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ABSTRACT: Heteroatom doping can effectively tailor the local structures and Flash Joule heating doping

electronic states of intrinsic two-dimensional materials, and endow them with “35@'9
0000000000000 Carbon

modified ogtical, electrical, and mechanical %rogerties. Recent studies have Catalyst-, water-

00(0000000000)00000000000000000000000000000000000000 and solvent-free

shown the feasibility of preparing doped graphene from graphene oxide and its %

derivatives via some post-treatments, including solid-state an(Dl solvothermal

gnoooooonon Flash Joule %o
methods, but the rec&uire reactive and harsh reagents. However, direct /} &
0ootoooooo O

0o00ooooooooo gooooo heatlng
synthesis of various heteroatom-doped graphene in larger quDarD‘tDitDieDsDaDnﬁiDhDiﬁh Heteroatom source
Burita' throu%h bottom-up methods remains challenging. Here, we report (M, MO,, C,HM)

god0oRHY Opo0Oo0o0go0ooOo0oo0oogQoooog
catalyst-free and solvent-free direct synthesis of graphene doped with various

00000000000 00000000000000000000000 Dé oooooooag)

heteroatoms in bulk via flash Joule heatin% éFgH% Seven types of heteroatom-doped flash graphene (F are synthesized
gooogooogoooooo(ooo)yoooooogpoooo (0o DDAD
through millisecond flashing, including single-element-doped FG (boron, nitrogen, oxygen, phosphorus, sDuéfElE)ﬁ EVEOD—SIDeIDnEIDlt—
co—d%ped FG éboron and nitrogen), as well as three-element-co-doped FG (boron nitro%en, and sulfulg. A variety of low-cost
gooooooogooog ooo DFGDdDDDD poOo0OorFrGOOOCOCOOpDOOOOOOOOOOO
‘Di%%amnésé DSIEth as elements, oxides, and organic compounds are used. The graphene quality of heteroatom-doped FG is high,

Doped flash graphene

and similar to intrinsic FG, the material exhibits turbostraticity, increased interlayer spacing, and superior dispersibility.

gnpo0o00000rGOO0O00000000000O00FGOOOOO0

Electrochemical o §en reduction reaction of different heteroatom-doped FG is tested, and sulfur-doped FG shows the best
gon Ooo0ogoOoO0ooO0O0orFGOOOOOOFGOOOOOOOOO

performance. Lithium metal attela/ tests demonstrate that nitro;en—doped FG exhibits a smaller nucleation overpotential

00000000FGOOOOOODOOO0N20 1.5%

compared to Cu or und%%ed FG. The electrical energy cost for the synthesis of heteroatom-doped FG synthesis is only 1.2 to

107k/0 00 00RHO000000 0000000000000 00 _ :

10.7'kJ g , which could render the FJH method suitable for low-cost mass production of heteroatom-doped graphene.
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INTRODUCTION annealing method not only needs GO as the precursor, whic
oooo0000000000000000000000000000000000870 is synthesized under harsh oxidation, but also requires
DCD eD:rEch% DﬁDl%CDtlDonahzatlon of intrinsic nanomaterials has been N
widely used to tailor the local structures and electronic states, enendidmgél%‘%e? DeEaDu‘E;S Dt% - ErDtlS.léyDrDe.(D:%vDeé EhD;DSSD Sarb;n
. : > : : network. ese top-down insertions into graphene usually
thereby greatly affectlnﬁﬂt@lﬁeD EnDaEeDnDale 09 DtlDCELD E:IDe%tEuD:al, and boooooooo %ID Dg 0 %D 000 DfD (0 Kl\ﬂlollﬂ BC DIED o0 El N
i i iti i cause irreversible degradation of graphene quali and these
mechanical properties. - Traditional methods to achieve G000p0o00000De0N000 oo D_% aRpoooban O(cvDb)
chemical modification involve the introduction of various procedures can be problematic since they result in inevitable
3,5 1,6 booopoo0oo0o0pooooopfo00opgdmg 000000000000 00
heteroatoms, speciﬁc functional roups, or even other impurities from the excessive supply of reactive agents such as
o cthe funchona B UL ooBo0o00000 0on0000o Ls _ _
anDOIDeDC%IESD Dl%tg Dt}&eDIEtDnDnDSIDC lattice. Heteroatom doping, which KMnO, and BCl; Most bottom-up direct synthesis of
consists of substituting the original components with other heteroatom-doped graphene can be achieved by chemical
5,8
elements, is the most basic yet hi§hlar effective modification. vapor deposition (CVD)I7 or synthetic organic strategies,lx
oooooopjoooooooogooooooodoooooogooooogo
For graphene, many different dopants can be introduced, but the products are limited to ultrasmall amounts, from ug- to
including nitrogen, sulqu, o OYEE Y DbDOEODnﬁ DpDhE)S DhDOEuDS’ and mg-scales, and they often suffer from catalytic metal imgurities
tal at S0E a0t O e L h ] L EEEEEEEEEEEEEE )]
some metal atoms. eteroatom-do graphene has such as Cr, Ti, and Ni. Furthermore, the types of heteroatom-

