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Gram-scale bottom-up flash graphene
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Most bulk-scale graphene is produced by a top-down approach, exfoliating graphite,

ooog

which often requires large amounts of solvent with high-energy mixing, shearing,
. . 1., 00000000000000000000000000

sonication or electrochemical treatment' >. Although chemical oxidation of graphite
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to graphene oxide promotes exfoliation, it requires harsh oxidants and leaves the

goopOooOooOooopOoOoOoOoOo0OoOOooOOobOOo0OO0O0OO0OO0OOOOOOOOOOOODOOOOOOO0

graphene with a defective perforated structure after the subsequent reduction step™*

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

amounts if performed by chemical vapour deposition or advanced synthetic organic
methods, or it provides a defect-ridden structure if carried out in bulk solution* .
DDDDDDDDDDDDDDS.I 00000000000000000000000000000)0000
Here we show that flash Joule heating of inexpensive carbon sources—such as coal,
000000000010 000000000000

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

plastic waste—can afford gram-scale quantities of graphene in less than one second.
goooooooobooooOooooo(re)b0o0bOOo0O0O00o0o0oooooooOo(ooon)o
The product, named flash graphene (FG) after the process used to produce it, shows

turbostratic arrangement (thatis, little order) between the stacked graphene layers.
rGOOOOOO0O0ODOOOOO0OOOOoOOoOoooo goooogoooooogoo
FG synthesis uses no furnace and no solvents or reactive gases. Yields depend on the
000000000000 0D00O000000D0O80%O9%0%0000000099%0

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
oooooono

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

gooorGOOOOOOOOCODOOOOFGOOOOOOOOOOOOOOOOOOOOOOOORGODOOOOOOOOO

spectroscopy analysis shows alow-intensity or absent D band for FG, indicating that

gopoooooooo

FG has among the lowest defect concentrations reported so far for graphene, and

confirms the turbostratic stacking of FG, which is clearly distinguished from
FGOOO00000000000000000000000000
turbostratic graphite. The disordered orientation of FG layers facilitates its rapid
FGOOODO00000072000/0000
exfoliation upon mixing during composite formation. The electric energy cost for FG
0JO0FGOOD0O00000000000000000000000000000
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.

00p0J00(RH)0000000000000000000000000000000 001e0CB-FGOOOO00000000200000GO(12D/G)0 000000000100
E%tlhDeDﬂgSDhl oule heating (FJH) process, amorphous conductive carbon seen in the Raman mapping of CB-FG in Fig. 1e, the intensity of the 2D
al
powderislightly compressed |nS|deaquartzorceramlctube between band relatlve tothe G band (/. )|ngDreater than 10 in many locations.
oooog ooo ODO00FGOOOUUN MY Oh 002000000

EW%%I(%:%SSI%SD()FDI% DI% DSUBBIementary Fig.1). The system can be at The extremely low intensity of the D band indicates the low defect
atmospherlc&)ressure orunder amild vacuum (-10 mm Hg) to facilitate = concentration of these FG Broducts which contributes to the ampli-
gooobooo0ooo0oo0oo0ooo0oooooouooonon CB-FGU U 0 U 12D/G= 17(Ele)DD]DDDDDDD

out%assmg The electrodes can be copper, graphite or any conduc- fication of the 2D band. Thus the unusually hl% =17 (Flg le) of

DDDEDDD]DDDDDDDEDDD]DDDDDDDEDD ]ﬁ'ﬂcﬂDDDD gooboo

tive refractory material, and th%y fit looselﬁ/ into the quartz tube to CB-FGisthe highest value reported so far for any form of graphene,

0oo0000oo00ooi00ms0000dnon

OOEOTSE Sljlt ssnEgDquEoDnDF l—% DHDI h- voltage electric discharge froma  andisprobably an outcome of the extreme temperaturereachedinthe

capacitor bank bringsthe carbon source totemperatures higher than ﬂashg)rocess which outﬁasses non carbon elements from the system.

00001886 cm-10 02031 cm-10 0 0O EDTSlDTSZDD]FGD] oo g

3,000 K inless than100 ms, effectlvel%/ converting the amorphous Addltlonally, thetwo peaks TS, and TS, at~1,886 cm Tand 2 031cm ,

