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or electrochemical treatment'~
ooogg,0o0o00o00ogu3400000o0pogogoog
e oxide promotes exfoliation, it requires harsh oxidants and leaves the

oo g, oobooboooooopoopoooogong
ne is produced by a top-down approach, exfoliating graphite,
3.

1-
eslarge amounts ofsolventWIth high-energy mixing, shearing,

gooooooopooooodoogg,
Although chemical oxidation of graphite

with a defective perforated structure after the subsequent reduction step™*.
oooogopooogoooooooooooogoooooo,00ooooogn

Bottom-up synthesis of high-quality graphene is often restricted to ultrasmall
]

oooo,o

0o0p0004-600, 000000000000,

amounts if performed by chemical vapour deposition or advanced synthetic organic

methods, orit provides a defect-ridden structure if carried out in bulk solution

4-6

go0o,0000,000000,0000000O000000DOO0OOOO0O0DOOO0OOOOODOOO
Here we show that flashJoule heating oflnexpenswe carbon sources—suchas coal,
googooo0o,0pogoooooopooopooonn

petroleum coke, biochar, carbon black, discarded food rubber tyres and mixed

plastic waste—can afford gram-scale quantities of grapheneinless than one second.
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Iashgra hene, FG), 0000000000000 00000H

The product, named flash graphene ( G) after the process used to produce it, shows

ogooo).

urbostratic arrangement (that s, little order) between the stacked graphene layers.

FGOOO0O0p0,0000000000A0.

ooopoooopnoon

FG synthesis uses no furnace and no solvents or reactive gases. Yields depend on the
oopooooooopooooooon,0n000s0%ie%wt 0,000 0099%%.
carbon content of the source; when using a high-carbon source, such as carbon black,

anthracitic coal or calcined coke, yields can range from 80 to 90 per cent with carbon

gpooogoogoo. oooooooo

purity greater than 99 per cent. No purification steps are necessary. Raman

FGOOOOOOOOO0OO0ODO,00rGOOO0O0O0OO0O0O00O0OOO0O0O000O000,

goorcOOO0O

spectroscopy analysis shows alow-intensity or absent D band for FG, indicating that
0o, 000000000000
FG has among the lowest defect concentrations reported so far for graphene, and

confirms the turbostratic stacking of FG, whichiis clearly distinguished from

0oo00o0o0o0o0oo00oogonoooononooon.

turbostratic graphite. The disordered orientation of FG layers facilitates its rapid

FGOOO0O00000000720000

exfoliation upon mixing during composite formation. The electric energy cost for FG
LOorcfdooooooooooo0opnoooooooooooog
synthesis is only about 7.2 kilojoules per gram, which could render FG suitable for use

in bulk composites of plastic, metals, plywood, concrete and other building materials.
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anDtlZS?a doule heating (FJH) process, amorphous conductive carbon
a, [
powderislightly compressed inside a quartz or ceramic tube between
goooooooog,

WO electrodes Fig.1a, Su Iementar Fig.1). Thes stem can be at
000000 (~100 ﬁ]%)d BRE yrig. Y

atmospheric pressure, or under a mlld vacuum (-10 mm Hg) to facilitate
nogoooooiooooo0oo, 000000000
out aFSJlS—ilB% The electrodes can be copper, graphite or any conduc-
tlve refractory material, and the&/ fit looselﬁ/ into the quartz tube to

ogogolodogno

Bermlt outlggssmg upon IHH Hl%h voltaD%e eIectrlc discharge from a

capacitor bank brmgs the carbonsource to temperatures higher than
3,000 K inless than100 ms, effectlvelﬁ/ convertlrll_ﬁzthe amor hous
ooog( TEM)O O s
carboninto turbostratlc FG.In high-resolution transmlssmn electron
o, rGUOO000OOOD00O0 goorGOUOOC0ODOOO
rDmDCH)SDCl% y (HR -TEM) analysis (Fig. 1b, c), the misoriented layers of FG
exhibit the expected Moiré patterns, whereas FG derived from spent
coffee rounds also shows hexa onal single-layer graphene (Fig. 1d).
a)sge)e S T el e R e s &
od ngh quallty graphene can be qu1ckly ldentlﬁed by Raman spec-

troscopy’ '°. FG from carbon black (CB-FG) has an intense 2D peak. As

goodn,goged (12D/G)d2D0 0 [ 0
een |n h Raman mapping OFC B-FGinFig. 1e, the intensity of the 2D

relative to the G band I is %‘eater than 10 in many locations.
0oooooog oo4g,0o0o00200000.
extremely Iow mtenSIty ofthe D band indicates the low defect

concentration of these FG products, which contributes to the amph—
CB-FGO O OO 2D/G 17(D 1e)D ood
fication of the 2D band. Thus the unusual ﬁ % G =17 (FIL% 1e) of
mysjupsfs)aiu)ayn)afu]apyuyuyayayajuysys)agu)aguynys! (291 5
GD IEIS chEI Hﬁhest value reported so far for any form ofgraphene,
s probably an outcome of the extreme temperaturereached inthe
ces

=]
0%
=[]

_rxS)ro ess, which outgasses non-carbon elements from the system.

10 TS20°0) O 0 1886em -10 [J 2031em -10 O 00 0 0, O O FGH O oo,

a ﬁiH"zO:g?\a”y' the two peaks TS, and TS,at-1,886cm 'and -2, 031 cm -,

respectlveDy conﬁrm the turbostratic nature of FG (Supplementary
goooooii,1200000.0.

