEAEE, ARSI R A AR T RAR, X
Fm - P AT G AR ) & 2R AR B0y, mT UL, IS
T O AFAE I B IR A S5l () S M a2 e, 1
AT BRI 15 S A IS i A R B AN S A S M i
BRI L e AT T A K B SR 1
K8(c), ()7, CorauxZe ANUI7ERA Gir(111) 1 W
LR T 3N AR SRSUEIZR, XA A S W i ) 3
AR A SR S G I ATfE, H SRR s
AR ER A PR — 3, ISR BRI S kA28 k.
FiAk, AR A AR S B A = A Y
PR 4 SRR B A 880 ELA R ) b AR

S I v A AR P R o B R 235 4 A 5
254 B TR A WL T BRAER AR . 55—k R B
AR, TEAT354/Ru(0001) /R ERZEH Hh, PHIATRE 2 il
] FIRMHTEFCCIX 4,  H AR IR 2R 5 R 45+
RSF R INTTT 2 A AR A (8 () O824 47 BB (e £
JEER0°HT, A 83J75/Ru(0001) 5 /R HZEHE Y RO ek,
FHHAE J R 835 2E K A P S A RSt ke 1724
WEFE fa EERG N, AR P A FE ) RSB BES A 824/Ru
(0001)BL/R B ZE AR RUST A/ INTTIRE/ IS, 336 S 184 B 5
(A R L T —Fh ] REME. 5286 EdWgRs) T 408
WREGEBENE R BN 5L/ B A5 1 L ks, IF A A )
RSP AIIESR 5 4R i UTR R s b A e, i 8(f)~
(WPIR, TEAINE SRR, FOE SRR, By
B FRE. & 7 5 B s, A S i A A8 K,
I H s A I, RIRERAE D Ak, 8B /R
A 235 R A A AR T A SO AR o S5 R Y B 412
Zhang% N VR A7 BB SR ARG AL S PR T AR IR 4
TR A P dl e, ERG)FTR, 7R T

BN, BRBRT T O e FCCIX I, bl
LA, T URSAEFCCIEBME, BT RA T
(0 4k AR 25 (1K18())). HFCCIX o8 2 b s
J55, 43 DUH o) 7 TOU0 X P 30 G A 7 B (11 8 ().
I A ) B R B AT R, T A 3k 9 A AR [ E 37
05 SR A SE R, O s R G ) AR T — T
REME.

J35h, IR A R L & JE AT IS BN R IX S
A SBIGAHEAE 225, ATSCEA S a1 RS T
A Lo NSRS T Coo3 TS5 Ru(000 1) A5 AH A
HBENE S F RS MR AE S A6, IR C oo Tk
AR AEE 23R KR R, AR Ceo 3T 2353
BN IR T AR, BT 8505 5 Ru(000 1) FR T A A
DLAC, XLECHIFEERUR Y BL . BAIFRLIU A
FEE RGT B A 88l T (EI8(1), (m)). [RIFEHE, Cuids
3 1 STMAEE 2, ZERu(0001)FE 1, T IS M7
FHE SRR 2B Wi E . S, RS AR R R B
HABIS R Y A RuR Y 1. A, HRZIE:
FERE L R S5 A BB SR T (I8 (n), (o).
TS A PR AR 1 LT R B2 MR, ARG LT
R TR AR U EAT e g A SRS Zhe 4
NIIZ S FSE T Ru(0001)36 [ A7 A4 B T SR )
ML, 7R T 7ERu(0001)FRMH -, A8 a 1 s R
FORAR T2 A BT i % 5 4 8 A K R A AR
FHRAE.

4 g5

A1 S0 A U AT 2R Al e SR RIVE TR 2
Al AR T A SRR AN A R i S A v
PR, RZBRARAT IR 5 A0 S0 Z A1 AH AR IR 225
AL AR A G SRS SR AR, TRARS
T R A SR AE A 2R A K A B A AN B A
. 5, SIS RIS A S R T O
SR, AR RS 48 i) A BT HEA RO
WARSE, U FR O T A TR R B T R A
AR, R, BJm A RAY R I RT3 S 2 R
ARALTE, IAUBEB IR SRIG A% RER, i0hE
e A S A R A v R AR I A I B 4 SR M 2
AN AEZ, MIMJEZEAT s n AR . AN, SJm iR
BRI P A ks Al R R AR A A P Ay SR A ) BB ) B A
RFERFAER. Ca(111) A4 TH T 5 47 8806 10 7S F
PRUEARVERCS, BENSA ROt P41 S50 i 0 S B P —

4671



M4 Z b B 2025598 FI0% L27H

! ’V“
IS4 2m= |«
& & &
O oD 2 am

Bl 8 (MZRUR () SR BRI (a, b) 2 MRuiSIE [ A B HSURE L RIS TMIE SHEIE M, (¢, d) Ir(111) |- 2 fh A B IR SR S5 1Y
STMIPE L B A7 S84 500 IR P 1) 56 2775 28 PR3 () AR TR 7 B4 /Ru(000 1 ) 45 8 2 K R R RS P 1 % 35 PRI OY) (b AR RIGERGE S
TrPAIREAE AT BRI I (1T )RS F L STMIEIN; Gimk) IR, BRIKE 437 B A7 28965/Ru(000 1) 25 44 L (9 STMIEI!); (1, m) CoofiTAEIA
IRl R F A B A Y STMIEMERT ), (0, 0) e ZERu(0001 )2 17 B K Ji 2 J A A B8 i 5 A STMIET - i 1161