0000 (HR-TEM)O O O (0 1b0c)0 (000230

carbon into turbostratlc FG ln hl h resolutlon transmission electron respectlvelﬁl confirm the turbostratic nature of FG (Supplementary
rFGOOO0O0DO0O0O0OO000000 oooorcGOOOOOOO oo gogoooooooooooooooo

nDnl(d:r(D)scopy (HR-TEM) analyS|s (Flg lb c), the misoriented layers of FG Figs. 2, 3), which is discussed extensively in Supplementary Informa-

exhibit the expected Moiré patterns, whereas FG derived from spent tlon and SUE Iementar Table 1"
OXOO0OO(XRD)O DEDDD(OOZ)DDDEDDD]DDDDD
coffee %rounds alsoDsPows hexa%%nDaIDsFIGrz%lBeFla%ergéaﬂ)hene (Fig.1d). The X-ray dlffractlon (XRD) pattern of FG shows a well defined
ngh quality graphene can be quickly ldentlﬁed by Raman spec- (002) peGaDk(sn)dDI%aDtIDn§Esuccessful % ﬁ)hltlzatllon3 %thhe amorphous
troscopy’ '°. FG from carbon black (CB-FG) has an intense 2D peak.As  carbon. The (002) peak of FG occurs at diffraction angle 26 = 26.1°,
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fromthe carbonblack conductive additive. Each pixelin the Raman mappingis
0000000000000RHOOO0O0000000000

4um usrngaSOx magnification. AllRaman samples were prepared from the

oo
powdered productafter FJH; the samples were not exposed to the solvent
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Fig.1|FGsynthesized from various carbonsources. a, Schematic of the FJH
o0ooooo0bnoooooo(o
process, and plotofthe temperature rise versus time during flashing (inset).
b-d0 00 00 000 FGO O CB-FGU HR-TEMO O oooog
b-d, HR-TEMimage of CB-FG on top of asingle layer of coffee-derived FG.
e00000000000000FGO0ND0(0000000000D )0XRDO0OTEMOOD

3 0
e, Characterizationresults, including Raman spectra (showing thebestand

the mean obtained spectra), XRD spectraand TEM images for FG derived from
. 0000FGIO0D000000000000000000000
various carbonsources.The coffee-derived FGis made from used coffee

grounds; the smaller graphene particles withinlarge graphene sheets come

goooooo
which correstonds toaninterlayer spacing of /.= 3.45 A. This spacing
Bernal( ABO O 00003370 00rGO 000D 0DNTOON
is larger than that in a typical Bernal (AB-stacked) graphite, 3.37 A,

mdlcatm% the ex%anded and turbostratic structure of FG. The (002)
0000000000000 orGO 000000
peak was found to be unsymmetric, with a tail at small an%les Wthh

further suggests the turbostratic nature of FG" The flash Brocess
0 O Brunauer-Emmett-Tellerd 0

IS fast enough to prevent AB stacklng CB-FG has a surface area of

CB-FGO [0,0 [, 0 T1 295m2/g0 O 0 <9nm( 0 O

~295m”g  with poresize<9nm, as measured bDy Brunauer—-Emmett—

T ll 1 (Suppl 4). C 1 D((%PC)DDDIDDDDDK
eller ana sis ementar alcined petroleum coke
s DDZ)ﬂD(RCFGDDD D% og P

PC) also works well for conversnon to CPC FG (Fig. 1le, Supplemen-

tar&/ Table 2) which has a snmllar nanostructure to that of CB-FG.
gooogouoooooog(oo &

Together with carbon black, CPCis Ilst%c(i:gg :Fa non %ra%hmzed C%rbon

source (SuE)g:)lementary Table 3)"*. The average srze of CB-FG and CPC-

O 17nm (00O

FGis-13n nd-17 nm resSectlveDy (Su%plementary Figs.5,6).The
FJHDDDDDDDSU%—QO%DDdDD 0oog oo
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

648 | Nature | Vol 577 | 30 January 2020

000000040%000000000000000 0 85%0
before Raman analysis. Coffeeis about40% carbon, sotheyield based onthe
0000000000010
starting carbon contentis~85%. The sample size for the mean Raman spectrum

is10.

00000000072k/g0000)0
the electric energy needed for their conversion is ~7.2kJ g™ (Sup-

plementarDylnformatlon).
ooo0 00000000000Sw» 000000000000

In the case of coffee E)grounds the used grounds were mixed with
000000000000 2-5wm%Fe0 0000000

t% carbonblack toincreaseits conductivity—alternatively, we could
eDZD 5‘[’]‘“% FG from a grevno/uDs run as the conductive additive. Coffee
domlnantl% Carboh[}/drate are ~-40% carbon. Hence

unds, r

Dmmmmas%f”ﬁe)mmm ooodosswd 0000000000

El‘ze%oeld of%raphene of-35% (Fig.1le) would be ~-85% conversion of the
>,

DODV' so

coffee carbon contentinto graphene, whereasthe h%tgruogton'lusmsublm'llje
ut at these reaction temBeratures (>3,000 K). Anthracite can be suf-
DFJHDD gooOsweoOOOoOO0OO0O0O0O0000O0
ficiently conductive tobeusedinthe FJH reactor but betéemréesHlDts we:r(‘se
obtained bg addin 5 wt% carbon black. Altho ugh ablack FGd)owder
gooo FGDDDDDDD(CFG)DDDD(aFG)DDDDFG
|sd:>roduced re§ardless ofthe startmmg materlal,DFDG from graphltlzmg
carbons—such as from used coffee grounds (C- %G) and anthrac:te coal
(A-FG) (see Supplementary Information for definitions of graphitizing