Figs. 2, 3), WhICh is discussed extensively in Supplementary Informa-

tlon and SUSBIementar Table1'""
oxoo DDDDD(OOZ)D ogoooooooo.
The X-ray dlffractlon (XRD) pattern of FG shows a well defined

O3 ©OA
0.[‘3
=y

(002) peak lndlcatl%successful %raphltlzatlon of the amorphous
carbon. The £082) peak of FG occurs at diffraction angle 260 = 26.1°,
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Fig.1|FGsynthesized from various carbonsources. a Schematic ofthe FJH

process, and]pQOtoFtEetemperaturegﬂseversusnmedurmgﬂashmg(mset)

b-d0 000000 0FGH O CB-FGO HR-TEMO [

b-d, HR-TEMimage of CB-FG on top of asingle layer of coffee- derlved FG.
e0J000000000MCO000000000000)0X000000TEMO

e, Characterizationresults, including Raman spectra (showing the bestand

the mean obtained spectra), XRD spectraand TEM images for FGderived from
gorGOO000000000000000000

various carbonsources. The coffee-derived FGis made from used coffee

gooopOopooopoooo

grounds; the smallergraphene particleswithinlarge graphene sheets come

0, 0 O 1c=3.4500 ,

hich corres ondst
[J Bernal(ABL! 2 13370
larger than thatina

rysmbym|

oogo,g FGD oo
typical Bernal (AB-stac

the expanded and turbostratic struc
goo0,0000000rcOO0000
found to be unsymmetric, with a tail a

. 0po
anm erla acm%oflﬁ=3.45 A.Thiss
e

5
=
R
1
(=2
=}
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»Hc

uggests the turbostratic natuDre of FG”. T

[] Brunauer-Emmett-Telle
ou&h to Brevent AB stackin CB FG has asurface
F 00295m2g-1,0009n

with pore size<9nm, as measured bﬁ

O
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N
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al (S 1 t 4) C | CPC)tI] DIIj im e I]k
a sis (Su emen ar alcined petroleum coke
FG(O 13e/, 00 DSD gogc % o0 P

(CPCSalso workswe Ifor conversnon to CPC FG (Fig.1le, Supplemen-

which has a similar nanostructure to that of CB-FG.
Oo,CeCcO0 0000000 (0D 03)14
Together with carbon black, CPCislisted as a noanrad)hltlzed carbon
. CB-FGO CPC-FGI[J ~13nm[]
source ESupplementary Table 3)"*. The average size of CB-FG and CPC-

~17nm
GIS(13I1 respectlvely(Supplementary Figs.5,6).The

F. mand-17nm,
FJHDDDDDDDDDBO%DQO
yield of the FJH process is as high as 80% to 90% from high-carbon

sources such as carbon black, calcine coke or anthracite coal, and
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fromthe carbonblack conductive additive. Each pixelint

4pm 00go0000RHODO

4 pm” using a50x magnification. AllRaman samples wer

oo, 000000000.

powdered product after FJH the samples were not exposed to the solvent
g00000040% 00000000,000085%.

before Raman analysis. Coffeelsabout40%carbon sotheyield basedonthe

000000010,
starting carbon contentis~85%. The samplesize for the mean Raman spectrum

is10.
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nantl)ﬁcarbolﬁydrate are -40% carbon. Hence,
HO08s% 000000
e of-35% (Fig.1le) would be ~-85% conversion of the

tintographene, whereas the heteroatoms sublime
oooopooo

oo
D:

00000 (>3000k
coffee carbon

O
3
=
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nc
out at these reactiontem eraturesé>3 000 K). Anthracite can be suf-
DUURHOOO,0005%0 0000

ficiently conductive tobe usedinthe FJH reactor but better results were
DI:IDFG I:IDEIDEIDEID,

obtalned bﬁaddm 5 wt% carbon bl ack k

FGL 00000 (CFRUOD D(aFG) EIDEIDEID

IS Eroduced re§ardlest ofthe starting material, FG from graphitizing

carbons such as from used coffee grounds (C-FG) and anthracite coal

(A-FG) (see Supplementary Information for definitions of graphitizing

lag
<)
5 3

and non-graphitizing carbons; see also Supplementary Table 3)—has
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Fig.2 | FJH critical parameters. a Ramanspectraof CB-FG withincréasing
b [ 00000CB-FGO 12D/GO ID/GO O,

flashmgvoltage(toptobottom) b, /,,,cand/, ratios of CB- FGatdifferent

01s.d.0 DDﬁ c¢CB-FGOOOOOOOO0OOOO-
flashing voltages. The bars representls d.(n=10).c, Time-temperature graph
gooo.

of CB-FG reacted at different temperatures. The temperature is regulated by
dCB-FGOOOO00D00000000-0000.
the flashing voltage.d, Tlme temperature graph of CB-FG reactedatdlfferent
0000000000 00000,0000000000
flashing durations. The flashing duration is regulated by the sample

compression between the electrodes, which affects the sample conductivity.

opoogo

different morphologies from CB-FG. Graphiti

lar e ﬁrthene sheets (Sup lementar

[1(002)01, 20 = 25° D 0og 2100
shows inaddition to the dominant

peak at 20 =42. 5 Wthh is associated with the in- plane interato

L noogoopoooogooopoooooog
%pacm%(Fl'% 1e) T e narrow full width at half-maximum of the (1
oo, f

materlals o
JJ 01 um(DDD?)DDDDDDD
shee D D FG and C- FG (Fig.1le) with anaverage size

1.2 pm (Supplementary Fig. 7), respectively, similar to the si
s1s16 SO U OO
.Selected-areaelec-

some ofthe other startm

henesheetobtalned byexfollatlonofgraphlte
DCPP DDDDDDDDDS
tron dif ractlon measurements o thesesamplesshowboth monolayer
andturbostratlc ra hene Su lementar Figs. 10)
9 st e hene SURRICTELRY HiE%H

Other carbons that are abundant, renewable or waste sourced can
goo0opnoopoogooopoodoofooong gpooo DD
be used, such as charc I biochar, hu |c acid kera ﬁ)uman air),
gooodbDO@oo1,god4, 000000 DDDD(PETD ETEyDO OO
ll%mn sucrose, starch,Dp ne bark ollve llsoot cabbage, coconut,
opodoooogoooo gooofnd.

pistachio shells potato skins, rubber tyres and mixed plastic (Sup-
plementary Fig. 11, Supplementary Table 4), including polyethylene
terephthalate (PET or PETE), high- or low-density polEethDylene goly-
vm lchlorlde olypro leneand olyacr lonltrlle When convertin
e sfppalilafiMehispafals)ugagujufujaguiyagatajay &
synthetlc polymersmto FG the non- carbon atomssubllmeoutassmall

molecules, leadm%toaver)é %h carbon cont%nt roduct as shown

good
here However golﬁmer and rubberd ol
god gooopgooogoo
to afford ollgomers that sublime before conversion; therefore, it is

merlzatlon canalso ensue
00 00FG,

more economical to use a pyrolysis product where the volatiles are first

industrially removed for fuel sources 7and the resndual carbon is con-
gpoo d(DDDllDDD 4000000
verted into FG. This was demonstrate here with rubbér-tyre-derived