Figure 8 (Color online) Applications of graphene moiré superstructures. (a, b) STM image and atomic schematic showing graphene moiré
superstructures on polycrystalline Ru substrates!''"); (c, d) STM image of polycrystalline graphene moiré superstructures on the Ir(111) substrate and
corresponding schematic showing relative angles between graphene and Ir(111)!"%); (e) atomic configurations showing Pt clusters of different size

templated by different graphene/Ru(0001) superstructurest'® ; (f-h) STM images showing Ir clusters grown on graphene/Ir(111) superstructures under

different deposition rates!''; (i-k) STM images showing iron phthalocyanine adsorbed on graphene/Ru(0001) surfaces under different

concentrations“og]; (1, Il’l) STM images of graphene quantum dots derived by C60[115]; n, o STM image and atomic conﬁguration of graphene
g
quantum dots generated by annealing coronene on Ru(OOOl) surface[m’]

ey, RIS, RO R AR PRI AT, torei PE—20 M, FRATHAL B EEFIN LA SR TEA RS
P BRI I A — U A RO HERBL TEORAGW ). SRR LR RAT N, 78 THR S5 40 8800 s
FIAT, 7ECu(111)FAIA ., AR RO AR S EARRE  AORRBCIE LUK RSB X Ay s A KO S R RS T
10 LSyt 26 L 49 5T B B AT SR TR SERFHAL N A SR BCRE, CuffINTAR TR 5 B

4672



ISk

TR RS | B i £ S, [ Tk
Fh & @Y R R I AR, H EARNASGSE
B AR A KA. Cutel JES AAGAR s e B BR ) 1
FHEAEENZEARK, FiiCukl R HAAA K RZE
AR, 522, Niged LA e s AT M e s
RIS, BAREEW e )24 K, HAaNikE AR E
R BRI E R . TCu-NIB Al S T A (5
ATYR AL 5y, A A8 JEE B T 458 4 A B Js Ve Sy 1 B 7
Ml Bif, FHCu-NiG &R IR, Sl 725
T RN 95 % I JEOR G A S T A AR AR B BE R
(4B AR (AR, Tr) b, SC56 & BB TREAS L 1l 71 58
T8 A R JE A 8 B AR R S B A5 H, sk
MBZEF AN G T A S A i YRR, 8 AT
Ho PEEMRAE TR R, AN, AR A K
FEMETERE T HAE R &R R sl 0+ S5 A Ty 4 BBt
D7 RN, RIS, K& I HLRE T A s S A I R AN
WIS EAER, o 7E ket i A A 2 T
SR T A

JUE A S 0 A LU T RE R, (HAESEE
= A R 5 A T i i 2Pk, filan, 385 (8 A
SRR AE B AN IR 3. IR EOR AR K
WA Sl 2 A B HARFER b, X—fTRessI A
BB R Ay SRR RO PE T, L, A o SRR RS
FeAR BT R Al ) — N BB 7. fEH AR
fm [0 IS b B AR KA AR, IR e R i A, Sl
R g SR R TR, A, AT R IR R
FIF R ARG AT IR B KA SENE AR, FralE
SiCHIIRE, 7EH: A WA 880 ] ELE N H T2 F i
. flt, Ma%E NP SICRLR B4 T i

CEP AN

2 S AROME 1 85, BA 29600 me VAT BT A
5500 cm® V' sTUEIRIE RS R, X —2F AR BRI AT
RFF IR A BRI AR A R U T TR, SR, A
B 0 T A AN T SE LS B0 2 P i RORSE AR 7=, 18
e S S 2 WIS 1) 7 it O A e AR, e S
[ 25 A7 B M A AL ) 5 1 B b, TR 2 B 25 SRR N 8
1% SRS 1 RIER. 456 R WRE A
FRIC/ ML, A T 238, e
EPRT A P ROR SRR

Ti4h, HEA B RZ A SRR L, SUE A BT
AN T R B AT AR, s I TR A R
A5 22 1] (1) 2 71 BB Sl A Bl S B 22 (1 ) Ak 2
PEE. SR, HATXTCVD A BUOSUZ A 880 J HL e £
T IR A TR B B, AnArD A o4 A AR 1 2
B, PR RN, DR NI S 2R AR,
ABHEBRIRUZ A 8805 10 KRR 2] il 45 i A SE . 78
ST, WAV A B ZECS e iR
PYEENA R IR ITRE S WP S s 7 N eSS 52 5 N
AWk, WA GBS TR AR S A R AL
WK, Ak, REES. ZFHEYERCVDTZ,
o )R 3 e VR A K SRS R A B 1 2 BORN e
SRS, BN BB BRI T BE. AIME
Wi IR S HE R EE A, RENSINEE AT BRI I S50 2= A
FE ) Tl AR AT E. 13X —J5 [l AR AN B T
PTG BIGTER T JeHR TP ERE, N HAERE
TRAEAE . AL R B AR AR A )92 0 FH B4
TIRSCHLRS. X EEREAY ARSI O AR AR K R
EABIE 1, RIS — 25 DL SR a T N — 10 Rt
AL HA