and non-graphitizing carbons; see also Supplementary Table 3)—has
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Fig.2|FJHcritical parameters. a, Ramanspectraof CB-FGwithincreasing
b.0 0000 00CB-FGO 12D/GU ID/GO O
flashmgvoltage(toptobottom) b, /,,,cand/,ratios of CB-FG at different
0001000000 c¢.CB-FGOOOO0O00DO0DO0D-0000
flashing voltages. Thebarsrepresentls d.(n=10).c, Time-temperature graph
oooooooooo
of CB-FGreacted atdifferenttemperatures. The temperatureisregulated by
CB-FGUOO00O00000000-0000
the flashing voltage.d, Time—-temperature graph of CB-FG reacted atdifferent
000000000000000000000000000
flashing durations. The flashing durationis regulated by the sample

compression between the electrodes, which affects the sample conductivity.

cB-FGLOOOODO 0o0000oo0ooooo(@oooy)o
different morphologies from CB-FG. Graphltlzmé carbons Broduce

RDO OO0 OO 0O26.0°
lar er hene sheets Supplementary Fig. 7). XRD anal sis of C-FG
e (% 020 =425° D(D(%E’)ijuuuyuuﬁ(m) y
shows in addltlon to the dominant (002) peak at 26 0°, asharp (100)
peak at 20 = 42.5°, which is associated with the in- Blane interatomic
lo)yoooUooooooooooDoooooo
spacm% EFI% 1e) The narrow full width at half-maximum of the (100)

peak suggests Iarger in-plane sheet sizes relatlve to FG formed fro
HR-TEMO O A-FGO C-FGO

some of the other startm%materlals HR-TEMreveals folded graphene

0o00o0o00oo5uy mo

sheeésﬂln A-FG and

Zu mi
sh lgG (Fl% le) with an average size of 0.5 pm and

D]DDD

H?D(E%pmplementara/ Fmgt 7) resgectlvel&/ S|m|Iar0§o the size of gra-

phene sheetobtained by exfollatlon ofgraphlte .Selected-areaelec-
trondiffraction measurements on these samples show both monolayer

and turbostratlc%ramphene (SuBBlementary Fl% -10).
gooooo DDDDDD(DE)DD
Other carbons thatare abundant renewable or waste-sourced can
DDDDDEDD goooooood DDD]DDDDDDD oooopboooooo
used, such as charcoal blochar humic acid, kerati (human hair),
DDDMDDD]A)DDDDD 0o D]DD(PETDPETE)DDD[DDD] ooo
l%mn sucrose, starch pine bark, olive oil soot, cabbage, coconut,
0Dooboooogooong
pistachio shells, potato skins, rubber tyres and mixed plastic (Sup-

[}
g}

plementary Fig. 11, Supplementary Table 4), including polyethylene

t hthalate (PET or PETE), high- or low-d it lyethyl ly-

erep hlaz;e( or ), high- or low en5|ypoa/e Eene ESF)(/;D]
chloride

goooo fOlDy

synthetic polymers mto FG, the non- carbon atoms sublime outassmall

vm 1 lene and polyacr lonltrlle Whenconvertln
o Dpﬁl ooooag ]pD ARAIN{AYANE g

molecules leadm§ toaverE DgDh carbon -content roduct as shown

oo gooooo
here. However Bolﬁmer and rubber depoDymerlzatlon canalso ensue
ooopooooon goooopoooooo

to afford oligomers that sublime before conversion; therefore, it is
more economical to use a pyrolysis product where the volatiles are first

industrially removed for fuel sources ’and the residual carbon is con-
oooooon 00000000 00nooo0204)0
verted into FG. This was demonstrated here with rubber-tyre-derived

Earbon black (Supplementary Fig.11, Su&)glementar%Tablesz 4).None
of these FG processes was optlmlzed OthIDmlDzatlon was[perforrgled

onl)éon CB-FG, as descrlbed below The FJH process can provide afacile
OFchODODOOO0DO

route to convert these waste products into FG, a potential high-value

building-composite additive'® .
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The numbers withinthe plotrepresentcoolingrates. e, Ramanspectra of

0o0o0o0ooocs-FeOo oooodooooooooo

CB-FG atdifferent compressionratios. Higher compression provides lower
f.CB-FGOOOO0O0DO0cOO0

resistance to thesample. f,Ramanspectraofthe CB-FGsamplesshowninc.

g.CB-FGOODOODODOO0dOO0O 150ms0 0102000000000

g, Ramanspectraofthe CB-FGsamplesshownind.The1l50-ms pulses land2

OooooDogo0dooo oooo

have similar duration butdifferent cooling rates, asshownind. AIIRaman

0o0oo000(sx )J000op00000000000000

spectrainthefigure were taken atlow magnification (5x) toobtain amean

spectrum ofthe sample from10 spectra.