Eérbon black&SuEplementary Fig.11, Su&)EIementarETableSZ 4% None
of these FG processes was optlmlzed OEtlmlzatlon was performed
FIH gooooooooooo

onl)éoDnDCDB DFG as desgrlbed below. The FJH process can provide afacile
route to convert these waste products into FG, a potential high-value

building-composite additive'® .

c d 3,400,
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goooogooopa. edJ000
The numberswithinthe plotrepresentcoolingrates. e, Ramanspectra of
0000000 cB-F 0ogo0o0000oo0ooog.
CB-FG atdifferent compression ratios. Higher compression provides lower
c0O000CB-FGOOOOODOO.
resistanceto the sample f Ramanspectraofthe CB FGsamplesshowninc.
9.0d00O,0CB-FGO OO wooo0dpoi102000000
g, Ramanspectra ofthe CB-FGsamplesshownind.The150-ms pulsesland 2
0,0000000,0d00, nogoo
have simila durauonbutd|fferentcoolmgrates asshownind. AlIRaman
0000000@Gx)000,0100000000000
spectrainthe figure were taken at low magnification (5x) to obtainamean

spectrum ofthesample from10 spectra.

DDDIZD/EDD;IDDDDED - (d'

egraphene soptimize a i

00 BEETPhene gl RREEHAS S 9020

betweenthe electrodes (which affects sample
t

250

0ooOoOo)yoooooooog
gthe sample compression

conductivity), the capaci-

tor voltage and the switching duration to control the temperature and

DDDDDDDDDDDD

duration of the flash (Fig. 2a— %) Incre e willincrease the
Do00000000C00e00-11000 0000

temﬁ)erature ofzthe process. The temperature is estimated by fitting

the black-body radlatlon s&)ectrumm the 600-1,100 nm emISSIonéSup—
ooQ gooogbg,oogog
E)lementarﬁ/ 12[? Wemvestlgatedthe quality of CB-FG using Raman
spectrosco atlowma nification (see Methods by varying the time
P Py € ( Do AN
and temperature in the FG synthesis process. At <90 Vand <3,000K,
ID:CI;DEDhDDhDD DI:lk(Dd t df t t t Fig.2 f)B
as a hi eak; indicating a eec ives ruc ure i a— c

BEY B 5okt S CB-% opo,000 égm Y

mcreasmgthevoltage output CB FGlS formed at3 100K Wthh hasa

low number of defects and almost no D band in the Raman spectrum.
gg,3e0kd0000o0o0rRp/eoo0noooon.
Therefore, 3,000 K is a critical temperature for producing higher-

uallt ra hene with a lar er/.
AR AR e B S e OO0 oooo,0o0000000(
g 2l;:j’,y mcreasmg the compressnon onthesample betweenthe two elec-
trodes the conductivity of the carbon sourcemcreases,thus decreasing

000000000 000~3100
the dlschar etlmeﬁFl% %) Whlle maintaining the flash tempera-
)il ,050-150ms0) U (70 [ 0 [J
o ZDDbﬁ:tween experlmental runs at ~3,100 K, a short flash duration of
10 ms resull(.s inahigher 2D band, whereas a flash of 50-150 ms results
nDpo,0000000,0000
in alower 2D band productéFl% 2%) This indicates that, given more
go0o0o0o0o0o0o00 GO 2D0 [
time, the graphene flakes stack, orient and form morelaﬁers lowerlng
00000000000

the 2D band of the resulting FG. A low coolin DraDt%|£cre/aGs%sDt%e flash
dur%tlDoEnzDand decDreEzlaDses the 2D band”. Therefore, to obtainahigh /,,,.,
a thm quartz tube is chosen to accelerate the radiative cooling rate.
g000,000000003000K 0000000000000000000
lnetoer%stmgly, although the internal temperatures exceed 3,000 K, the

external walls of the quartz tubes are onlearm tothe touch (<60 °C)
oogoooooog

after the ﬂash rocess Mostof the heDatDeEl(IDtsDas black- bod radlatlon

FGOOOOO sp20 OO0 0 é
g DX ray photoelectron spectroscopy analysis shows a considerable
reduction of elements other than carbon in FG and increases in the

sp” carbon bond content (Supplementary Figs. 13,14). Carbon has a
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Fig.3|Molecular dynamics simulations. Structures with various

0 [0 Nos-Hooverd 0O [0, 0 0 0 00 0O O (150001 5000 K)O 0 O O O 5% 10s0 0 0 (O

characteristics (such as micro-porosity, misalignmentand size of graphitic

googopooooogo).

domains) keptatagiven temperature range (1,500t0 5,000K) for up to5x%x107°
DDOqucm 3O 00000)0

with a Nosé-Hoover thermostat. a 'c, Samplestructures for carbon materials of

cm- 3(b)D15%cm 3(CD3DD 000)oo0oo0oo0od,03000Kd000,0

density 0.8gcm ~ (a; sponge-like structure), 1. l1gcm (b),’ and 1.5gcm 3(c; high

O,
degree of graphitization) after annealing at3,000K.d, Carbonblack with

00o000g390KOIOD0DO0000000<3000KO 000
high sublimation temperature of ~-3,900 K; other elements such as

aluminium or silicon volatilize out at <3,000 K
poooog,rGOO00000000000 EIDEI( 2
Thermogravimetric analysisinair shows that FG products are more

oxidatively stable than the materials from which they are derived (Sup-
E Hummersd 0230 0000000000
plementary Fig. 15) and more stable than re uce EraE en% oxide

obtalned w1th Hummer’s method .Insome cases, snllcon oxide residues
ood ooooooogooooog.

are detected which come from worn out quartz tubes after multiples

DDDDDDD goooon

O000000000000000O0.
Previous studies have shown that graphene can be syntheSIZed
226 00,0000

.However, when

O
w
without catalysts at extremeDy FC—% D% | D eratures

goorcO, 0000000000 gooon.
FG is optimized as shown here, it can have exceptlonallal hl%h unahty

