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Polymer Fillers
Transparant Electrodes
Sensors

Conductive Inks & :
Paints ¥ X5
Polymer Fillers =
Battery Electrodes
Supercapacitors
Sensors

Graphene
Synthesis
Methods
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hility

Moderate Scali

High Yield

High Quali
Potentially Low Cost

Carbon Nanotube Unzipping

Nanoribbons (few microns)

Touch Screens
Smart Windows
Flexible LCDs & OLEDs
Solar Cells

FETs
Interconnects
NEMSs
- Composites

Transistors
Clircuits
Interconnects
Memory
Semiconductors




3D

> 1,000
~ 1,000
<100
> 1,000
> 1,500
> 5,000
> 1,500
> 1,500
> 5,000
> 1,500
~ 1,000
~ 500
> 900
~ 250
~ 500
> 1,000
~ 250
~ 500
~ 250
~ 500
~ 250
> 1,000
< 250
> 1,000
~ 500
~ 500

> 1,500

Source Future Markets, Inc
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Science, 306 (2004), 666-669.

CVDik
4 CH,, H, )
\_ 1000 125 Q/sq )

J. Phys. Chem. B, 108 (2004), 19912-19916 Appl. Phys. Lett. 98 (2011), 091502.



Bottom-up approach

K. Miillen, J. Am. Chem. Soc., 2008, 130, 4216.

—— JFO-0O

(a) 4-bromophenylboronic acid, Pd(PPhj;),, aliquat 336, K,CO;, toluene, 80 , 24
h, 93%. (b) (i) n-BuLi, THF, =78 , 1 h; (ii) 2-isopropoxy-4,4,5,5-
tetramethyl[1,3,2]dioxaborolane, rt, 2 h, 82%. (c) compound 1, Pd(PPhj;),, aliquat
336, K,CO;, toluene/H,0, reflux, 72 h, 75%. (d) FeCl;, CH,CI,/CH;NO,, 25 , 48
h, 65%.

Top-down approach

W. S. Hummers, J. Am. Chem. Soc. 1958, 80, 1339.

Graphite

KMnO,, H,S0,, 35 , 30 min.

Hydrazine, 90 , 1h
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Li-ion battery
(carbon >50 kq)

130 km? for graphene




Chemical oxidation KMnO,

In HZSO

Started in 2012.
Established in 2017.

>=<200 expansion
>

in HBF,/Water

Discovered in 2018.

Qm_m///
Mechanical exfoliation

Bulk graphite

Discovered in 2019. Ultrasound dispersion




¥300/kg ¥20,000,000/kg
(in 2012)

H,SO, + KMnO,
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Hummers, et al. J. Am. Chem. Soc. 1958.
Cited 15,000, but partially modified.

Graphite (1g)

NaNO,, H,SO,, and/or other additives
KMnO, (3.0 - 7.5 g), 30 min - 5 days
H,0

H,0, aq.

purification (NaNO, )

Graphene Oxide
(GO)




J. Am. Chem. Soc., 1958, 80, 1339. : P,O5 + K,5,04, MNO,, microwave — -
Chem. Mater, 1909,11,771-778.  Graphite + H,SO, + KMnO,

ACS Appl. Mater. Interfaces. 2015, 7, 21356-21363. . NaNO3, H3PO4, HZO ‘ -
J. Am. Chem. Soc., 2009, 131, 898-899.

KMnO,/graphite: 2.5 - 6.0

Crackmg & edge oxidation Time: 30 min — 5 days
Temp: 10 °C-95 °C

GIC formation

¥ [l

Ho\_;'"' SN
o /e\i —COzH KMnO,/graphite: <3
ACS Nano, 2010, 4, 4806-4814. HO\ oo & 5 at35 °Cfor2h
®e ¥ oOH
ACS Nano, 2014, 8, 3060-3068. HO,C= |\
CO,H

Phys. Rev. Lett., 2006, 96, 176101.

RSC Adv., 2014, 4, 15138-15145.

Inorg. Mater., 2007, 43, 822-826.

Mater. Chem. Phys., 2015, 164, 71 7 PN
Adv. Mater., 2013, 25, 3583—3587 HO\ /0 iy e

HO,C— R = ® HO-
“ HO\_____I‘-



TEM Analysis

Less defective Defective




in situ XRD analysis "] Graphite SPring.-8

80000 4

BL02B2

0 1min 1 60 min

70000 +
G0000 4

50000 - GIC is formed in 1 min,

40000 4
and disassembled in 1 h.