D]DI2D/GDDDDEDDD]DDDD&DDDEDDD)]DDDDDDD[DDD]D

Thegraphene/,, .isoptimized by adjusting the sample compression
noos EnR0EuRE S S yad & P P

betweentheelectrodes (w lch affects sample conductivity), the capaci-

tor voltage and the switching duDr%tDl%nDtE)ch%tEol thetemperature and
duration of the flash (Fig. 2a— ﬁ) lncreasmgthevoltagewﬂlmcreasethe
0600-1100nmU 000 00000000000
temgerature of the process. The temperature is estimated by fitting
the black-body radlatlon spectrum in the 600 1 100 nm emlssnon (S%p
ooo FGOOOO poooboooogo
Blementarg Flng 12). We mvestlgated the quality of CB-FG usmg Raman

spectroscopy at low magnification (see Methodgﬂ)v \goaol(’) in the tanBe
gnd temﬁaerature(lgzthe F)G synthesis process. At <90V and <3,000K,
a-cLl

FG has a l‘ll% peak, mdlcatné%a defectlve structure (Flg 2a c f). By
LRSI RS oooooopooog

mcreasmgthevoltage output, CB- FGlS formedat3,100K, Wthh hasa

low number of defects and almost no D band in the Raman spectrum.
000300KODO00000RD/GIODD0000D000000
Therefore, 3,000 K is a critical temperature for producing higher-

uaht ra heneWIthaIar e valu
AU Y BLARS D WHR AT ﬁ'ﬁ%[DDD]DDDDDDD([ZdDeE%
By increasing the compression on the sample between the two

electrodes, the conductivity of the carbon source increases, thus
Doop0oo0oo000a000

decreasing the dlscharge time (Flg ). While maintaining the

g310KooooooolomsOob0oo0oooo D]ZD] 0s50-150ms0 000000

flash temgerature between experimental runs at ~3,100 K, a short

JO00200000 (02

flash duration ol’lO ms results in a higher 2D band, where%sDa ﬂagl‘é%f

50 150 ms resultEIDn a Iower 2D band product EFUg 2g). Thisindicates

goooooooon gooooooopooor

that, given moretime, the graphene flakes stack orient and formmore
gooooooooooo

laa/ers IoweDrlng the 2D band of the resulting FG. A low coolln% rate

lncreasestheﬂashduratloggnddecEeasestheZDband Therefore to

012D/GO 00
obtainahigh IZD,G, a thm qHartz tube lsagga?sen tog%celerate the radla—
H\D/eD%ODOhn% rate. Interestmgly, although the internal temperatures
exceed 3, OOO k the external walls of the quartz tubes are onl warm
goo0ooo0ooooooooo
to the touch (<60 °C) after the flash process. Most ofthe heatexits as
black—bodc?/ radiation.
0O00D000FGOOO0000000000sp20 00000 (0001314)0
X-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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ions. Structures with various

Fig.3|Molecular dy

0 0 Nosé -Hooverl] 0 0 0000000 0(150005000K)0 0 05x 10-9s000 (0000000

characteristics (such as micro-porosity, misalignment and size of graphitic

oooopog)o

domains) kzept atagiventemperaturerange (1,500 to 5,000K) forupto 5 x 107°
a-c000008¢/cm3(al 00000 )0 1.1g/cm3

with aNosé-Hoover thermostat. a—c, Sample structures for carbon materials of

(b)ulsg/cmsguuu 0,00)000003000K 00000000000

density 0.8gcm ~ (a; sponge-like structure), 1.1gcm 2(b),and 1. 5gcm 3(c; high

degree of graphitization) after annealing at 3,000 K.d, Carbonblack with

D000000003900KO0000000000000300KO000000

high sublimation temperature of ~-3,900 K; other elements such as
0000000000 0FCO0000000000000D(O0015) 000000
aluminium or silicon volatilize out at <3,000 K

HummerSDDDDDDDDDDDDDDDD |
Thermogravimetric analysisin air shows that FG products are more

oxidatively stable than the materials from which they are derived (Sup-
plementary Fig. 15) and more stable thar& Eeduced %raghene oxide

obtaaned with HunDna‘lSr smethod”.Insome cases, silicon oxide residues

are detected which come from worn out quartz tubes after multiples

uses.
go00o0000000000000o0o000o0o0o0o0o000
Previous studies have shown that graphene can be sDyntheDSIZDed

l\:/élthout catala/sts at extremela/ bgDth%nD'lB%ratures“ 26 However when

FG is optimized as shown here, it can have exceptionalla/ hi%h %ualita/

when thereactiontime andte ﬂ)erature are controlled. Furthermore,
gooooooorHOOODOODOOO0oO0o gooooorGOOOO0ODOODOO
the electric current can facilitate the cr&/stallization of graphene
go0o0o0o0oo0oo0o0oboo0oo0ooo0oon