\évgeunéheéeuaﬁ%on time and temperature are controlled. Furthermore,
the electric current can facilitate the crystallization ofgraphene

e:g!assmg ofhydrogen nitrogen and oxygen during the FIH process
mlg gcon I‘E)lDJtEEl: %o t?lemfgrg‘l%tulounuoglarge and thin graphene sheets

in coffee-derived FG because it could prevent stacking of graphene
la ers there ermlttm f’urther rowth>>>%2°
y 58 E %DDDAIREBODDDDDD
he mec anlsm ofthe rapid FG growth, we employ large-
O LAMMPSD III D (oog 2 3031
scale simulations with the AIREBO lnteratomlcd)otentlal as[llr?[éle-

B‘lﬁnted inthe LAMMPS package (see I\D/lethods) SDOEnS ofthe ac uxred
structures are shown in Fl% 3a d The low-density materlals yleld a
(U3, 000000000000

sponge- llke structure (Fig. 3a) durmg annealing, WhereDaSD"D]CDrEaDsed

densrty Ieads to a hDgDh level ofﬁraﬁ)hltlzatlon EIFDgEI C We note the
gooooga oopgooo(

high level ofgraphltlzatlon in the low-density CB sample, where the

substantially increased local denSIta/ is combined with high macro-

oooono 000 Dsp2/sp30 00 00T (0 3ef0 0

porosity (Fig. 3d). Additionally, the annealing pDrcD)clﬁess is guantl ied

bythesgﬁs&)uratlo durln%SImulatlon (Fi 3e f). Weﬁndthatthe ra-

ooog (<e000K)0 OO OO0 éSOOOK)DDDDD(D3
hene formation process is strongly i lmpalre at lower temperatures
ooogoooo 2.

(<2,000 K) but greatly accelerated at higher temperature (5,000 K)

Fig.3g)—a trend thatlsalsosu estedb ex erlments (Fx 2f).In the
g e Atsnd e ifs ujspapuinyuia{ayujags F&30dn
case of car lack, c tlnuous defect heal ln% dul‘ll‘lﬁ DJH results in
oo DDDDDDGDDDDDDDDDDD ? oogg

the ra ual conversion of initially roughly spherlca centroid particles

lnto polyhedral shapes (Fig. 3d) thatappear as fringes at clearly defined
anglesin TEMimages (see Fig.1b, e), further confirming the low-defect

nature ofthe roduced materials.
ooog o00OrRHDODOODOO. oo
TheF Hprocesswasscaled upb increasing the quartz tubesnze With
000 04mm0O 8mmO 15mm0 00 0,0 0 00 0O 0 0O 30mgd 120mgl 1
quartztubes of 4 mm, 8 mm and 15 mm diameter, 30 ngﬁ 0 m% and 1g
of FG can be sGyntheSIzed per batch, respectively. Fl%ure 4a shows the
goooo gogooog
FG obtamed with the three tube ssizes. The shorter flash
000 012D/GO FG, gopoooog
Elrﬁutlbe reDsults in FG with a higher /,, . To increase the
ile maintaining FG quality, flat tubes are helpful because

they enable ahigher coolingrate (Fig. 4a). For industrial production, we

4 | Nature | www.nature.com

T=3,000K,1.5gcm™ CB: T = 3,000 K, osgcm3

7T=5,000K, 1.5gcm™

0000.8gecm3, 00 0,0, 03600k0 00000 (5> 109)0 0, 000000
density 0.8 gcm ~and large macro-porosity, afterprolc;nged (5%107°s)
good
annealing at 3,600 K; polygonal fringes are apparent. e-f, Change(gfthe
DDDDDT(f)D]DD]DD]DD]D
structural composition of materials during annealing for materials of different

9.5000 KO O O
densmesp(e)andforannealmgatdlfferenttemperatures T(F). g Structure of
O0O0015gem-300 000000000 0cO000O0.
material withdensity 1. Sgcm after annealing at 5,000 K; the initial structure is
goo000001.5mm.
thesameasthatshowninc. Allscalebarsarel.5nm.

ooopooooooo0ooooooon I:IFGDEI( 0
envisionthatthe process canbe automated for

Supplementar
( D‘H%GDDDD%/D% [%I:I(PluronlcF -127)0,000000004gl-1(04b
on

6).
co)ntinuous FGsynthesis

0fs G w)ils found to be dlspersrble in water/surfactant (P F 127)
to give'highly concentrated dis ersrons reachln 1" (Fig. 4b Su -
g ehy gpopgooo %GD ooog 4(%3335, %D P
Blementar&/ Flg 1%) Usin or anlc solvents, FG asahi h deDgree of
0 f oooooooog

dlsperS|b|I1ty (Fig. 4c) ,Wthh can be attributed to the turbostratic

arrangement permitting efficient exfoliation; the interlayer attraction
forces are much lower than in conventionally arranged AB-stacked

graphene obtalned a/ %r%phlte exfollatlon
grcooon FGO FGOOoOOpoopoogo
FG Composrtes were explored reveallndgoconSIderabl enhanced
. 5%FGL O 0 28070 CB-FGO O
Bl‘byswal BroBertles at small FG loadm s. CB-FG-cement composites
goreO10000 %(DDD 18).
with 0.05% FG and cured for 28 days had -25% higher compressive

strength than the FG-free control sam éSuEBlementar l§ 18).
goo000000000pf0000o000o0o0go oood

This enhancementDthéwD: Comdaresswe stren th is three tlmes hlgher
than the values reported recently for cement composites reinforced

by electrochemically exfoliated graphene with the same graphene
loading, and sh%htlﬂy lar

composites®®?’. en-
OOF I:IDI:IDI:ID35%D19%(D4
CB-FG-cement composites with 0.1% FG loading are -35% and -19%

higher, res ect el thanthoseoftheFG freecontrolsam le (Fig. 4d
DIE % ik ﬁ/ gooopoogpo dj é l% N

er than those ofother cement E%ﬁld)hene
B-rGOOOOO0OO7000
ay compressive and tensrle strength of

Elaes% %nhancements are almost three times Iarger than those of
other reported graphene-cement composites Véltthhe sDaane load-

5.