1 Unwin P R, Giiell A G, Zhang G. Nanoscale electrochemistry of sp® carbon materials: from graphite and graphene to carbon nanotubes. Acc

Chem Res, 2016, 49: 2041-2048

AN W AW N

9281-9343

[o BN

batteries. Nanoscale, 2020, 12: 9616-9627

Novoselov K S, Geim A K, Morozov S V, et al. Electric field effect in atomically thin carbon films. Science, 2004, 306: 666—669

Chen J H, Jang C, Xiao S, et al. Intrinsic and extrinsic performance limits of graphene devices on SiO,. Nat Nanotech, 2008, 3: 206-209
Song N, Gao Z, Li X. Tailoring nanocomposite interfaces with graphene to achieve high strength and toughness. Sci Adv, 2020, 6: eaba7016
Balandin A A, Ghosh S, Bao W, et al. Superior thermal conductivity of single-layer graphene. Nano Lett, 2008, 8: 902-907

Lin L, Deng B, Sun J, et al. Bridging the gap between reality and ideal in chemical vapor deposition growth of graphene. Chem Rev, 2018, 118:

Nair R R, Blake P, Grigorenko A N, et al. Fine structure constant defines visual transparency of graphene. Science, 2008, 320: 1308

Jamaluddin A, Umesh B, Chen F, et al. Facile synthesis of core—shell structured Si@graphene balls as a high-performance anode for lithium-ion

9 KimY, Cruz S S, Lee K, et al. Remote epitaxy through graphene enables two-dimensional material-based layer transfer. Nature, 2017, 544: 340—

4673


https://doi.org/10.1021/acs.accounts.6b00301
https://doi.org/10.1021/acs.accounts.6b00301
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2008.58
https://doi.org/10.1126/sciadv.aba7016
https://doi.org/10.1021/nl0731872
https://doi.org/10.1021/acs.chemrev.8b00325
https://doi.org/10.1126/science.1156965
https://doi.org/10.1039/D0NR01346C
https://doi.org/10.1038/nature22053

M4 Z b B 2025598 FI0% L27H

10

24

25

26

27

28
29

30

31

32
33

34

35

36

37

38
39

40

4674

343

Wan L F, Liu Y S, Cho E S, et al. Atomically thin interfacial suboxide key to hydrogen storage performance enhancements of magnesium
nanoparticles encapsulated in reduced graphene oxide. Nano Lett, 2017, 17: 5540-5545

Russier J, Leon V, Orecchioni M, et al. Few-layer graphene kills selectively tumor cells from myelomonocytic leukemia patients. Angew Chem
Int Ed, 2017, 56: 3014-3019

Chen Y, Song X, Zhao T, et al. A phosphorylethanolamine-functionalized super-hydrophilic 3D graphene-based foam filter for water purification.
J Hazard Mater, 2018, 343: 298-303

Tyurnina AV, Morton J A, Kaur A, et al. Effects of green solvents and surfactants on the characteristics of few-layer graphene produced by dual-
frequency ultrasonic liquid phase exfoliation technique. Carbon, 2023, 206: 7-15

Sun L, Yuan G, Gao L, et al. Chemical vapour deposition. Nat Rev Methods Primers, 2021, 1: 5

Hao C, Wang X, He Y, et al. PECVD synthesis of graphene toward wide applications: progress and prospects (in Chinese). Chin Sci Bull, 2024,
69: 1893-1905 [, EER, M, 4. L FPECVDE AR A BT il 2 5 H: BLR 5 R, Bl4m, 2024, 69: 1893-1905]
Narula U, Tan C M, Lai C S. Copper induced synthesis of graphene using amorphous carbon. Microelectron Reliability, 2016, 61: 87-90
Anurag K, Kumar S R. Synthesis of graphene through electrochemical exfoliation technique in aqueous medium. Mater Today-Proc, 2021, 44:
2695-2699

Wang X. Research progress in preparation of graphene by supercritical CO, exfoliation (in Chinese). China Plast, 2024, 38: 124-129 [ £ i#l. # &
FLCOLM B b 45 A0 AR MBI ST R . vh 20K, 2024, 38: 124-129]

Li J, Chen M, Samad A, et al. Wafer-scale single-crystal monolayer graphene grown on sapphire substrate. Nat Mater, 2022, 21: 740-747
Mishra N, Boeckl J, Motta N, et al. Graphene growth on silicon carbide: a review. Physica Status Solidi (a), 2016, 213: 22772289
Stankovich S, Dikin D A, Dommett G H B, et al. Graphene-based composite materials. Nature, 2006, 442: 282-286

Yang W, Chen G, Shi Z, et al. Epitaxial growth of single-domain graphene on hexagonal boron nitride. Nat Mater, 2013, 12: 792-797

Yan H, Yang H, Lin S, et al. Effect of staged methane flow on morphology and growth rate of graphene monolayer domains by low-pressure
chemical vapor deposition. Thin Solid Films, 2021, 736: 138921

Cushing G W, Johanek V, Navin J K, et al. Graphene growth on Pt(111) by ethylene chemical vapor deposition at surface temperatures near 1000
K. J Phys Chem C, 2015, 119: 4759-4768

Wang B, Ma X, Caffio M, et al. Size-selective carbon nanoclusters as precursors to the growth of epitaxial graphene. Nano Lett, 2011, 11: 424—
430