Intensity / counts

30000 -

20000 4

120 min

0
10 12 14 16 @ BL-9C

260 / degree (1. = 0.8 A)

10000 -

In situ XANES analysis

Mn?t |~

Mn’* is consumed in 2 h,

and become Mn3+.

Characteristic
Mn?.

Reaction time: 2 h

1h
2 h 1 Mn = 4e oxidation.

6530 6540 6550 6560 6570 6530 6540 6550 6560 6570

Energy (eV) Enargy (eV)



Continuous centrifugation

| 121
After reaction (ca. 30 L) >500 g / batch

Reaction
H,SO, 13 L

1 mL/min

KMnO in H,S0,, <10 °C (W)
heating unit,
1 mL/min 35°C

2| graphitein H,SO,, rt

Continuous flow reactor c'ricacidinto.

<10°C
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H,SO,
KMnO, (
H,0
H,O, aq.

rt, 30 min

)
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(W%)
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30

20

10

1 2
KMnO,/Graphite (w/w)
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45

: 58.8wWw%

: 55.2w%
: 49.3w%
- 44.5Ww%

: 39.8Ww%
: 36.7W%
: 34.4Ww%
: 29.1w%

: 24.1w%
- 17.9wWw%

Q 0O OQ O 0 O Q Q Q9 O

graphite

J 1

mixture
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1'7

H,SO,
KMnO, (3
H,O

H,0, aqg.
rt, 30 min

)

Highly oxidized GO

(x L), 90 °C, 2 h
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(- e O: 11.8 w%

0: 36.9 W%
O:41.1w%

0:49.3 w%

0: 58.8 w%

| |

5 15 25 35 45 55

20 / degree
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Flat
<1 nm height

Large size (10-30 um)

1 Commercial GO
- by Graphos
[
=0
D
T
1 4

0 1 2 3 4 5
Position/ mm




Height/ nm

0.8n

0 [TV
0

T

50

Position/ um

100 150

Pore structure
<1 nm height
Small size (100 nm)

Commercial GO
by Graphos




Controlled Preparation of GO

=
Graphite W) Graphene Oxide
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Continuous centrifugation

L/ 11
Reaction >500 g / batch

H,S0, 13 L (in 2014)




Japanese pairings
Industry-academia collaborations yield an eclectic mix of research projects.

RESEARCH THEME

COMPANY NAME

Asahi Kasel
Asahl Kasel

Toray Industries

FROW LUy ML U SLACER WL LT
enmpanies, academia, and government labs.
Woshiyuki Nakanishi, the chief excoutive
officer of DIC, is amony those backing the
idea of open innovation, a method of con
ducting RécD in collaboration with outside
parters including comperitors, start-ups,
universities, and research institutes, Not
long after assuming his position in 20,
Malkanishi told his staff, “Don't stick o
dottig it all by ourselves.” His support for
collaboration with outsiders exemplifies

7B CAEN | CEM.ACS.ORG | AUGUST 7, 2017

Jriveraty of Myazaki

affilate

FUPRLICEE GO IUUN Y R,

Customers, particularly in the elee-
tronics industry, pften prefer tm work with
specialized materiale suppliers that pursue
their own unigue rechnologies in isolation
from competitors, Researchers ar smull
and medinm-sized Japanese chemical
firms have amassed in-depth expertise m
several niche performance materinls.

Burt times are changing, In recent years,
Japanese electronic matenials suppliers
lost market share to emerging competitors

“ansai Un wOrsty
Jriversity of Toyama

Okayama Univ.
Furcue Unveraty

Waseda University

ACADEMIC PARTNER
Kyushu University

chemical industry. For ingtance, a major
Japarsese compuny has vet to hold a contest
for technology development or set upa
website that invites outsiders 1o flod solu-
tions to specific industrial problems—steps
that Western firms such as AkzoNobel,
BASF, and Do Chemieal ratinety toke

Chemical ranstornation of cellulase
Develcprment of antdraszing protan denved from enow mushrooms
Technelogy te aralyre the causes of sepsis
Commercial production of graphene oxide

CHEMICAL & ENGINEERING NEWS

Mitsubishy Chiernical Holdings as an ex-
ample, a conglomerate that includes the
chemical producer Mirsubishi Chemical,
the drug firm Mitsubishi Tanabe Pharma,
the industrial gas maker Taivo Nippon
Sanso, and other subsidiaries.

