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(1) F3# e 7 .44 (scanning electron microscope,
SEM): SEMFI SR FE 1) FoL T A S5 4% S R AH B AR i &
MY EEE,  FX R ey EE BARCRTOR B
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Figure 1 (Color online) Characterization of VG. SEM images of VG from the top (a) and cross-section (b) respectivelym; (c) Raman spectra of VG[4];
(d) 3D AFM image of VG[S]; (e) TEM image of VG, (f) XPS spectra of VGm; SEM image (g) and EDS elemental mappings (h, i) of nitrogen-doped
vG"
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(2) &% (Raman spectra): 7% i —FP
Tortror sl % ol K AR =X A B 61,
W T TS M SR . VIR EokiE £ 2k
Gl DI, 2DIEFIDIELH N, G T sp 11
ik, DGR SR & s, 2DIE— B T E 2
BOREEE, DR NFRN IR, TEVGHIHLEO0iE
FAE, HLADER Hh BVE I LV GES 8 1) = 2
(E1(c))™.

(3) JRF 11 B3 (atomic force microscope, AFM):
AFMGHE R 5 U RO 22 R 5 155 1 J5E— H) A
YERI R A SR DR, U VGRTHIE S H
RIFBez—(&1(d)".

(4) B F W5 (transmission electron micro-
scope, TEM): TEMF FH HL 3 %5375 B it 1) ) A
A AN, FH#E Y AE B R HOE Uik
KEL, 5339E%40.05~0.2 nm, # FH T4 Hr VGO
SEHIBEE K SRR R R (R 1 0) .

(5) XL H FREIE (X-ray photoelectron spectro-
scopy, XPS): XPSHIFIGHUN, {87 X2k R
FMHCE OGRS A ] RE 5 2 e X AR 1T ik
i R BDGHLFET0T, H HTHTV G T Ak S5
FRAREE (D), BBZVGH TR Y.

(6) BEE O (energy dispersive spectrometer,
EDS): EDSH|HR Mo SH AR EAE RO A
[F)RRAE A XS AT PR X 25 B 20 #, W T o0
BATIVGH TR AN (1 (g~0)™.

(7) XETLATTHTHE (X-ray diffraction, XRD): XRDF|
FH XS 2 R it 1A PR 8 i ELAE P P A i, %X
ST AR B AT S BUREE T oA, AT
SIATV G R ZE R S N R AR .

() %?ﬁﬁ%?ﬁ%iﬁ(electron energy loss spectro-
scopy, EELS): EELSH|F C FNBhREN H T o 25 B FE b,
D5 3 W7 DAL P 55 o i A A A T 2 A g
AT VG Y -5 5257,

2 VG E KL
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hanced chemical vapor deposition, PECVD)Z&Hil£ VG
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=ANBE, tER2ETR. (1) G vh)Z B Be, Bkcili 240,
77T R ) ST BT RS L, T KT ) ) 2%
2 (D) A Sz Be, G Bt —29 18, %
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Figure 2 (Color online) Schematic diagram of mechanisms of synthesis of VG

Open edge

Seamless or folded edge
(growth)

Seamless edge
Growth history

B3 (FM%B%AA)VGE KHLEL (a) i EHISEMEEY; (b) VGIIAFMIENE R VG T i1 S FHSS i R 7, (c) VG NBRPE 9 ST

At A A, SN L () RO () A% R K VGIISEMBRHRIET Iy (f) Tt it M e i G A VG 1A K s 2 )
Figure 3 (Color onlineP Mechanism of growth of VG. (a) SEM image of buffer layer[g]; (b) AFM image of VG indicating that the VG roots in two

adjacent graphene sheets

l7]; (c) mismatches of the carbon onion initialize the growth of VG[IO]; cross-sectional SEM images of VG §r0wn without (d)
[6]

and with (e) external electric field respectively[23]; (f) schematic of seamless edges and folded edges causing VG to stop growing
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3.1.1 BmIEAK

W T Bt 0 A B SR, s R AT
HAE P SHRIF N VG HEAE K TR T MR P 5. Bk
VA ZFAR LA O VG A TP,
e BE 1 C, 5 5 A WAl 4 MILE B A TE B Cin /7 88 ifk
Y. a-0)P".

R IRV B I VG4 M R ). Shijide A
Sl HCH AR AL & P E iR IEAE K VG, 7ECHY
H, SR FIEEIRIEVG, ECF/Hy R R Bk
RVG(El4(a~c)). [FIEEEFREEAE ERIESAA, 7ECH,
AN R VGEE T Je 24 — & i 4Kk & WA
gER, TAEC,H, S M ARSI VG BB IL R
(4G, d)). BRI ITTEERE FHCH M NS
AHRIE, A 5T AL SR IF RS, F1in—4
4{352}4{[331\ ZJ@?E"[M’%]\ E;'}:J&E[}S]%.