Wang X, Yuan Q, Li J, et al. The transition metal surface dependent methane decomposition in graphene chemical vapor deposition growth.
Nanoscale, 2017, 9: 1158411589

Kim S J, Kim D W, Jung H T. Key growth parameters affecting the domain structure of chemical vapor deposition (CVD)-grown graphene on
nickel. RSC Adv, 2013, 3: 22909-22913

Wofford J M, Starodub E, Walter A L, et al. Extraordinary epitaxial alignment of graphene islands on Au(111). New J Phys, 2012, 14: 053008
Meca E, Lowengrub J, Kim H, et al. Epitaxial graphene growth and shape dynamics on copper: phase-field modeling and experiments. Nano Lett,
2013, 13: 5692-5697

Vlassiouk I, Regmi M, Fulvio P, et al. Role of hydrogen in chemical vapor deposition growth of large single-crystal graphene. ACS Nano, 2011,
5: 6069-6076

Ani M H, Kamarudin M A, Ramlan A H, et al. A critical review on the contributions of chemical and physical factors toward the nucleation and
growth of large-area graphene. J Mater Sci, 2018, 53: 7095-7111

Shu H, Tao X M, Ding F. What are the active carbon species during graphene chemical vapor deposition growth? Nanoscale, 2015, 7: 1627-1634
Wu P, Zhang Y, Cui P, et al. Carbon dimers as the dominant feeding species in epitaxial growth and morphological phase transition of graphene
on different Cu substrates. Phys Rev Lett, 2015, 114: 216102

Li P, Li Z, Yang J. Dominant kinetic pathways of graphene growth in chemical vapor deposition: the role of hydrogen. J Phys Chem C, 2017, 121:
25949-25955

Shu H, Chen X, Tao X, et al. Edge structural stability and kinetics of graphene chemical vapor deposition growth. ACS Nano, 2012, 6: 3243-3250
Wu P, Jiang H, Zhang W, et al. Lattice mismatch induced nonlinear growth of graphene. ] Am Chem Soc, 2012, 134: 6045-6051

Jiang H, Wu P, Hou Z, et al. Orientation-sensitive nonlinear growth of graphene: an epitaxial growth mechanism determined by geometry. Phys
Rev B, 2013, 88: 054304

Patera L L, Bianchini F, Africh C, et al. Real-time imaging of adatom-promoted graphene growth on nickel. Science, 2018, 359: 1243-1246
Artyukhov V I, Liu Y, Yakobson B I. Equilibrium at the edge and atomistic mechanisms of graphene growth. Proc Natl Acad Sci USA, 2012, 109:
15136-15140

Shu H, Chen X, Ding F. The edge termination controlled kinetics in graphene chemical vapor deposition growth. Chem Sci, 2014, 5: 4639-4645


https://doi.org/10.1021/acs.nanolett.7b02280
https://doi.org/10.1002/anie.201700078
https://doi.org/10.1002/anie.201700078
https://doi.org/10.1016/j.jhazmat.2017.09.045
https://doi.org/10.1016/j.carbon.2023.01.062
https://doi.org/10.1038/s43586-020-00005-y
https://doi.org/10.1016/j.microrel.2016.01.005
https://doi.org/10.1016/j.matpr.2020.12.684
https://doi.org/10.1038/s41563-021-01174-1
https://doi.org/10.1002/pssa.201600091
https://doi.org/10.1038/nature04969
https://doi.org/10.1038/nmat3695
https://doi.org/10.1016/j.tsf.2021.138921
https://doi.org/10.1021/jp508177k
https://doi.org/10.1021/nl103053t
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/c3ra44751k
https://doi.org/10.1088/1367-2630/14/5/053008
https://doi.org/10.1021/nl4033928
https://doi.org/10.1021/nn201978y
https://doi.org/10.1007/s10853-018-1994-0
https://doi.org/10.1039/C4NR05590J
https://doi.org/10.1103/PhysRevLett.114.216102
https://doi.org/10.1021/acs.jpcc.7b09622
https://doi.org/10.1021/nn300726r
https://doi.org/10.1021/ja301791x
https://doi.org/10.1103/PhysRevB.88.054304
https://doi.org/10.1103/PhysRevB.88.054304
https://doi.org/10.1126/science.aan8782
https://doi.org/10.1073/pnas.1207519109
https://doi.org/10.1039/C4SC02223H

ISk

41

4

43

44
45

46

47

48
49

50
51
52

53
54

55

56

57
58
59
60
61
62
63
64
65

66
67

68
69
70

71
72
73

74
75

Zhang X, Wang L, Xin J, et al. Role of hydrogen in graphene chemical vapor deposition growth on a copper surface. J Am Chem Soc, 2014, 136:
3040-3047

Zhang X, Xu Z, Hui L, et al. How the orientation of graphene is determined during chemical vapor deposition growth. J Phys Chem Lett, 2012, 3:
2822-2827

Yuan Q, Yakobson B I, Ding F. Edge-catalyst wetting and orientation control of graphene growth by chemical vapor deposition growth. J Phys
Chem Lett, 2014, 5: 3093-3099

Dong J, Zhang L, Dai X, et al. The epitaxy of 2D materials growth. Nat Commun, 2020, 11: 5862

