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Abstract : The remarkable mechanical, electrical, and thermal properties of graphene have recently sparked tremendous interest
in various research fields. One of the most promising methods to produce large quantities of graphene dispersion is liquid-phase
exfoliation (LPE) which utilizes ultrasonic waves or shear stresses to exfoliate bulk graphite into graphene flakes that are a few
layers thick. Graphene dispersion produced via LPE can be transformed into graphene ink to further boost graphene’s
applications, but producing high-quality graphene more economically remains a challenge. To overcome this shortcoming, an
advanced LPE process should be developed that uses relatively cheap natural graphite as a graphene source. In this study, a
flow-LPE process was used to exfoliate natural graphite to produce graphene that was three times cheaper and seven times larger
than synthetic graphite. The optimal exfoliation conditions in the flow-LPE process were determined in order to produce
high-quality graphene flakes. In addition, the structural and electrical properties of the flakes were characterized. The electrical
properties of the exfoliated graphene were investigated by carrying out an ink formulation process to prepare graphene ink
suitable for inkjet printing, and fabricating a printed graphene pattern. By utilizing natural graphite, this study offers a potential
protocol for graphene production, ink formulation, and printed graphene devices in a more industrial-comparable manner.
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Figure 1. Flow rate effect on the production yield of graphene and
settlement of natural graphite during exfoliation for 1 h at
40 mg mL"' concentration.

o 58387] U] f0] =8 A9 S YAt B4t e
527 2343 ¥ES7I el Aol v 522 Wole] ©

HOE 30~96 mL min' Q&2 |Aste] 1w
g & S5 HFigure 1(2). 2] A §H9] f&0] S7F
ol whet 9hg7] W FHEE 5 A=) 2 30 mL min'Y
) 17.19%14 66 mL min'g o A 6.75%71A] AasH= A
gRlsteitt. ol= ¥ F /529 Al717F He] 880 & 9
H2= AE YSote LR, f&o] S| HEA] 42 3
mL min'9] 7% i HFE0] 067%2 7 Wkt f0]
48 mL min"'Q f J W BHF$E80] 0.95%2 7HF =T
71 o] F&ol A BEol 0.75%71HA] A4S F-50]
66 mL min' oA AL g7 Y AL FS = <
RO HE =2 §50 = Qs A A A== 2359

1B
H
1o

onoﬂgm[om

M

__ 08 20
A0 5
E 2
< 0.67 =
N 15 =
i =
E 04 | g
2 =
< r1o
—

= 0.2 |7—‘ S
= B
S 00 ' |_—| ; ——5 =
= 1 ONE 50

Initial conc. (mg ml™)

12 20
g {@ 5
= 1.0 )
- £
5]

N .8 + =
S 0.8 \ 15 2
= 0.6 5
S >
Q <
® 0.4 F10
— 5
B 0.2 =
= s
= %]
S 0.0 . . T T 5 =2
= 1h 3h 5h 7h

Exfoliation time

Figure 2. Graphite’s initial concentration effect on (a) graphene yield and concentration and (b) graphene dimension. Exfoliation time effect
on (c) graphene yield and concentration and (d) graphene dimension at a flow rate of 48 mL min™' and 40 mg mL™ concentration.
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Figure 3. Characterization of graphene: (a) TEM image of graphene flake produced at 40 mg mL™"' concentration of natural graphite, 1h exfoliation
time, and 48 mL min™' and (b) Raman spectra of natural graphite and exfoliated graphene.

Table 1. Comparison of reported LPE graphene with Flow-LPE graphene

. Initial conc. Time Yield Dispersed conc.
Graphite (mg mL") Method Solvent (h) %) per time (mg mL-'h) Ref.
Natural 40 Flow-LPE NMP 1 0.95 0.55 This work
Natural 0.1 Bath sonication NMP 0.5 1 0.02 [11]
Natural 33 Bath sonication NMP 460 4 0.0026 [27]
Natural 6 Chaotic flow NMP 8 0.07 0.05 [28]
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Figure 4. Sequence of stable graphene ink droplet formation.
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Figure 6. SEM images of graphene pattern printed at I N, 2 N, 4
N, 6 N, 8 N and 10 N (Scale bar =5 pum).
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Table 2. Previous studies of conductive inks with inkjet printing techniques.

Material Substrate Annealing conditions Sheet re51s_tlance Printing pass Ref.
kQsqr)

Graphene Si/SiO, 100°C for 1 h 10~0.8 1~10 This work

Graphene Si/Si0, 170 °C for 5 min 500 ~ 34 5~50 [2]
Polyethylene o .
Graphene terephthalate (PET) 80 °C for 15 min 31~2 1~10 [31]
Graphene Metal 80 °C for 15 min 10~0.2 1~5 [32]
Graphene Glass 100 °C for 1 h 12~2.7 5~50 [33]
s 375 ~400 °C
Graphene Si/Si0, for 30 ~ 60 min 200 10~ 30 [34]
Graphene oxide Paper - 10,000 ~ 0.8 5~30 [35]
PEDOT:PSS Thermoplastic polyurethane 100 °C for 10 min 0.49 ~ 0.045 1~5 [36]
(TPU)
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CNT Paper - 45 5~20 [37]
CNT Glass 60°C for1.6s 191 ~5.7 1~8 [38]
CNT Paper - 43 ~1 5~33 [39]
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