§, demonstratln ra id stren G%th develo%ment Scanning electron
0 DDDDDDD(D ():DDF 0o,
microscopy images of B-FG-cement composites (Supplementary

Fig.19) show a homo eneous dlstrlbutlon of FGin the cement matrix.
%h?DDDID l DdDDD,ED c?D,DthDDthEDCIB—FGDDt ¢
e argely en ance roperties an rapid stren evelopmento
pajufuls aReRd Yau)apufulagai P

CB FG cement composrtes IS agam attrlbuted to the high dispers-
ibility of the turbostratic CB-FG, which resultsin greater homogeneity
and robust composites (see Supplementary Information for further

exBIanatlons)
CB-rGUOOO000O00O0000.
In addition, CB-F vel

0. lwt%CB FGO 00O 0000 (PDMS)]

0.1wt% CB-FG— polydlmethylsrloxane (PD

0 250%(D 0 O 20).

increase in compressive strength compared with PDMS without gra-

e Bol%mer ro erties. A
000 dPbMSO 00
) composite showed ~250%

phene (Sudaﬁ)lementar&/ Flg 20).
0opo0,00C-FGOCPC-FGODOOOOOOO0O
demonstrate its adagllcabllltmy in electrochemlcal enengy storage
DDDDDD JooopoooogrcOO
devices, C- FG and CPC-FG were also used as electrode materialsina

Li-ion capacitor and a Li-ion battery (Supplementary Fig. 21), dem-

onstratlrﬁgﬂthempotentlal touse FG in advanced ener

oopgo)yoooooo@oog)

In summarﬁ anw enem%/ bot om ud:v synthesis of easily exfoliated tur-
ooooo googo

bostratlcgraphene was demonstrated fromultralow-cost carbonsources

ESBIICaUOHS

(such as coal and petroleum coke), renewable resources (such as biochar

and rubber tyres) and mixed-waste products (including plastic bottles
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FGOOOO0O0. a0000000,AHO000000FG
|Scaling up and applications of CB-FG. a, FJH quartz tubes of different
) 0 DDDDDDDDDDDD‘DDDDDD

es and shapes, used to synthesize FG. Two separate synthesis processes were
ooooooogoo.
conducted with each tube, provndmgthesamplesmthetubeandthoselnthe
b.FGO O Pluronic(F-127)0 O (1%)D noo. [ui
plasticdishes.b, FG dispersioninawater— Pluronic (F-127) solution (1%). The
0000000CB-FGO4gl-100000010¢l-100 0,0 1
photographshows the'supernatants of 4 gl 'of CB-FG and of 10 g1

0 4.CB-
Fig.4

ofa

oooooon). oogrGOOO0DO000000000000000000
and discarded food). Scaling up of the FG synthesis process could pro-

vide turbostratic graphene for bulk construction composite materials.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-1938-0.

[ .Allen, MJ TungVC JKaner, RB.LOOOOOOOOO0O oo
1 J. ? C. & Kaner, R. B. Honeycomb carbon: a review of graphene. Chem.
[ [ [1 110132145(]20 ODQO
Rev.

(o)
ZVlMDShenZ &DDDDDDDDD
. &'shen, Z. A revlew on mechanical exfollatlon for the scalable production of

J
hene. J. Mater. Chem A 3, 11700-11715 (2015).
E Hemandez Y.oo. oofgoon
ernand?z[ Y“e‘t‘a‘l‘ ‘I‘—hgh yield production of graphene by liquid-phase exfoliation of
% é] Nat. Nanotechnol. 3, 563-568 (2008).
E .Eda, anchlnlGDCthWaIIaMEEEEEEEEEEEEEEEEEEEEEEE
. Fanchini, G. & Chhowalla, M. Large-area ultrathin films of reduced graphene oxide

5] N Ssﬂaﬂtransparent and flexible electronic material. Nat. Nanotechnol. 3, 270-274 (2008).
i,
. et al. Processable aqueous dispersions of graphene nanosheets. Nat. Nanotechnol.

101-105 (2008).
GLlnL Pen H[LluZ\HHHHHHHHHH\H 0.0
Lin, 1., Peng, H. & Liu, Z. Synthesis challenges for graphene industry. Nat Mater 18,

520-524 (2019).
70.000,ACO. oooooooopn 00.000.00.970
7. Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97,

187401 EZOOG
8]EEE DD ooooo0o0oo,ooon
A C Rama‘n spectroscopy of graph‘en‘e‘al"\d graphite: disorder, electron-phonon
do ing and nonadiabatic effects. Solid State Commun. 143, 47-57 (2007).
|menta M. Dresselhaus G. &Dresselhaus mMs.oooooogo.
., Pim M. resselhaus, G. & Dresselhaus, M. S. Raman spectroscopy in
.0 D 473 51 87 2009)
Rej

hene. Phys. 51-87 (2009).
ZH tal. P b EhEEE(EiEEEEtEEEE ded h ing R:
etal. Probi impurities in suspended graphene using Raman
ACST D93569573 P P orap S

2009).
?t/:-\ ‘rﬁs‘copy ACS N: RSG 574 (2009)

10000 ] 10 10000
arlEow, J.A.etal. &_%r )e ?(rowth of turbostratlc graphene on Ni (111) via physical
Rep.

9] Malard L M

gra
1000 Niz.
Ni,

10 [][
n. G

2016
E deposltlon Sci. 98! 452016
1ZDN||I|S A]] oo DDDDDDDD oooo
12 jilisk, A al. Raman characterization of stacking in multi-layer graphene grown on Ni.

E 98658665&2016%
Cal 58 665 E20163
13D Li, Z. %D o. o4
. etal. X ray dlffractlon patterns of graphite and turbostratic carbon. Carbon 45,

1686-1695 (2007).
U0.0000 REODUOOOODODOOOOO00 oo.
Erén klin, R. E. Crystallite growth in graphltlzlng and non-graphitizing carbons. Proc. R.

Soc. Lond. 209, 196-218 (1951).
15DDDDDD SO0, obooogoooooood . . .
15. Stankovlch S. et al. Synthesis of graphene-based nanosheets via chemical reduction of
[ 4515581565(2007.
ex Ol graphlte oxide. Carbon 45, 1558-1565 (2007).
lGH .Cai, M. Thor e, Adamson D.H.[ Schniepp, HCOODDOoo
Cai, M., Thorpe, D., Adamson, D. H. & Schniepp, H. C. Methods of graphite exfoliation. J.

