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Figure 2 (Color online) Schematic illustration of the graphene preparation methods. (&) Ethyl cellulose assisted liquid-phase exfoliation“3. (b)
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VR L SR K RO BEBE . IR ) N R AT s RIS
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FH, A8 KA VR B 7 AR R, X SRR R AT — E Y T
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2.1 W EE]
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SSEN I EA V2 MO0 AL, nENR A AR . 2 T
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il 38 . A B 3k T DR A 22 e o A 4
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3. LM R I — FLWE AT A ] f A 9 255, it
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Nz

M 2 BV R 19 AR 2 B 3B BE: (1) SR
WSk rR T, (2) ARTE R I EKENELE, (3) ARiffE/K
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R, FECTEG B S 06)2 TR A 0, 7 A
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Z B —RRENIR T2, SRk A R, (HERIAS 4TS
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AR R 7 (R0 5 B8 FL), B AR A B R 2 T 0
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EPRSCA 22 AR, PR3 1 P B R, nskow
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W B AT, B LA B S v BB K TE YT RR
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L. BER B 4% e 78 O SR o ol ELEE RS BRI (R 42 A5
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D A R AN 35 ‘R R B R ML A BRI B SRS, L3
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BHAERR YR M, W5 ENRIREERE | KA R %S
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2 ARRIEE, FFH T4 TR

24 Ewmiik

B hi) FiL 5 a3 A b — g b i T i, B
i 1o — 5 T5 124 DR AR S AL DTRRAE H AR R e

3225



a4 % B & 2017HE9OA H62% F27H

b XN L AP E AT A, 4 T (direct-
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IR, PoSE TR T . A . IRTHAE
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RS E TH, A LUk R & 52, SEEER
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SRR B A R, PRI [ 2 1 5 A R — i FIR o)
FHAT F mRLRE B AL, ngeki®. s pE
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FIFEIRIEFE . EEEN T 23/ EEaAE S
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oy F IR, Mirica®s NIV 88 5 5 Ak 2p R4
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HFRM R 5). EORetE R g, A 827
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AT AR B KA

2.5 3DFTHEN

3DFT BRI 47 A S — P Bl BRI Y 38 A4 i 1 R
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B 4 (M4 BUR0) £1 5805 S K B8 . 5RO (@) TS B S i I, (b) FeVES30% RS (field-effect transistor,
FET) A4t ERPECS () (MR R4k MR RRLE, Hh R N BRI, GEIFZEN T (d) ENMIZEMER R AR (MSC) 25+ /R 2 K, (€) 3DENRIY
B3 () 10 mA/QHFE FIUATE T, EVRIAE L e i sl e it 2, 466 P R ST F Qs A 54 7 B P9, BRI T (g) TRt UL, (h)
HFNO, FHE S, 47 Py Fi B 297 B A I R PET9Y, () M PETIRIE AOA AL R A 25 4 (OPD) A IR Ze it 28 4 B OPD RS (S A i 285

PR ) LRI BRI G AR

Figure4 (Color online) Applications of graphene inks. (a) Foldable graphene electronic circuits™. (b) Output characteristics of flexible FETS®. (c)
Return loss curve of the dipole antenna application. Inset: Smith chart impedance diagram of the calculated dipole antenna®. (d) Schematic diagram of
MSC!'®, (e) Digital image of 3D-printed electrode arrays. (f) Charge and discharge profiles of the LFP/rGO half-cell at a specific current density of 10
mA/g. Inset: Schematic of the planar battery™. (g) Inkjet-printed rGO/PET four-probe vapor sensor. (h) Plot of resistance versus time for
inkjet-printed rGO/PET when exposed to NO,. Inset: Plot for resistance versus vapor concentration'®. (i) 1-V characteristics of the photodetectors
fabricated on regular PET. Inset: The fabricated device and schematic structure of OPDs. (j) On/off characteristics of the ultrathin photodetectors' ™"
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3DFT BN AL X AL AT 45 %1, Zhu®s AR 3D
FTEN AR A7 5805 3 e BB K by 1t o 3SR VR BEAL 75 1Y
DM LR T H AR, FEME— BT, XA RS Y
AT TR, dl& T B R KAL) S AR, G
T o 4% gm0 123 A s Ak T T B W 5T
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B, s S i as K] T AR 2 52 2 T R k.
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printable graphene, 3DG)", H &N 884, HiBhk
h B FL R - Z R (polylactide-co-glycolide), 1 B %
FHT-3DATER, JFREFTED S 4 95 FE 100 um, fz/b2
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T (7] 78 JoT 1 20 O AH 25 ] 76 3DFT EP 45 44 I A e ZE Y
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Il 87 FH G55, JakusAl Shan™ b £7 88445 R T 18 i 42
WA, g5 952 5 ARk AR K E i 3D T B AT LA
#IEE B AR Y TRERRL

3 RS AROKR I

SR FH B R A7 25 05 v R 7K B0K T 2R A ] D BE
PEERIK, nI sV 2 AN R S B BRI L AR O, ORI
T AR SR, X LER ] 2 AR (1) FHRL
B IO AR | SO R B A RS L BT AR (2)
I A Ay . B AR REIRAT R AR E (3) N1
I | M2 A AR I . B X T A B0 5 e ARk
SHROA LR T2 a4, nT RLSEBUA [ 2T (1 4).