312 ZMhARK

TEVGIAER I, A A0 W b eI b,

th AL S sp 2B Fla-C.  a-CTC)F (4 AR 2 F A
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f1a-C 2 A, 200l SR LA ] 4 3 5 %) fha-C Flsp”
Tk, 5 2 b A B T LA B N, (E
SRR I O FEVGTEEIE IR, B i SR v
o B (El4(e~h)). BEAR, AT LIREISMNA fiTa-C
ZP AR, Ll AR i B A B TR AR CH, AR
%5 FH, Wil £ BRa-CIE VG
3.13 &AAAr

ArHIA B 0 R B Ly, TR R R i H
THRE, AR TS TERNRE . RemmEs
B AR OB R IR AR e 0 240, BRARA K VGR T
AR R, A A e L A R TR R T R
W, BIS0 BE R R K BEE AR b
Ih, E9E T Cypn CH, SRR AL IR, 5 ILFIRE, Ar
ORI = TR L SRR FHE R, A2 ha-

, ()] ’

B 4 (MZRUE )R RIAE KSR MVGIES. [ HCH, (a)« CF, (b). CHF; (c). C,H, (d)WERIEA: K I VGHISEMPENLEY; (e~h) B XIS
R b, BRI VGRISEMIEE™ Y, (i) AiBZeVGIISEMEIEY, 7ERK(Cu) (). 2LAR(SIOL/Si) (k) Ha504] I (quartz) (1)_FA= K ETVGTIHE

SEM&|{%

Figure 4 (Color online) Morphology of VG under different parameters. SEM images of VG using CH, (a), CF, (b), CHF; (c), and C,H, (d) as carbon
source gas respectively[3]'3z]; (e—h) SEM images of VG grown in different concentration of etching gas[m; (i) SEM image of nitrogen-doped vG®; SEM
images of VG grown on Cu (j), SiO,/Si (k), and quartz (1) substrates from the topm]
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PR T LaRw DLE AR, FE/DBUE LT A sy
TR R, 20 SN Pl A AL SR Sy, Bl 1
A CHMASFES TAK VG, mTRES B &
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HISCE 2 YA TAS | ARIEZ AL, B RiA i
FEF I AT 1 X VG A KA AR, (HIE5 = )
AV BE S B INOR IR R T Th 3, A RR AR A
RO T AR R ATV BE HET TR . Bl Ar
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FH i B D TRIR A 72 g s e A 0,

3.2 g

W H B PR R ok RIS R VGEY K
¥ SEHA M. Ghosh® AP e ZFehic Ak
KVG, WKLV GRY A G5 F4 RNk B B A JEE A4 Rk i
S XieZE NP BIE S RBEN(Cu) . 2 SRBRL(S/
SiO,) M AT B A 3 FAKVG, &S H R 1
RS, HAfs Sakgk b e AR K G RE Jlkoim, B KR
(VG R BE R, 03/, MR, PRI
FIERVGE AR, k2, TERUTC Iy 2% 256 (]
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HAERIRMZHREEN. e BA 3D R B85 1)
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K VG, AT RG24 SR>

VGIEAFIIE AR E IRE, —Boki, 1k

5B Z0ERE Tame e, AR zssk
HEAVER TOUT, WA %, WREVGHIE
JEETE Bk 2Ae, W =2 [ A BFEE R 25 SN T 5. Zhou S
PHH T H 73R 28 R B AR 10 nm 5 B9 T 5T AR
AR F, FHAEKVG, VGSHRKATI-CHTE S
HHE—iE, Gad 2R EERE, WA RE IR R A PR RE.
3.3 iE

TFF 5% 2 B 5 o (R R R T VG I e B A
KR (B2 R o T-H6E 30 S 800 SBIE AR H
2R R, YRR Tl I, R WEE R VG AR A IR
550 IR TR 2SNV G BRBEZEIE, B TR Y T,
VG S I Z T e 2 {37 2505 Sy i 750,

34 [k

BEE TR, FEENCH, A hAE. LR T
AT, ERVGAER MR AT TR, X rlaEE
PN IS S BT, nis) T X VGRYZ . R, B
SRR, H R T R Y, sl T
BARA T3 A A TS B R i R I, AR A S
THERGE, XAMTVGHAK. HEURME BN
CH, A 4. C R 2 BV GRIIRAE K g,

3.5 A Kinfi

MFTTE, VGRYAK e AR I Ta] 38 i
T, —SEbIFSE i P ] A R ) 1 A AN R i EE R VG
Fedt, IWTIBFFEV G BEXHERERYSER. —J7 T, i3 0
AR R LIEIRVG; 53— 7T, B%E VG s
I, A SRR U BT T IO, 2 IR
A, DRIV G 78 AR 2 i e e ) G B4 o,