1n 3015, the METI-funded New Energy
& Industrial Technology Development
Organization started an Innovation com-
mittee with 177 companies—including 4o
chemiral firms—and 41 universities. The
goal is o promote networking, expose

[ e Lo AL

T Fieems. bt goieeal e

Refinng of bamboo into raw materials for medicine and foce

o creatn new Mmalazyles

Technology ta optimuze agrackermical use by analyzng photos of

AP CIEVERAIIELIL, L SR
firms are tnarketing not only materials but
instend complete solutions that might con-
sist of a mix of old and new products along
with technologies for delivering them.

“We are facing difficulry supplying val-
ue to our customers with the technology
from just one materlal,” acknowiedges
Tkuzo Ogawa, senior managing executive
afficer for RED at Sumitomo Chemical.

Fost nionw, open inmevation is not nearly
as developed in Japun as it is in the Western

CRENIT SHMITOMD

plant roots anc leaves

Y B S SR IV 1
necessary to develop new products for
the firm’s information and electromics,
environment and energy, and life sciences
husinesses. The company Is also counting
on collabaration with others to kelp it
come up with new technologles for cat-
alysts, precision machining, organic and
inarganic chemicals, and polymers.

Orther firms are trying to move beyond
garden-variety academic collaborations
arrd into something more sweeping. Take

SR L L YVESLETLL CUTPRILES e
maore advanced in open innovation and that
Japanese companies need to catch up,

To that end, the government introduced
& tax break two years ago that allows com-
panies 1o deduct 30% of the expenses of
joint research with academia. research ln-
stitutes, and contract research firms. The
30% deduction also applies to the use of
intellectual property from small and medi-
um-sized firms. Firms already benefit from
210% tax deduction on all R&D activities.

Thin films ta prevent unwanted ntema’ adhesion after surgery

e OCNOC SMNOVATION MAtcning Forum
to Increase the frequency and depth of
open innovation among Japanese industry,
acadenia, and povernment research insti-
tutes. Like chemical companies, the gov-
ernment hopes the increased collaboration
will help Japan keep up ss 8 world-leading
supplier of advanced marerials

Katsumorl Matsuoka has covered the

chemical Industry for Japan's Chemical Dafly
for the past four decades,

MIGUST 7 2017 | CENACS.0RG | caEN 0
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3D Carbon frameworks
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JST CREST (2018 — 2024)

Low dimensional
materials

Leader:
Ogoshi (Kyoto)

Collaborator:
Nishihara (Tohoku)

/ Sakamoto (Kyoto)

Kamiya (Osaka)
Nishina (Okayama)
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Charging Capacity (mAh/g)
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Charging Capacity (mAh/g)

Li
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60
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0 o o :\: T — M
Cycle

Graphite

36 sec

50C 100C

Vertically aligned

Randomly
agglomerated

Horizontally aligned

>=<50 higher performance!



Pyridinic Pyrrolic

Pyridinic Pyrrolic Graphitic  None
. 0.67 0.26 234 154

Li



Charging Capacity (mAh/g)
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/~ Chemical oxidation

-

KMnO,
in H,S50,

e -

5

/Electrochemical oXxidation

v




, KMnO,



in BF ,-/Water 1

Dryfe, et al. ACS Appl. Mater. Interfaces 2017, 9, 710.

in SO,~
—

I <200
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Transmittance (a.u.)

TN

’\/\/-\/\

B

C=0, -COO-

{LZE  (with KMnO,)

1900

1700 1500 1300
Wave length (cm)

C=

intensity (a.u.)

XPS (C1s)

C=0, -CO0-

7777A
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288 285
Binding Energy (eV)

282

51



4 Cathode
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Electrolyte
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Electrochem. Commun. 2019, 104, 106475.

1.67 nm
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Ref:
Seven Sigma, “Graphene patent and technology landscape analysis”, 2016, Oct.

Lixue Zou, et al. Journal of Data and Information Science, “Trends Analysis of
Graphene Research and Development”, 2018, 3, 82—-100.
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Patents per Country (2010)
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Patents per Country (2016)

China: 8243
USA: 5631
Korea: 3599
Japan: 1802
Taiwan: 882
Germany: 600
UK: 414
France: 311

1-4000 4001-6000 6001-8000 > 8000
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