Degassing of hydrogen, nitrogen and oxygen during the FJH process

might contribute to the formation of large and thin graphene sheets
in coffee-derived FG because it could prevent stacking of graphene
rowt 25 28,29

MPSDS—' oo )D 0000 0AIREBOO

o DTDoDaSsDeSSD%'lS mechanism of the rapid FG growth, we employ large-
scale simulations with the AIREBO>*?! lnteratomchpotenDtlmal asim le-

3a-d
mented inthe LAMMPS package (seS Methods)

layers therebﬁ/germlttmﬁgmf’urthex

.Some of the ac urred
googooooooooog DSaD

structures are shown ln Flg 3a-d. The low-density materlals yiel

0000000000000(03c

sponge-like structure (Flg 3a) during annealing, whereDa% luné:rDeDa%eDd

densrt% leads to a hl%h level of%raghltlzatulon (F1% 3c). We note the
high level ofgraphltlzatlon in the low- densnty CBsample, where the

substantially lncreased local denSIt%/ is combined with h|§h macro-
000 /sp30 0 000000000 (T3e0f)0
porosity (Fig. 3d). Addltlonally, the annealing process is q&iantlf&ed

b% the sp /s&) ratio durm§ srmulatlong % 3e, f). We ﬁnd that the gra-

000(<2000K)0 000000000000 0(5000 )DDDDDD(DSQ)

Bhene formatlonﬁ)rocess is strongly lmpaired at lower temperatures
ooooooooooo(oa)d

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

(Flg 3g)—atrend thatis also su%%ested bE exdoerlments (Fmg3 2f). In the
RHOOOOO000000000000 oood Joopooo

case ofcarbon black, continuous defect healmg durln% dH results m
OTEMOOOO DDDDDDDDDDD(DD {1

the gradual conversion of initially roug ly spherical centroid particles

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

naturDe ofthe Erodu%ed E‘laterlﬂals

The FJH process was scaled udn ba/ mcreasm the quartz tubesize. With
000004mmO 8mmO 15mmO 30m 120m§D 1gFG
quartztubesof4 mm, 8 mm and 15 mm dlameter o m% 120 m% and 1§

of FG can be synthesized per batch, respectively. Fl%ure 4a shows the
0 CB-FGO O Oo00000D0FrG
arlrzg;lemt of CB-FG obtained with the three tube sizes. The shorter ﬂash
from the smaller tube results inFG w1th a hlﬁher )}
goopooooopooooooooooooooooonog DD(ﬁtha
batchsize while maintaining FG quality, ﬂat tubes are helpful because

To mcrease the

they enable a higher coolingrate (Fig. 4a). Formdustnalproduction we
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T=3,000K,1.5gcm™ CB: T = 3,000 K, OBgcm3

7T =5,000K,1.5gcm™

03600 KO 0 00 (5% 10§S)DDDE]DDOBg/cmSDDDDDE]DDDD]DDDDD
density 0.8 g cm ~and large macro-porosity, after prolonged (5x10°s)
ef0000000( e}
annealing at 3,600 K; polygonal fringes are apparent. e-f, Change of the
0o0oo0oooooooogooogoT(h)o
structural composition of materials during annealing for materials of different
g.5000KO OO0
densities p (e) and for annealing at different temperatures 7 (f). g, Structure of
0015¢/em30 000000000 0c0DO00
material withdensity1.5gcm ~after annealing at 5,000 K; the initial structureis
000000015nm0O
thesameasthatshowninc. Allscalebarsarel.5nm.

0000000000000FGO0(00016)0
envisionthatthe process can be automated for continuous FG synthesis

(Supplementar/% Flg

OOF O DD(PIuronlcF127)DDDDDDDDDDDDDDD4Q[I

o beD Evgsufoimd to be dispersible in water/surfactant (Pluronic F-127)

to give high concentrated dlS ersrons reachln Fig.4b, Sup-
g gy DHASE SPRESS §4c)% 0 D(D i p

Blementarg F|§ 17). Usin or%amc solvents F has a hl%h de§ree of
J00000DorTooOogLe ooo

dispersibility (Fig. 4c) ,which canbe attrlbuted to the turbostratic
arrangement permitting efficient exfoliation; the interlayer attraction
forces are much lower than in conventionally arranged AB-stacked

graphene obtained b%%rthite exfoliation.
gooooooooon
FG composntes were explored revealmd% considerably enhanced
GO O U280 0CB-FGO OO OO
Bhysncal proBertles atsmall FG load|n§s CB- FG —cement composites
0ooo2s%(000
with 0.05% FG and cured for 28 days had -25% higher compressnve

streanDth than the FG-free control samﬁ)le (SuB%lementar &
0oooo0o000o00o00b0bOo00b0bOpoo0ooog oooogo D O
This enhancementin the comBresswe stren%th is three times hlgher
go0oo00o0ooo0oO0o0oo0o0o0o0-00000000000

than the values reported recently for cement composites reinforced

by electrochemically exfoliated graphene with the same graphene

loading, and slightlDy largﬂer than those ofother cement ﬁra hene
36,37 CB-rGOOOOODOO oooooo ODOooorcO

com B . e seven-day compressrve and tensrle strength of

ooa D35%D D19%(D4d)