Mater. Chem. 22, 24992-25002 (2012).

llated

~ Commercial
T 5.0 FG graphene . o
€
o 4.0 | .
£ e [ N
~ \
N =
T 2.0 b
5 °°
¢ 1.0 [ ]
6
o 0.0 1 1 1 1 1 1 1 1 J
0O 1 2 3 4 5 6 7 8 9 10 11
Initial graphene concentration (mg mi™")
gooooooao
—s— Compressive strength —s— Tensile strength
T T T T 14.0
5 20 35% l13.5
o increase T
S 184 — L [13.0 ¢
£ / L12s 2
O 164 c
c F12.0 ®
g — 19% 2
o 144 . r11.5 ¢
increase| =
g F11.0 @
G 124 [0}
o } F10.5 3
[}
5 101 / F10.0 é
g o %/ lo.5
© T T T T 9.0
0.00 0.05 0.10 0.15

FG content (wt%6)

o0000,000000000000,
commerCIalsampleaftercentrlfugatlon Thecommermalgraphenewasnot
0oooo000nooo0ooooo.
stable as a colloid at this concentration, resultinginaclear hqu:d inthe

c.FG ]DD]DD]DSQI -10
supernatant aftercentrlfuﬁatlon c FGdispersionin varlous organicsolvents
drGOOOO0OO0O

gl

ooo 0 0 (n=3).
barsrepresentonestandard error (n=3).

O
ats .d, Mechanical performance of cement compounded with FG. The error

17D‘MlandadRDD 0oopoo0oo000oo00000000000.

17. ndad, R. eé aDl CatalEtlc pz\%)ollyeﬁls of plastic waste: moving toward pyrolysis based
biorefineries. Front. Energy Res. 7,27 (2019).

18HHH \\\\\\\\,]]]] 0 0. 0[] .1139495(2019(1 ).

1 Plastics are forever. Nat. Chem. 11, 394-395 (201

19DParf|t(JBanhe\MEMacnauhtonS ooooo000o0ooooogon20s000000010 L

19. " Parfitt, J., Barthel, M. & Macnaughton, S. Food waste within fo F chains: quantification

0 000 R.O 00 0.B 365, 3065 3 Bl&OIOD
nd potential for change to 2050. Philos. Trans. R. Soc. B 365, 081(2010).
200 ‘Guslavsscn,J,Cederber&C Sonesson, U., van Ollerdljk R &Meybeck A D onooo
20. Gustavsson, J. derbe 8 C., So n Ott ddk R. & Meybeck, A. Global Food
gbnooon D(DDDD 2011D)Ehtlp//wwaA (g
Losses and Food Waste: Extent, Causes and Prevention (FAG, 2011); http://www.fao.org/3/
a-i2697e.pdf.

210 Jambeck, JR.0°0 opoooogooo. 0.0 34776871

21. 7 Jambeck, J. R. et al. Plastic waste inputs from land into the ocean. Science 347, 768-771
(2015)

221 .Yao, Y. opoogooopooooog. oo

22." Yao, Y et al. Carbothermal shock synthesis of high-entropy-alloy nanoparticles. Sclence
359, 1489-1494 (2018).

Z3H.Advlncu\aPAHH 0ooooo0o0o0o00o0oo0o00ooooopnooon0oan.

23." Advincula, P. A. et al. Accommodating volume change and imparting thermal
J(:SBductlvlty by encapsulation of phase change materials in carbon nanoparticles. J.
Mater. Chem. A 6, 2461-2467 (2018).

24D]]]]] ADD oo opoodooo. 0gd. oo

24. Chakra et al. Conversion of carbon dioxide to few-layer graphene. J. Mater. Chem.
2194919493(2011D )

~9493(2011).
2500 . goooogoopooooooon ][]
25. Lln, J. et al. Laser-induced porous graphene films from commercial polymers. Nat
mm 5, 5714 (2014).
ZSD.NepaI A Smgh G.P., Flanders, B.N.0 Sorensen, CM.0 0000 0000000000000
26. al, A.,'Singh, G. P., Flanders, B. N. & Sorensen, C. M. One. nthesis of graphene
oooog 24245602&013;

via catalést free %asj}hase hydrocarbon detonation. Nanotechnology 24, 245602 (2013).
27D.Huan oooooog ]]]]]]]]]]]]

27. ua ., J. Y. et al. Real-time observation of tubule formation from amorphous carbon

ooon 61699170 éZOUG)
nanowires under hlgh bias Joule heating. Nano Lett. 170

280 O,PJREOOOOOO o 122504513&017?5

2. arris, P. J. F. Englneerln%carbon materials with electrlclty Carbon 1 04-513 (2017).

290 .Luong, D X.0 ] [0 126 472 479(201 )7

29. uol D. X. et al. Laser-induced graphene flbers Carbon 126 472-479 (2017).

30D4]]]],S4J DD AB.OO OO, LA, onoooooopooood.

3 Stuart, S. J., Tutein, A. B. & Harrison, J. active potential for hydrocarbons with

E 000 11264726486(2000D

intermolecular interactiol Chem! Phys. 112, 72-6486 (2000).
310.000,D.W.0I H\HHHHH\HHHHHHHHHHHHH
31. " Brenner, D. W. et al. A second-generation reactive empirical bond order (REBO) potential

0 14783802(200%2

ene?ﬁ exﬁ)resslon for hydrocarbons. J. Phys. Condens. Matter 14, 783-802 (2002).
320.000 0.
32. Plim Fast parallel algorithms for short-range molecular dynamics. J. Comput.

oo 117 11951995D?

Phys. 17, 19& 995).
330 Xy, .0 0 ooog oooooogoopoooog
33.7 Xu, Y. et al. Liquid-phase e><fo[l|[at[|o[n8c§f1 roalgghene an overview on exfoliation media,

echniques, and challenges. Nanomaterials 8, 942 (2018).
340.0 Ne|II A. Khan, U., Nirmalraj, P.N., Boland, J.C] Coleman, J.N O D D o0 D D D D D D D N .
34. eill, A.,'Khan, U., Nirmalraj, P. N., Boland, olel aphene dispersion and
.00.0 E C11554225428 2011[

exfoliation in low bonllnﬂqﬁomt solvents J. Phﬂ/s em. , 5422-5428 (2011).