Wang L, Xu X, Zhang L, et al. Epitaxial growth of a 100-square-centimetre single-crystal hexagonal boron nitride monolayer on copper. Nature,
2019, 570: 91-95

Hu J, Quan W, Yang P, et al. Epitaxial growth of high-quality monolayer MoS, single crystals on low-symmetry vicinal Au(101) facets with
different miller indices. ACS Nano, 2023, 17: 312-321

Wang S, Dearle A E, Maruyama M, et al. Catalyst-selective growth of single-orientation hexagonal boron nitride toward high-performance
atomically thin electric barriers. Adv Mater, 2019, 31: 1900880

Chen T A, Chuu C P, Tseng C C, et al. Wafer-scale single-crystal hexagonal boron nitride monolayers on Cu (111). Nature, 2020, 579: 219-223
LiJ, Li Y, Yin J, et al. Growth of polar hexagonal boron nitride monolayer on nonpolar copper with unique orientation. Small, 2016, 12: 3645—
3650

Zhang L, Dong J, Ding F. Substrate screening for the epitaxial growth of a single-crystal graphene wafer. J Phys Chem Lett, 2024, 15: 758-765
Wang J, Ren Z, Hou Y, et al. A review of graphene synthesis at low temperatures by CVD methods. New Carbon Mater, 2020, 35: 193-208
LiZ, Zhang W, Fan X, et al. Graphene thickness control via gas-phase dynamics in chemical vapor deposition. J Phys Chem C, 2012, 116: 10557—
10562

Dong J, Geng D, Liu F, et al. Formation of twinned graphene polycrystals. Angew Chem Int Ed, 2019, 58: 7723-7727

Geng D, Wu B, Guo Y, et al. Uniform hexagonal graphene flakes and films grown on liquid copper surface. Proc Natl Acad Sci USA, 2012, 109:
7992-7996

Zeng M, Wang L, Liu J, et al. Self-assembly of graphene single crystals with uniform size and orientation: the first 2D super-ordered structure. J
Am Chem Soc, 2016, 138: 7812-7815

LeeJ S, Choi S H, Yun S J, et al. Wafer-scale single-crystal hexagonal boron nitride film via self-collimated grain formation. Science, 2018, 362:
817-821

Ding L P, Shao P, Ding F. Mechanism of 2D materials’ seamless coalescence on a liquid substrate. ACS Nano, 2021, 15: 19387-19393

Li X, Cai W, An J, et al. Large-area synthesis of high-quality and uniform graphene films on copper foils. Science, 2009, 324: 1312-1314
Kim K S, Zhao Y, Jang H, et al. Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature, 2009, 457: 706710
Yu Q, Lian J, Siriponglert S, et al. Graphene segregated on Ni surfaces and transferred to insulators. Appl Phys Lett, 2008, 93: 113103

Reina A, Jia X, Ho J, et al. Large area, few-layer graphene films on arbitrary substrates by chemical vapor deposition. Nano Lett, 2009, 9: 30-35
Dahal A, Batzill M. Graphene—nickel interfaces: a review. Nanoscale, 2014, 6: 2548-2562

Mattevi C, Kim H, Chhowalla M. A review of chemical vapour deposition of graphene on copper. J Mater Chem, 2011, 21: 3324-3334

Li X, Cai W, Colombo L, et al. Evolution of graphene growth on Ni and Cu by carbon isotope labeling. Nano Lett, 2009, 9: 42684272

Xu X, Zhang Z, Dong J, et al. Ultrafast epitaxial growth of metre-sized single-crystal graphene on industrial Cu foil. Sci Bull, 2017, 62: 1074—
1080

Wu M, Zhang Z, Xu X, et al. Seeded growth of large single-crystal copper foils with high-index facets. Nature, 2020, 581: 406-410

Li X, Wu G, Zhang L, et al. Single-crystal two-dimensional material epitaxy on tailored non-single-crystal substrates. Nat Commun, 2022, 13:
1773

Howard C, Teal G K. Method of fabricating germanium bodies. US Patent, US2692839A, 1954-10-26

Jin S, Huang M, Kwon Y, et al. Colossal grain growth yields single-crystal metal foils by contact-free annealing. Science, 2018, 362: 1021-1025
Hao Y, Bharathi M S, Wang L, et al. The role of surface oxygen in the growth of large single-crystal graphene on copper. Science, 2013, 342:
720-723

Sun L, Chen B, Wang W, et al. Toward epitaxial growth of misorientation-free graphene on Cu(111) foils. ACS Nano, 2022, 16: 285-294
Luo D, Wang M, Li Y, et al. Adlayer-free large-area single crystal graphene grown on a Cu(111) foil. Adv Mater, 2019, 31: 1903615

Yao W, Zhang J, Ji J, et al. Bottom-up-etching-mediated synthesis of large-scale pure monolayer graphene on cyclic-polishing-annealed Cu(111).
Adv Mater, 2022, 34: 2108608

Lin L, Zhang J, Su H, et al. Towards super-clean graphene. Nat Commun, 2019, 10: 1912

Zhang J, Jia K, Lin L, et al. Large-area synthesis of superclean graphene via selective etching of amorphous carbon with carbon dioxide. Angew
Chem Int Ed, 2019, 58: 1444614451