CB-FG—-cement composites with 0.1% FG loading are ~35% and ~19%

hlgher, respectlvel)é, than those of the FG-free control samﬁsle (Flg. 4d).
oroo0o00o0oo0do00000000000000000000000000
These enhancements are almost three times larger than those of

other reported graphene-cement composites V(\élth theDsSanDeé%aDdD—
|n§ demonstratin Bld stren%th development. Scanning electron
H000(00019)0

microscopy images ofCB FG- cement composites (Supplementary

Fig.19) showahomo; §eneous dlstrlbutlon ofFG in the cement matrlx.

CBFGH 000000000 0o0odo0gces-FGOO oog

The langDed/ enhanced &)roBertles and raBld strength development of
oooooooooooooopod

CB FG—-cement composites is again attrlbuted to the high dispers-

ibility of the turbostratic CB-FG, which resultsin greater homogeneity
and robust composites (see Supplementary Information for further
exglanations).

CB-FGUOOUODOO0OOD
ln addmon, CB-FG effec t v enhances lﬁ/merl_;)) Bertles A
oo DDDDDDD(PDMS)DDD 1 wt%CB-FGU 00 0 00 0 (PDM
dw —po )édlmethylsﬂoxane (PDMS) composite showed ~250%
oo D D D D D 250A) 0)0d

increasein compresswe strength compared with PDMS without gra-

jalels]

phene (SuBBlementar)éFlg. 8
ooou DDCFGDCPCFGDDDDDDDDDDDDDDDDD
To demonstrate lts agEllcablllt% in electrochemlcal energy storage
ooooo(oooge)o )]
devices, C-FG and CPC FG were also used as electrode materialsin a

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

onstratlrﬁgﬂthe Botentlal touse FGin advanced ener

oo 0ooooo)ooooog(@opon
In summary,alow ener bottom -u antheSISofeasnyexfollated tur-

Joo@uUooogoooon)oooog

bostraticgraphenewas demonstrated fromultralow-cost carbonsources

aSBllcations.

(such as coaland petroleum coke), renewable resources (such as biochar

and rubber tyres) and mixed-waste products (including plastic bottles
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gooooooooo
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b. FGO 0 Pluronic( F-127)0 0 (1%)0 00 0 O
plasticdishes. b, FG dispersioninawater—Pluronic (F-127) solution (1%). The
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photograph shows the supernatantsof4 gl ' of CB-FGandof10gl ' ofa

rFGOOO0O000DOO0O000O0O00000O00DOO0DOO00OO0
and discarded food). Scaling up of the FG synthesis process could pro-

vide turbostratic graphene for bulk construction composite materials.
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Methods

FIHO O
FJH system
FHOOODOOOO10 0opooo0oooooooo

TheF Hsetu lsdetalledin Su lementar .1, lnSIdea uartztube,
Dl 8 DDD[DB% DyDD goood CI

two loosely ﬂttmg electrodes compress the carbon source using two

copper-wool plugs or graphite spacers to contact the carbon sources
goooooooooooopoodg

to allow de%assmg of volatile materials. The compressing force is

0000001-1000Q 000000000000 (0,004-4S/cm)0 000

controllable by a modified small vice so as to minimize the sample

resistance to 1— IOOOQ andis keytoobtamln% %ood flash reactlon
Joofdoooo0ooooooooUooDofoooonon

(0.004-4Scm™). Tocontrol thedischargetime, amechamcalrelaEWIth
Jooogogo

(%rammable mllllsDeE%nd le\éel dejlay timeisused. The entiresample
reactlon chaml))er is placed inside a low-pressure cont%lner (|_plast|c

vacuum desnccator) for safety and to facilitate d%%assm% However, the

1000oooo0oooood gooo 0000 DDDDD.D

FJH Process works equally well at 1 atm. The capacitor bank consists
goDooooooood

f20 caE)acnors w1th a total caBaCItance of0.22 F. Each capacitor is
0oo 00)yoooooooo 0/000
connected to the main power cable (or bus) by a c1rcu1t breaker thatis

oooo
Atomistic modelling
go0000000000000000000000sSs00000000000000000O0
Atomistic simulations were carried out using periodic bound-
0ooi1s0000 000
ry conditions with ~15,000 atoms per unit cell for all structures