3.6 VGIHCVDEIARK kA —KRCVDE K

H AT A FHPECVD J7 ik AEANER S Ml FH A M AR 1) 2544
THISVG, ERKIEERZAES00°CLs L, tnRaest—1
FEARVGRIAE R, NMUBERHIKRERE, 0] LUHHE
BRI 2Rk, KIS BEE T 2043 4E 3k VG IR Y
ARIREA AR BT, A8 258 d 7Rt
& (electron cyclotron resonance, ECR) R7EVGHLiRA:
K5 s. 20214F, CelikelZE AP fdi HIECR-CVD
TRAESIO R F WA F (~25°C)EK VG, (HFFE
B, IZMPR T IFEA T AR . SR L VGIE
B, TR T oK, 7 2 (8] (2L RS 4 254, (HJEX
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WEME: Ni-SiO,

700

600 #HFHA: MW-PECVYDI8!
FEH%L: NiFe/Cu

Hl&HAR: RF-PECVDBY

IR SiO,

whi N N\ l
: HIERA: RF-PECVDWT

S et
~ #WEFEL: Cu
g 400
—S W ,
o : T ECR-pECVDmT
E 300 : P | TR B sl AR : RF-PECVDIES
o : : #IEMEL: Cu
P R UREIWRUSEISUMPS. (SRR S S,
200
100 #&HAR: ECR-PECVDS"

2002 2007 2012 2013

Bl 5 (W4HUR ()PECVDH A VG A IR s A

Figure 5 (Color online) The change history of temperatures for VG grown by PECVD techniques
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Figure 6 (Color online) Applications of VG. (a) Cyclic voltammetry curves of VG, lateral graphene and graphite electrodes™; (b) absorbance of
graphene materials with and without VG under varied incident angles[54]; (c) comparison of electromagnetic interference shielding performance of
different materials”; (d) cyclic voltammetry curves of VG, NVG and pyct (e) cyclic voltammetry curve of VG electrode at different temperatures[m;
(f) schematic illustration of electron transfer of VG-TNO-HMB electrode!™”; (g, h) strain-dependent response of stretchable VG strain sensor””; @)
using VG electrodes to lessen bubbles produced on the electrode surface of the hydrazine fuel cell”; (j) response of VG biosensor for a range of alpha-
fetoprotein concentration; (k) concentration-dependent transient current response of VG gas sensor under O, exposure[m; (1) electrical resistance
change of the VG-based gas sensor depending on nitrogen dioxide concentration”
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Vertical graphene (VG), also known as carbon nanowalls, carbon nanosheets, standing-up graphene, vertically aligned
graphene arrays, etc., is a unique vertically aligned graphene material. On the one hand, VG possesses many of
fundamental characteristics of graphene materials, for instance, high electrical conductivity, high thermal conductivity,
structural and chemical stability, large specific surface area, chemically active edges and defects. On the other hand, due to
its vertically aligned structure perpendicular to the substrate, non-stacking morphology, abundant exposed sharp edges,
open channels, larger specific surface area and porous structure, VG exhibits special excellent properties, showing
enormous application potential in various fields such as new energy, gas sensors, electrochemical biosensors, photothermal
conversion, flexible sensing, electromagnetic shielding, field emission and semiconductors, etc. Various techniques have
been developed for the synthesis of VG in a stable and reliable way, for example, directional freezing, plasma enhanced
chemical vapor deposition (PECVD), KOH assisted hydrothermal and substrate sputtering. Among all these methods,
plasma enhanced chemical vapor deposition gradually becomes the principal method used for VG fabrication currently due
to its intriguing merits of large-area synthesis, low substrate temperature, catalyst-free substrates, high growth rate and
controllable process. In addition, introducing plasma into the chemical vapor deposition system enables to regulate the
growth of VG. A widely accepted growth mechanism of VG including 3 primary growth stages is proposed as follows: The
formation of buffer layers, nucleation, and vertical growth stages. Although this three-stage mechanism has been proved by
numerous experimental observations during the PECVD process, there is still a lack of unified and systematic
understanding which can guide VG growth precisely for rational structure design. Thus, controllable growth of VG with
desirable characteristics for specific applications remains a challenge and it is significant and worthwhile to provide
guidelines on the design of every parameter. The vertically aligned structure of VG is a complex result of the actions of
carbon materials under conditions such as electric field, temperature field, energetic plasma and substrate catalysis during
the PECVD process. The morphology and structure of VG are strongly influenced by a series of operation parameters
including carbon sources, etching gas, temperature, pressure and growth time. So far, successful applications of VG include
various sensors, stretchable electronic devices, protective coatings, electromagnetic shielding, heating devices, electrode
batteries, bio-based materials and other fields. However, there are some limitations left in synthesis methods nowadays, and
the application development of VG films in scenarios such as wearables and flexible electronics progressed slowly.
Because wearables electronics are mostly based on the flexible materials as substrates considered to be high-temperature
sensitive, we assume that the direct growth of VG on flexible substrates at low temperature is likely to become the key for
the technological breakthroughs in the future. Furthermore, more efforts are needed in controllable morphology
engineering. This paper reviews the progress of VG from four aspects: Structure and properties, formation mechanism,
synthesis technology, and applications. Finally, the challenges and future prospects of VG materials are discussed.

vertical graphene (VG), plasma enhanced chemical vapor deposition (PECVD), mechanism of growth of VG,
flexible sensing
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