3.1 JEAHLEK

L ZR [ R AR H B A R i B T DT R
P, 880 5l B8 K F 9 19 32 2 H AR 2 3R A5 0
REE . BRI FREN. R T PR
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PEPERMRIREL . 400°CHA 3 hE, 3R T HA RifFH
SARIERIEIZE, W ESE T LEDAT. Sinarss A7
BB 21 R A W) FE S 5 AR R R Y 41 4k K
P43 B0 A7 SR M K P BBk, SOEIR KR, IRAE T RN
100 Q/sqft) s B k. Gao%s N2OF FH 2, J o 4 2 4
B A3 0 £ BB 0 B K, 205 30Uk M AR E R i, JHL e L
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HA09.24x10° SImAy s i R, HEA RUF ke
P, H BH R 7E 10007K 25 il 16 5 J5 B9 388 7 F-5%,  7F
180° (147 B £f Ji T AV /1 5.3%. WanZs: A P25 1af i
S EN ] 5 2k ED R 4R 2 T SR rGO S FL BB K, My T ]
N F 32 PE T RE A8 7R 19 3% B B Al . Georgakilas®E
N U225 5 32 K R R 490 K5 il B 4B 2% 1) A B 0 7K 23 ik
W, R T B A S L . Jakus®E AMPUHI3DT
PO R T BA R WM AYER 4L, fEAYAS
TR ELAT — 5 N T 7.
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B2 PR B v R A R Ay, R AR AR R A M
UiRe#% 1k A B2 — M LA ST . 20124F,
Lim%: AR F GOMIPVA S A 5 H 82 K 16 9 8 3L A1
A M O O VA A T R MEFET (K 4(b)), 2t
2 M BGR JFUR, H %08 F B %55 0.23 em?/(V
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A s . TorrisiZE AN NM PRI 25 1 47 5206 )2
AT mEER B, ED B S04 77 B30 kQ/sq, i
RAIB0%, B IR TR R A95 cm?/(V S). 1E i
PS5 v, B R 58 Y H B R A A R LA
A
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Li%s AU T —Fh A BN 2% i 78 2, FHAR SN K
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Recent developmentsin graphene conductive ink: Preparation,
printing technology and application
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Electronic printing is an interdisciplinary technology of traditional printing technology and microelectronics manu-
facturing. The development of electronic printing has mostly benefited from the progress of nanomaterials research.
Graphene, a novel two-dimensional carbon nanomaterial, has shown excellent electrical, thermal, optical properties in
flexible electrical devices. Graphene with traditional metals or polymer materials together could act as the main
conductive components in conductive ink. Printing of graphene ink represents a cost-effective deposition technique to
obtain patterned conductive graphene films, and further assemble them into functional electrical devices. Therefore,
electronic printing based on graphene conductive ink is one of the recent research hotspots.

In this paper, we review recent developments and advancesin research of graphene conductive ink. This review begins
with an introduction of different preparation strategies for graphene conductive inks. For printing, the three major
pathways for producing graphene sheets are oxidation-reduction, solvent exfoliation and electrochemical expansion of
graphite. Different preparation strategies for conductive inks are classified into three major methods: Graphene inks
stabilized by surfactants or functional groups, and graphene-based composite conductive ink. The detailed review of
graphene conductive ink preparation is discussed with specific examples. Preparation of graphene conductive inks of
high concentrations, stability and printing adaptability is the key issue in electronic printing.

Subsequently, an introduction of common printing methods and principles is given. Five printing methods are
discussed in this review, including inkjet printing, gravure printing, transfer printing, direct writing and three-
dimensional (3D) printing. Printing is kind of additive manufacturing, by depositing graphene onto substrates of various
materials, sizes, flexibility and roughness for conductive pattern. Different printing techniques have unique requirements
of ink rheological properties. The inkjet printing is becoming the most common technique employed in both academic
research and industrial application. The readlization of rapid, accurate, simple and controllable printing has important
influence on the application of graphene conductive ink.

Finally, applications of printed graphene conductive ink in flexible functional devices, including basic electrical
circuits, energy storage devices and mechanical/chemical sensing devices, are envisioned. Basic electrical circuits, like
flexible conductive patterns, field-effect transistors and radio-frequency circuits, play an important role in the fabrication
of wearable devices. Printing also offers a cheap, scalable method of fabricating energy storage devices, including
supercapacitor and lithium battery. The unique structure of graphene makes possible the fabrication of different kinds of
sensors, including strain, temperature, chemical, el ectrochemical, photo-electricity sensors and biosensors. An outlook of
potential future trendsin printing graphene conductive ink research and technology is followed.

In summary, printing graphene conductive ink has made many significant advances in a wide range of applications.
However, the industrial-level application is till limited, and the preparation and application of graphene conductive ink
still need further study. A number of key issues should be solved, including stability of graphene ink, electronic
conductivity of printed circuit, limited printing resolution, etc. Overall, electronic printing technology based on graphene
conductive ink is not meant as a replacement for microelectronic manufacturing engineering, but instead provides an
opportunity to produce large-area flexible electronic devices at low cost. Electronic printing of graphene conductive ink
will result in adiverse range of novel applicationsin many fields, and it calls for more research in the future.

printed electronics, graphene, carbon nanomaterials, conductive ink, flexible electronics
doi: 10.1360/N972017-00288
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