O

a

excegtthecarbo n black model, Wthh contamed ~55, OOOatoms
d 0D00o0oDDo00&R0I000do00n Dooo0O0ooo
Theinitial confi %uratlonswerecreatedbyrandomposmonmgand
00000000000 ns%l 0000000000000 )000

misorientation of small graphitic flakes of arbitrary shape and up to

8-12 Aindiameter, and subsequently adding randomly positioned
individual carbon atoms (the atomic carbon content was ~-50% to

resent a non- hitizedjportlon of the source material). Car—

D0o0p0o00000f00000000000000o000000i2ami000000

(D50°/b)lmadu(c%ntr0|d particles were created by arranging randomly
0

oriented graphitic flakes in roughly spherical shapes with hollow

cores and dlameters of up to 12 nm, and adding atomic carbon
goo ]D4OOKDED2HSD oooog oodoooooong DDDDDD
(-50%). The initial con 2gurat ons were sub’dec ed oprellmmary
000000000000025% 10-1230 Ngse-Hoover( 0 0 (0 T NVTO 0 )0 0.5 10-12K/s
%%nDeEaIDIE at 00Kfor2><10 sto eliminate irregularities caused by
the structure creation protocol then heated to the targetannealmg

DD400VD3D

also used as a switch to enable/dlsgble each capacitor. The ca acrto&'

00
bank lS Char ed b c. supply capable of reaching 400 V. The first
ek EYD 00(oo i1 )y p &
prototype system is placed convenlentla/ onone lastlc moblle cart
1Bmm0000000000RH
ESuPelementary Fig.1b). Uslng alarge 15-mm- dlameter quartz tube,

we achleve nthesis OflngOf FG Ser batch using the FJH process.
goooooooooono
Safety notlce the capacitor bankls cadaable of%eneratm§ fatal elec-
oo0oo0oooo0ooOoooooooooooD
tric pulses. Therefore, the following steps are taken to protect the oper-

atoraswell as thecircuit,and we strongly suggest that these measures
00Do0o0b0001a00
be followed DetgllsDoftheé:lEr%uDltDc%n be found 1n Supplementary Fig.1a.

Darkened safety glassesshould be worn to protect eyes fromthebright

light durianDthe dischar e ﬂashln% E)rocess

oooo 0-200ms0 0 0000000RHOODOOOO
a DThe volta§e and current ratings for the circuit breaker areappropriate
for the maxlmum voltage and the anticipated maximum current that

1 1 h he FJH h h f
will be supplied by eac capaCIt%rEthn e g dlsc angieont ebasnéo

g (DjDsgharge time of 50-200 ms. We use the maXImum charging and
bleeding voltages at~ 400 Vwith maximum currents of 0.7 Aand O.1A,
OU000000000400vOO<100msO O 000D 1000A0
respectively. The pulse discharging voltage to the samg:leul%a‘l-(zo VDaDnd

mH

S%rmrent canDreach upto1,000 Ain <100 ms. A24 mH mductorDI% LEJsed
to avoid current s&)lkes whlle usm%the mechanical relay. Without the
goooooooooogooooong

inductor, the mechanical relay could be prone to h|§h currentarcing

oo goopopoooo

durl%%thelntermlttent closing of the circuit. To protect the inductor
goo 0ogooogooogooooonooogopooooooon |

from the spike voltage when shutting off the current, adiode and alow-

resistance resistor w1th approBrlate ratln%s are connectedgoarallel to
oooong (0 000 0)0

theinductor. AddltlonalDy tod>rotect the capaCItor fromreverse polar-

00oUu000goognooooiogon

ity in case of oscillatory decay (which can occurinafastdischarge), an

appropriate diode is placed parallel to the capacitor bank.

og

Characterization

O O FEl HehosNanoLabBGOD OOsEMOOOOskvOOOOOOD1ommOOOOOO0O0O0O

The resultant FG products were characterized by scanning electron

Ooooo(sem)anono FGDDDDDDED

microscopy (SEM) using an FEI Helios NanoLab 660 DualBeam SEM

0 O PHI-Quantera SXMO O

sgstem at5kVwith a workin dlstance of10 X ray photoelectron
0o0005x 1090000000 DDDEDD(XPS)D

spectroscopy (XPS) data were collected with a PHl Quantera SXM

Scannin D%X ray Micro a)robe with a base pressure of 5 x 10 torr. Sur-
0005-ev oooo
vey spectra were recorded usm%O 5-eV steps with a pass energy of
gool-evOOOODOOOOO0OOODO26evO
140 eV.Elemental spectrawererecorded using O.1-eV steps with apass
OC1IsO(2845evV)J DD 00DOXPSOOOOODOO
energy of 26 eV. All of the XPS spectra were corrected using the C1s