3500 ‘Dong, Log oooooog

35. ng, L. et al. A non-dispersion strategy for large- scale production of ultra-high

30 ‘c‘or‘u:e]n]tr]atlon %rthem[e s[lL[m['ne[s [ln[ V\[/a[te[r [Niat[ ?o[n’[m[ﬂu[n 9, 76 (2018).

36." Liu, J., Li, Q & Xu, S. Reinforcing mechanism of graphene and graphene oxide sheets on
cement-based materials. J. Mater CIV Eng 31, 04019014 (2019).

37D.KrstekMDD ooooogooon DDDD.

37. g/ et al. High- performance graphene based cementitious composites. Adv. Sci.
.61 01195 2019])

6, 1801195 (2019).

0o00000,0000000000000000000000000000000,
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

E 0202000000
sive licence to Springer Nature Limited 2020

Nature | www.nature.com | 5


https://doi.org/10.1038/s41586-020-1938-0
http://www.fao.org/3/a-i2697e.pdf
http://www.fao.org/3/a-i2697e.pdf
Administrator
高亮

Administrator
高亮


Article

) |
Iy
Methods onon
Atomistic modelling
FJHO 0 googs OOODDDDDDDDD oooo00op0o00ogoooopopoao,
FJH system Atomistic snmulatlons were carried out using periodic bound-
REHOOOOOOO0O01. | . oo DD,DDDD DDDDDDlSOOO
The FJDH set UBIS detailed in Slépd)lementar)éFﬁ ln de aquartztube, ary conditions w1th ~15,000 atoms per unit cell for all structures
oooooon 00 D ooono.
two loosely fitting electrodes compress the' carbon source usingtwo except the carbon black model WhICh contained -55,000 atoms.
go0ooooogpon ounoog oo0o0o00o00o00,000
copper-wool plugs or graphite spacers to contact the carbonsources The initial confi uratlons were creat d by random OSlthl"ll%g and
0gooooooogogoo | ooogoooopgo D(DDDDDDD50%DDD ooooobooo)od
to allow degassing of volatile materlals The compressing forceis misorientation of small graphitic flakes of arbitrary shape and up to
ooo0,.0000000001-1000Q,0 0000000000 (0.004-4Scm-10
cDODntDrollable by a modified small vice so as to minimize the sample 8-12 Aindiameter, and subsequently adding randomly positioned

resistance to1-1,000 Q, and is keﬁto obtamlnﬁ a good flash reaction
ooo0oo, 0000000000 000000000 |
&O .004-4Scm™). To control the dischargetime, a meﬁll']aﬁlﬁ Dl||’]elDaEVélth
Brogrammable millisecond-level delay time is used. The entire sample
go@oopooo)o,oopogoooooo.
reaction chamber is placed inside a low-pressure contalner ﬂ)lastlc

vacuum desnccator) forsafetyandto facmtate deﬁassu&gD However the
gOil0atmO0OO00O0 .
DJHSrocess works equally well at 1 atm. The capacnéor bank C%“DSIDStS

of 20 czﬁpacxtors with a total cad)amtance ofO 22 F Each capaCItor is
god ooo),ooog 0/ oao.
connected to the main power cable (or bus) by a c1rcu1t breaker that is

%lEoDused as a switch to enableédlsalD)lAe eDach capacitor. The ca acxtor
bank is char%ed bﬁ ad.c. sudaﬁ)ty(caﬁ)able of reaching 400 V. The first

prototype system is placed convenient Eon one plastic mobile cart
opoooo1i5mm 0000, 0000RHOOO
&SuEplementar&/ Fig.1b). Using a large 15-mm-diameter quartz tube,

we achleve synthesis of 1 %of FG per batch using the FJH process.
gooooOooooooooopoooonoo
Safety notice: the CaEaCltOl’ bankis capable ofﬁeneratlnmgmfatal elec-
ojgpoguooooo
tric pulses. Therefore,thef ollowing steps aretaken to protectthe oper-

ator aswellasthe circuit, and we strongly suggest that these measures
gofguogodlago

be followed. Details of the circuit can be found in Su%plementary Fig.1a.

gopooooo ooo0o00oo ooo

0
Darkened safety glasses should be worn to protect eyes fromthebright

llght durln%the discharge flash fé)rocess
gooogoogog [J050-200ms00 0 0 0000O0RH
The voltaﬁe and currentratings for the circuitbreaker are appropriate
god googoooon.
for the maximum voltage and the anticipated maximum current that

will be supplied by each capacnt%réo the FﬂH dlscharﬁe on the4basns of
a dlschar§e aneoolfso -200 ms. We use the maximum charglng and
a

bleeding volta%es at~400V with maximum currents of 0.7 Aand O.1A,
] DDDDDDDDDAOOV 0 0 0 100ms O O 1000A.
respectively. The pulse discharging voltage tDoéhe samDple is ~4-02(‘)1 Vand

Cllj-erreDnﬁ %agéemaﬁh up to 1,000 A in <100 ms. A 24-mH inductor is used
to avond current spikes whlle usmmgd:he mechanical relay. Without the
00000000000000d

inductor, the mechanical relay could be pronﬁ to hDgDh curr%nDt arcing

durlng thelnéeDernltDt%nDt cD:losm|§ ofthe circuit. To protect the inductor
fromthesplkevoltagewhen shuttmgoffthecurrent adiodeandalow-

resistance resistor with adngro riate ratmgs are connectedearallel to
o,0o0o00 P

the IDnducﬁoDrDAgdétlon llﬁ/ to protecttheca acntorfrom reverse polar-

lty in case of oscillatory decay (Wthh canoccurinafastdischarge),an

appropriate diode is placed parallel to the capacitor bank.