4675


https://doi.org/10.1021/ja405499x
https://doi.org/10.1021/jz301029g
https://doi.org/10.1021/jz5015899
https://doi.org/10.1021/jz5015899
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1038/s41586-019-1226-z
https://doi.org/10.1021/acsnano.2c07978
https://doi.org/10.1002/adma.201900880
https://doi.org/10.1038/s41586-020-2009-2
https://doi.org/10.1002/smll.201600681
https://doi.org/10.1021/acs.jpclett.3c03355
https://doi.org/10.1016/S1872-5805(20)60484-X
https://doi.org/10.1021/jp210814j
https://doi.org/10.1002/anie.201902441
https://doi.org/10.1073/pnas.1200339109
https://doi.org/10.1021/jacs.6b03208
https://doi.org/10.1021/jacs.6b03208
https://doi.org/10.1126/science.aau2132
https://doi.org/10.1021/acsnano.1c05810
https://doi.org/10.1126/science.1171245
https://doi.org/10.1038/nature07719
https://doi.org/10.1063/1.2982585
https://doi.org/10.1021/nl801827v
https://doi.org/10.1039/c3nr05279f
https://doi.org/10.1039/C0JM02126A
https://doi.org/10.1021/nl902515k
https://doi.org/10.1016/j.scib.2017.07.005
https://doi.org/10.1038/s41586-020-2298-5
https://doi.org/10.1038/s41467-022-29451-w
https://doi.org/10.1126/science.aao3373
https://doi.org/10.1126/science.1243879
https://doi.org/10.1021/acsnano.1c06285
https://doi.org/10.1002/adma.201903615
https://doi.org/10.1002/adma.202108608
https://doi.org/10.1038/s41467-019-09565-4
https://doi.org/10.1002/anie.201905672
https://doi.org/10.1002/anie.201905672

M4 Z b B 2025598 FI0% L27H

76
77
78
79
80
81
82
83
84
85

86

87
88

89

90

91
92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

4676

Castro Neto A H, Guinea F, Peres N M R, et al. The electronic properties of graphene. Rev Mod Phys, 2009, 81: 109-162

Matis B R, Burgess J S, Bulat F A, et al. Surface doping and band gap tunability in hydrogenated graphene. ACS Nano, 2012, 6: 17-22
Yankowitz M, Chen S, Polshyn H, et al. Tuning superconductivity in twisted bilayer graphene. Science, 2019, 363: 1059-1064

Zhang Y, Polski R, Lewandowski C, et al. Promotion of superconductivity in magic-angle graphene multilayers. Science, 2022, 377: 1538-1543
Sadeghi M, Ahmadi V. Multilayer graphene based optical bistability. J Opt Soc Am B, 2018, 35: 528-532

Su Z, Song M, Li H, et al. Prestrain guided yield of large single-crystal nickel foils with high-index facets. Adv Mater, 2024, 36: 2400248
Zhang Y, Gomez L, Ishikawa F N, et al. Comparison of graphene growth on single-crystalline and polycrystalline Ni by chemical vapor
deposition. J Phys Chem Lett, 2010, 1: 3101-3107

Zhang Z, Ding M, Cheng T, et al. Continuous epitaxy of single-crystal graphite films by isothermal carbon diffusion through nickel. Nat
Nanotechnol, 2022, 17: 1258-1264

Lavin-Lopez M P, Valverde J L, Ruiz-Enrique M 1, et al. Thickness control of graphene deposited over polycrystalline nickel. New J Chem, 2015,
39: 44144423

Kim S G, Hu Q, Nam K B, et al. Formation process of graphite film on Ni substrate with improved thickness uniformity through precipitation
control. Chem Phys Lett, 2018, 698: 157-162

Mafra D L, Olmos-Asar J A, Negreiros F R, et al. Ambient-pressure CVD of graphene on low-index Ni surfaces using methane: a combined
experimental and first-principles study. Phys Rev Mater, 2018, 2: 073404

Lahiri J, Miller T, Adamska L, et al. Graphene growth on Ni(111) by transformation of a surface carbide. Nano Lett, 2011, 11: 518-522

Wu T, Zhang X, Yuan Q, et al. Fast growth of inch-sized single-crystalline graphene from a controlled single nucleus on Cu—Ni alloys. Nat Mater,
2016, 15: 4347

Huang M, Bakharev P V, Wang Z J, et al. Large-area single-crystal AB-bilayer and ABA-trilayer graphene grown on a Cu/Ni(111) foil. Nat
Nanotechnol, 2020, 15: 289-295

Vlassiouk I V, Stehle Y, Pudasaini P R, et al. Evolutionary selection growth of two-dimensional materials on polycrystalline substrates. Nat
Mater, 2018, 17: 318-322

Huang M, Biswal M, Park H J, et al. Highly oriented monolayer graphene grown on a Cu/Ni(111) alloy foil. ACS Nano, 2018, 12: 6117-6127
Wang Z J, Kong X, Huang Y, et al. Conversion of chirality to twisting via sequential one-dimensional and two-dimensional growth of graphene
spirals. Nat Mater, 2024, 23: 331-338

Wang M, Huang M, Luo D, et al. Single-crystal, large-area, fold-free monolayer graphene. Nature, 2021, 596: 519-524

May J W. Platinum surface LEED rings. Surf Sci, 1969, 17: 267-270

Zou Z. Unveiling the formation of graphene moiré patterns on fourfold-symmetric supports: geometrical insight. J Phys Chem C, 2021, 125:
2270522712