Ooooo000oogogooooogoooooooooGyo00

demonstrated electrocatalytic properties, superior perform- goooooogouood

i doped graphene compositions achievable are often restricted

ance in sensing applications,” and stronger 1nt1e0ract10ns with by the vapor pressure or solubility of the precursors.

various polymers as well as sinmgée metal atoms.
goopoooooogooogooa oop(opo)yoopooooo, .
F('rG%nous research has focused on the chemical functionaliza-

oo 0o0goo000o0o0po00oo0oa

tion of preformed graphene lattice (post-treatment), including Received:  February 2, 2022

13,14 Accepted: March 18, 2022

ball milling,S thermal annealing of graphene oxide (GO),

glasma treatment, and Ehotochemical reactions. Ball
00o0000oooooooooopuopoooooogooogooggoooog

IDIEHDI% and plasma methods are simple and scalable routes
to synthesize heteroatom-doped graphene, but the doping is

usually limited at the edges or other defects.”'>"'® Thermal
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0oo00goooooogoooooopooooooopoooogogoon
Therefore, the direct solid-phase synthesis of heteroatom-

doped graphene in bulk quantities from amorphous carbon

sources can potentially solve these dilemmas.
Joooao DDDDDl 0000pDo00000000000000(RH)D
Here, we disclose a general synthetic route to heteroatom-
goooooooooooooo
doped graphene by ultrafast and all-solid- state5 catal%st—free

ooo
ﬂash Joule heating (FJH) method within 1 s. It requires
ooo goooo oooooog

og
no solvent, no catalysts, and no water. A short electrical pulse
O D [] D>10"5K/SD O D D o0 D 0 >3500K0 OO D>10’\4K/SD D D go0
of hlﬁh ener si Gp ssed thro Dg lid precursors,
oppboooo DDDDD oooooooo(sg NDODPDSDDQD 1
which raises the sam le tem erature to >3500 K at >10" K s
OOO0(BON)DDOOOMOO(BONDS FGDDDQDDDDEDDDDD(D
followe rapid cooling at >1 . Seven types of
DOoooooopooooo)oon
important heteroatom-doped flash graphene (FG), including

single-element-doped (B, N, O, P, S), two-element-co-doped
(B, N), and three-element-co-doped (B, N, S) FG are
produced by millisecond flashing with various low-cost

sources 1ncludln§ elements, oxides, and organic compounds.
OUOORHO OO0
his demonstrates the versatility of the FJH method. These
0000000000000 0000000000000
dopants were selected since they can afford air-stable doged
00000000000OFGOOO0OO0OODODOO
graghene products. Spectroscopic analysis indicates that

heteroatom-doped FG has §ood %ra% ene Suahty and modified
ogoooooo goooooOooOogoOoooao

electronic structure. Moreover, we demonstrate the precise

ooboogogorcOOOO000000O00

control of size distribution at the nanoscale and the direct

usage of heteroatom do DP ed FG without laborious urlﬁcatlon
0o 0000o0o0ogoogoo D(OR}DD oag
Brocedures The materlals were studied for their dlsper51b111ty,
(LMB)O O 0000000
and tested in electrochemical oxygen reduction reactions