[myn| . .
Characterization

DDFEIHeIIOSDDDDDGGODDDDDDDDD Ob5kvO, 0 1ommOO00000,0
(S] a

The resultant FG ucts were characterized by scanning electron
ogod ((SEM DDDFGDDDDDDD
mlcroscopy ) using an FEI Helios NanoLab 660 DualBeam SEM

PHI uantera-SXML
Q otoelectron

uantera SXM

system at5 kVwitha workln%distance of10
XO0OODO0O,05x 10-9torr0 0 O DD,DDDXDDDDDD
spectroscopy (XPS) data were collected with a PHI

Scanning X-ray Micro robe with a base pressure of 5 x 10~° torr. Sur-
goooos-evooo,ogoog eV
vey spectra were recorded usm%O 5-eV steps with a pass energy of
golevOOQOOOOODO,000
140 eV. Elemental spectrawere recorded using O. 1 eV steps with a pass
1s] (284.5ev0 0 0, 0 00O XPSOO OO0
energy of 26 eV. AII of the XPS spectra were corrected using the C 1s

peak (284.5 eV) as reference.
OJEOL 2100FO0 O O O TEll\(/ID 200kv0 O O TEMO O

TEMimages were taken with a JEOL 2100Fﬁeld emlssxo Eun TEMat
0keVO , O FEI-Titan-Themis YTEMO D O D0 D000 000000000,
200 kV. Atomic-resolution HR-TEMimages were taken with an FEI Titan
oo D00 (<200n)000000(
ThemlsS TEl\/hs stem atCSO léea/DSSm les were prepared by dropping
mgm -CulJ
dlluted dlS erSIOns( 1m ml lnlSO ropanol) of the graphene sample
P eml PR |5) El % PRTETE P
red using a

(<200 pl) on the TEM Cu l’ldS 'EhDe rec
bath sonicator (-15 min). Electron dlffractlon was callbrat d l))y a dif-

':‘Q.

IS erSIonwas repa
B ooo p DpD

I:l

fraction standard (evaporated Al§r1d Ted Pella).
ooooog .0 0 Renishaw(] 00 (70 [ 0 0 0 5mw(1'532nmO 0, 0 0 0

AllRaman sdaectra were coIIected with as-prepared FG samples atop a

oorGOOODO gooooooo.

glassslide, before exposure to solvent, using a Renishaw Raman micro-

guypgogooogoon

scope and a 532-nm laser with a power of 5 mW. A 50x% lens was used

gs0x 00, 000000005x 0

for the local Raman spectrain Fig.1and a 5x lens for the mean Raman

spectrainFig. 2.

individual carbon atoms (the atomic carbon content was ~-50% to

re resent a non ra h|t|zed Bortlon of the source material). Car-

O ooddlzamO0O00,

l(:»sorg/l):)Dlack centrond partlcles were created by arranging randomly
0,

oriented graphltlc flakes in roughly spherical shapes with hollow

cores and dlameters of up to12 nm, and addm
00000400 K J2x10-9s0000,00000

E 50%). The initial conﬁ%‘uratlons were sulﬁ\ecte to ?rellmmary
oooooopoood oseHooverDDD(D TOO)O 12

annealm at400K for2x10 eliminate lrregularltles caused by

Ks-100 DDDDDDDDDDDDDOOZS 10-12s.

the structure creation protocol, then heated to the target annealing

atomic carbon
ooooog

temperature with a heating speed of 0.5 x 10> K s ' using a Nose—

Hoover thermostat (canonical NVT ensemble) with atem
ogoooooooo

?s. The structures were held

s(15%x107°

egatu re

am § arameter of 0.025 x 10"
10 9s| 15x 10-9s)
att etarget anneallng temperatures for 5 x10~° s for

carbon black).

oooo0ogoogoopoood R ) ) A
Preparation of flash graphene dispersion in water-Pluronic
solution
OFGO 000 00110g1-10 0 0 O (F-127)(1%)0 . .
FG was dispersed in waterfPluronlcéF—127) solution &1% at con-
Tgooonooooooopgos0oooobon
centrations of1-10 g1 . The mixture was sonicated in an ultrasonic
) D000 015000
bath for 40 mln to obtaln adark dispersion. The dispersion was
@o0oood)yonoaso ,LOopownuoogoooogogoogo-ooo
>s(ullZ) eDcteélﬁoDcDerDurlfugatlon at1,500 rpm (470 relative centrifugal
force) for 30 min to remove aggregates using a Beckman CouDlter
Alle ra X-12 cen trlf’u e equipped with a 19-cm-radius rotor. The
minfala=sfa)(a )%
supernatant was anal:ysed via ultraviolet—visible spectroscopy
i oogog 50000, 0 660nmO O 0.0 0O O,
(Shimadzu). The dispersions were diluted 500 times and the
000 a 660=66001g-1m-1
absorbance was recorded at 660 nm. An extinction coefficient
ooooooooog.

ofo(“_0 =6,6001g 'm ' wasused to calculate the concentration of
s

graphene in the solution.

gooooo R
Cementsample preparation
gpooooorcO OO 000.
FGatvanousconcentratlonswasdlsp r
00 O (Silverson LSMA)0'500
solution. The dlsper51on was a

mixed with Portland cement with a water-to-cementratio of 0.40. The
O0005x5x 5em30 0000000000 @OO000000H)025cmx 3.8cm

slurrywascastin5 x5 x5cm’ cubic polytetrafluoroethylene moulds (for

oooogog@Eoooopoo)o.

compressive strength measurements) and in 2. EDCEIE % %cm ca/llndrlcal

B’lgulds é]for tenSIle sﬁrength measurements). All cubes and cylinders

were taken out the moulds after 24 h and placed in water for curing
o080 00000000000.
for another 24 h. The compressive and tensile mechanlcal strengths
oooorcOOO0, 0000000
\évere measured after 7 and 28 days. For each FG-cement ratio, three

samples were cast and tested.

goopbmMsO 000

Cement and PDMS testing procedures

gooo. 0000000000000 0000Forneyd O
SD " Bresswe strength The compression strength tests were per-
formed using a I'—'orney Varlable Frequency Drive automatic machine

with dualload cells for maximum accuracy.

ooog o0oooopgo0oo,000000poooogoogo
Tensile strength. Owing to the brittle nature of cement-based mate-
g,00po0o0o0 oodoooog j
rials, the tensile strength was calculated tb ecause it

O,
O«
0Oy’
=]
Eog
of
=]
EUQ
f‘D
COn

, 000
ives the most accurate measurement. Special j Es held the cylinders
opo0oo0oooooooooopoooogon O.

sothatthe uniaxial compressive force applied to the centrelines of the

bottom and top surfaces of the samples caused tensile stress between

the points of contact.

ooooo
Data availability

00o0p0ooooo/oooooopo
The datasets generated and/or analysed during the current study are

available from the corresponding author on reasonable request.
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