Zou Z, Patera L L, Comelli G, et al. Honeycomb on square lattices: geometric studies and strain analysis of moiré structures at a symmetry-
mismatched interface. J Phys Chem C, 2020, 124: 25308-25315

Hémaléinen S K, Boneschanscher M P, Jacobse P H, et al. Structure and local variations of the graphene moiré on Ir(111). Phys Rev B, 2013, 88:
201406

Pan Y, Zhang H, Shi D, et al. Highly ordered, millimeter-scale, continuous, single-crystalline graphene monolayer formed on Ru (0001). Adv
Mater, 2009, 21: 27772780

Dedkov Y, Voloshina E, Fonin M. Scanning probe microscopy and spectroscopy of graphene on metals. Physica Status Solidi (b), 2015, 252: 451—
468

Preobrajenski A B, Ng M L, Vinogradov A S, et al. Controlling graphene corrugation on lattice-mismatched substrates. Phys Rev B, 2008, 78:
073401

Zhang L, Ding F. Mechanism of corrugated graphene moiré superstructures on transition-metal surfaces. ACS Appl Mater Interfaces, 2021, 13:
56674-56681

Gao M, Pan Y, Huang L, et al. Epitaxial growth and structural property of graphene on Pt(111). Appl Phys Lett, 2011, 98: 033101

Li G, Zhang L, Xu W, et al. Stable silicene in graphene/silicene Van der Waals heterostructures. Adv Mater, 2018, 30: 1804650

Liu M, Gao Y, Zhang Y, et al. Single and polycrystalline graphene on Rh(111) following different growth mechanisms. Small, 2013, 9: 1360—
1366

QiY, Meng C, Xu X, et al. Unique transformation from graphene to carbide on Re(0001) induced by strong carbon—metal interaction. ] Am Chem
Soc, 2017, 139: 17574-17581

Martinez J I, Merino P, Pinardi A L, et al. Role of the pinning points in epitaxial graphene moiré superstructures on the Pt(111) surface. Sci Rep,
2016, 6: 20354

Li L, Wang Y, Meng L, et al. Hafnium intercalation between epitaxial graphene and Ir(111) substrate. Appl Phys Lett, 2013, 102: 093106


https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1021/nn2034555
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1126/science.abn8585
https://doi.org/10.1364/JOSAB.35.000528
https://doi.org/10.1002/adma.202400248
https://doi.org/10.1021/jz1011466
https://doi.org/10.1038/s41565-022-01230-0
https://doi.org/10.1038/s41565-022-01230-0
https://doi.org/10.1039/C5NJ00073D
https://doi.org/10.1016/j.cplett.2018.03.013
https://doi.org/10.1103/PhysRevMaterials.2.073404
https://doi.org/10.1021/nl103383b
https://doi.org/10.1038/nmat4477
https://doi.org/10.1038/s41565-019-0622-8
https://doi.org/10.1038/s41565-019-0622-8
https://doi.org/10.1038/s41563-018-0019-3
https://doi.org/10.1038/s41563-018-0019-3
https://doi.org/10.1021/acsnano.8b02444
https://doi.org/10.1038/s41563-023-01632-y
https://doi.org/10.1038/s41586-021-03753-3
https://doi.org/10.1016/0039-6028(69)90227-1
https://doi.org/10.1021/acs.jpcc.1c03991
https://doi.org/10.1021/acs.jpcc.0c07251
https://doi.org/10.1103/PhysRevB.88.201406
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/pssb.201451466
https://doi.org/10.1103/PhysRevB.78.073401
https://doi.org/10.1021/acsami.1c18512
https://doi.org/10.1063/1.3543624
https://doi.org/10.1002/adma.201804650
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1021/jacs.7b09755
https://doi.org/10.1021/jacs.7b09755
https://doi.org/10.1038/srep20354
https://doi.org/10.1063/1.4793427

ISk

108

109

110

111

112

113
114

115

116

117

118

119

120

Zhang L, Dong J, Guan Z, et al. The alignment-dependent properties and applications of graphene moir¢ superstructures on the Ru(0001) surface.
Nanoscale, 2020, 12: 12831-12839

Zhang H G, Sun J T, Low T, et al. Assembly of iron phthalocyanine and pentacene molecules on a graphene monolayer grown on Ru(0001). Phys
Rev B, 2011, 84: 245436

Gao L, Guest J R, Guisinger N P. Epitaxial graphene on Cu(111). Nano Lett, 2010, 10: 3512-3516

Sutter E, Albrecht P, Sutter P. Graphene growth on polycrystalline Ru thin films. Appl Phys Lett, 2009, 95: 133109

Dong J, Zhang L, Zhang K, et al. How graphene crosses a grain boundary on the catalyst surface during chemical vapour deposition growth.
Nanoscale, 2018, 10: 68786883

Coraux J, N’Diaye A T, Busse C, et al. Structural coherency of graphene on Ir(111). Nano Lett, 2008, 8: 565-570

N’Diaye A T, Bleikamp S, Feibelman P J, et al. Two-dimensional Ir cluster lattice on a graphene moiré on Ir(111). Phys Rev Lett, 2006, 97:
215501