peak (284.5 eV) as reference.
0 0JEOL 2100F0 0 0 00 200kv0 OO TEMO 0O
TEMi 1ma§es were taken Wlth aJEOL 2100F field- emlssnon %un TEM at
[ HR-TEMO 0 O O 8001 001 OJ 00 FEI Titan Themis S/TEMD
200 kV.Atomic- resolutlon HR TEM lmaﬁes were taken w1th an FEITitan
0o0(<00p NODOO0DOO
Themis S/TEM system at 80 keV. Samples were prepared by dropping
(0 1mg/mi0 0000 0)00TEM- -cud0popoog
diluted dispersions (-1mgml " in lsopr Eanol)ofthegraghene sample
0000000001500 )0
(<200 pl) on the TEM Cu§r1d . The dlSB rsion was [g ared usmg a
000000000000 00Ted eIIaPDDD
bath sonicator (-15 min). Electron diffraction was calibrated by a dif-

od

fraction standard (evaporated Al§r1d Ted Pella).
0000000000 Renishawd O 0O mwOs32nmOI 0000000000
AllRaman s[pectra were collected with as-prepared FG samples atop a
oorcOOOOO ooo
glassslide, before exposure to solvent, using a Remshaw R%I‘ID‘I%I‘] nD*chgé)-
X
scope and a 532-nm laser w1th a power of 5 mW. A 50>< lens was used
go0dOo200000000005x00
for the local Raman spectra ln Fig.1land a 5% lens for the mean Raman

spectrainFig. 2.

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

Hoover thermostat (canonical NVT ensemble) with atem erature
Joo00o00o0o000005x 10-9s
?s. The structures were held

(dam %pa)rameter of 0.025 x 107"

15x _

at the target annealing temperatures for 5 <10’ s (15 x 10’ s for

carbon black).

go0ooooooooboog

Preparation ofﬂash graphene dispersioninwater-Pluronic

solution

0FGO 0000 01-10 /10 O -Pluronic( F-127)0 0 (1% )0 0

FG was dispersed in water—Pluronic (F 12 8 solution (1%) at con-

1 ooooodooo400bbogoonooon )

centrationsof1-10gl . The mlxturewas sonicated in anultrasonic

oo00019emdogonono

O
bath for 40 min to obtain a dark dlSE)el’SlOl’l The dlsperS|on was
Beckman Coulter Allegra X-120] [J 00 0 J 1500 rpm( 4700 0 0 00 )0 0000030000 .

subdectech 50 centrifugation at1,500 rpm (470 relative centrifugal

force) for 30 min to remove aggregates using a Beckman Coulter

Alle%ra X-IZ(CDeéll):Elgu%e equipped with a19-cm-radius rotor. The
supernatant was anal sed via ultravnolet visible spectroscopy
gooso0oooeeonmiOOO0O00
(Shimadzu). The dispersions were diluted 500 times and the
0 0o 660=66001/g- mO 000
absorbance was recorded at 660 nm. An extinction coefficient
0ooooooDooooo

of ageo = 6,600 g 'm ™" was used to calculate the concentration of
graphene in the solution.

gooooo )

Cementsample preparation

000000FGO OO 1%0 Pluronic( F-127)0 0.0 0

FG at various concentrations was dispersed in 1% water Pluronic (F-127)

0000000 (Silverson LSMA)0 5000 rppm0 O 0 0 0 0 150

solution. The dispersion was agltated for 15 min at 5 O Orpm usm a
000000000000 0004000000 [m]

shear mixer (Silverson L5MA). The graphene suspensionin water was

mixed w1th Portland cement with a water-to-cement ratio of 0.40. The

goOoooosx 5XSCmSJDDDDDQDED(DD]DDDDD yd25cmx 38cmO 0 00

slurla/ was cDastDm 5x5x5cm’ cubic polytetrafluoroethylene moulds (for

compresslve strength measurements) andin ZZL%ECE‘IDXD?ES cm chlmdrlcal

B’lDouldséfor te&‘!sﬂe strenﬁth measurements). All cubes and cylinders

were taken out thDejn?DOHlDdg agtéer 24 h and placed in water for curing

for another 24 h. The compressive and tensnle mechanlcal stren§ths

FeOO0O000O000000pDOU0

were measured after 7 and 28 days. For each FG-cement ratio, three

samples were cast and tested.

goopbmMsOO OO

Cement and PDMS testing procedures

goooo 0JD0Db00000Femeyd 000OO0O0DOO0O00ODOOO

Compressive strength. The compression strength tests were per-

goodooopoogoodoon

formed using a Forney Variable Frequency Drive automatic machine

with dual load cells for maximum accuracy.

goooo 0o00oo00oo0oo0oo0oo0ooo0boo0ooopooonoa

EeDnDSElS DsErength. Owing to the brittle nature of cement-based mate-

rials, the tensile strength was calculated viaa s&)littin§ test because it
X 0ooogoo000o0ooononn

ﬁwes the most accurate measurement. SBeClaUlgS held the cylinders
Jooo0000000o0oo00oooooogn

sothat the uniaxial compressive force applied to the centrelines of the

bottom and top surfaces of the samples caused tensile stress between

the points of contact.
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