LuJ, Yeo P S E, Gan C K, et al. Transforming Cg, molecules into graphene quantum dots. Nat Nanotech, 2011, 6: 247-252

Cui Y, Fu Q, Zhang H, et al. Formation of identical-size graphene nanoclusters on Ru(0001). Chem Commun, 2011, 47: 1470-1472

Guo C, Yang H, Sheng Z, et al. Layered graphene/quantum dots for photovoltaic devices. Angew Chem Int Ed, 2010, 49: 3014-3017

Chen Q L, Wang C F, Chen S. One-step synthesis of yellow-emitting carbogenic dots toward white light-emitting diodes. J Mater Sci, 2013, 48:
2352-2357

Zhu L, Ding F. How the moiré superstructure determines the formation of highly stable graphene quantum dots on Ru(0001) surface. Nanoscale
Horiz, 2019, 4: 625-633

Zhao J, Ji P, Li Y, et al. Ultrahigh-mobility semiconducting epitaxial graphene on silicon carbide. Nature, 2024, 625: 60—65

4677


https://doi.org/10.1039/D0NR02370A
https://doi.org/10.1103/PhysRevB.84.245436
https://doi.org/10.1103/PhysRevB.84.245436
https://doi.org/10.1021/nl1016706
https://doi.org/10.1063/1.3224913
https://doi.org/10.1039/C7NR06840A
https://doi.org/10.1021/nl0728874
https://doi.org/10.1103/PhysRevLett.97.215501
https://doi.org/10.1038/nnano.2011.30
https://doi.org/10.1039/C0CC03617J
https://doi.org/10.1002/anie.200906291
https://doi.org/10.1007/s10853-012-7016-8
https://doi.org/10.1039/C8NH00383A
https://doi.org/10.1039/C8NH00383A
https://doi.org/10.1038/s41586-023-06811-0

M4 Z b B 2025598 FI0% L27H

Summary for “id ¥ I LA S B 4 5 R

Preparation and regulation of graphene on transition metal
substrates

Xinlei Wu', Haonan Pei', Xuefeng Liang', Jichen Dong®* & Leining Zhang'"

' Key Laboratory of Cluster Science, Ministry of Education, School of Chemistry and Chemical Engineering, Beijing Institute of Technology, Beijing
100081, China

2 Beijing National Laboratory for Molecular Sciences, Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of Sciences, Beijing
100190, China

* Corresponding authors, E-mail: dongjichen@jiccas.ac.cn; leiningzhang@bit.edu.cn

Since the successful exfoliation of graphene in 2004, it has attracted much attention due to its high stability, exceptional
mechanical properties, and excellent electronic and thermal conductivity. The unique two-dimensional structure makes
graphene an ideal candidate for various nano-devices and quantum devices. The synthesis of graphene is a complicated
chemical process determined by both thermodynamics and kinetics. To precisely control the epitaxial growth of graphene, a
deep understanding of the interplay between graphene and substrates is necessary. In this review, the synthesis and
formation mechanisms of graphene on different transition metal surfaces by chemical vapor deposition were discussed.
During graphene growth, transition metals serve as catalysts that not only facilitate the decomposition of carbon sources
but also promote the incorporation of carbon atoms into graphene islands. Meanwhile, they provide a crystalline template
for regulating the orientation and alignment of graphene islands. By choosing appropriate substrate structures, the epitaxial
growth of wafer-scale single-crystal graphene films has been achieved, by seamlessly stitching a large number of
unidirectionally aligned graphene islands. Additionally, the morphology and properties of graphene are highly dependent
on the lattice mismatch between graphene and transition metals. In general, graphene grown on small-mismatch Cu and Ni
substrates shows a flat structure. These substrates have been widely used for synthesizing wafer-scale single-crystal
graphene. To date, high-quality monolayer and multilayer graphene wafers have been successfully achieved on Cu and Ni
substrates, respectively. Cu/Ni alloyed substrates are popular for controlling the thickness of graphene films. By contrast,
graphene on large-mismatch metal substrates, such as Ru, Rh, Pt, Ir, Re, Pd, etc., typically exhibited height-fluctuated
moiré superstructures. This is ascribed to the site-dependent interaction between graphene and substrates. Their non-
uniform surface features enable graphene moiré superstructures’ new applications in templating the fabrication of metal
clusters and the self-assembly of molecules. Besides, these large-mismatch metal substrates were also used to synthesize
graphene quantum dots. So far, significant progress has been achieved in the preparation of graphene, but there are still
many challenges to realizing its industrial application. For example, despite the high quality of graphene grown on
transition metal substrates, these substrates are not suitable for the real applications of graphene. A transfer process that
avoids introducing defects or affecting the properties of graphene is highly demanded. Meanwhile, more and more
researchers have dedicated to the exploration and development of techniques for synthesizing graphene on insulated
substrates. Additionally, bilayer graphene exhibits a tunable bandgap under an applied electric field, and adjusting the
rotation angle between the two layers can introduce new physical properties. However, research on the synthesis of bilayer
graphene and the regulation of their rotational angle is still in its early stages. A deep understanding of the underlying
mechanisms for controlling the thickness and rotation angle of graphene layers is needed. These studies are expected to
broaden the application field of graphene, establishing a solid foundation for future industrial applications.

graphene, chemical vapor deposition, transition metal substrates, mechanisms of growth, moiré superstructure
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