é % and lithium metal battery (LMB) compositions. In
ogod DDDDDDFGDDDDDDDDDDDDDDD Ooo0o

addition, gram-scale synthesis of heteroatom-doped FG is
explored to demonstrate the feasibility of scaling up its

production.

ooon
RESULTS AND DISCUSSION

0po00Qgoopo000Qopoooo

Direct Synthesis of Heteroatom- DoEed Graghene by
Fi ooooooo00000000000000000

as

h Joule Heating. In a ical flash synth e51s &)rocess, the
oDoono00oooDoooN0on00nonooogn 0( )b
powdery mixture of dopants and conductlve car on black is

slightly compressed inside a thick-walled polymer tube

between two well-fitted gra hlte s acers Figure S1 The
DDIDDDDDDbDDDDDbD(IAD;%EE %Pﬂﬂ (lg h) 1
olymer tube can be made from Teflon, po en ene
P opoonoooo6gor E] 0BET0o0
sulfide i &)olﬁracrﬁlonltnle The capac1tor banks in the c1rcu1t
oooo O
are connected to graphite spacers and are used to ErDowD/iéle
electrothermal eneé%r to the reactants in <1 Dpared to
DD DDDDDDDDDDDDDDDDDDDD
HSI er wool made electrodes used in our previous
o00goo 0410000000000
pubhcatlons, thick-walled polymer tubes and well-fitted

graphite spacers greatly decrease the loss of heteroatoms and

§ra(phene

facxllt%te the formation of the heteroatom dol\lP)
Different

000oO0o0ooo0ooooooOoooogoog
The detailed ﬂashNParameters are listed 1n Table
MOX)O 0 0 0 0O O ( CxHyM)( O 1a)0
dopants can be used as’ precursors, including elements (M),

oxides (0 % and organic compounds (D ﬁM% %Flgure la).
DDDD:U.VDD’C DDD].O OrHOOOOOO00O0 0ms0 0 0

ical FJH synthesis process w1th a voltage of 110 V
Prrnga B3 v P &
and a sample re51stance of ~1.0 €, the current passing through
the sample reaches ~60 A within ~100 ms discharge time
ODO0O0FG(N-FG)O DD OOQ DGGkJ/%\TD Sl&
(Figure S2). Take nitrogen-doped F as an example,
the total amount of electrical energ is 6.6 kJ g~ (Table S1).
0oo00rRHODOOOO0OOO0DOO0O0004dO0
The temperature is measured by ﬁttlng the blackbod&r radiatizoon
goooa

spectra during the 5] Brocess Fi ure S3). The transient
X10A5K/SDDD35 KO O 055 msC] DDDDD D18X1A4K/S(SQ _1

est tem erature reaches ~350 and

% oogoooo

su

oooooo D D
sequent ultrafast cooling rate after ~55 ms is estimated as

~1.8 x 10* K s~
of turbostratic structures with lar%er 1nterla&/er sgacuﬁgﬂs ThlS

ooofgooABODOO0O0O0O0O0O0O0O0O0O0O0
ultrafast cooling does not permit AB-stacked graphene to

(Flgure 1b), which facilitates the formatlon

occur, which facilitates cllstermon in solvents as seen in the
00000000000000000000
revious Eubhcatlons The transient ultrahigh temperature
ooopoobopoogooooooooo
volatilizes the heteroatom components and enhances the

homogeneous reactions between these precursor vapors and

the amorphous carbon source to form the doped graphitic

=
los|
e
7]
=»
<o

arameters for Different Systems

FG N-FG B-FG O-FG

oo+00
sucrose +

CB (60 wt
CB (75 wt %) CB (80 wt %) %)

oopo+00 po+00
BEE melamine + boric acid +
reactant CB

ooog

sample mass 30 40 40 40
(mg)

ooog

sample ~0.7 ~0.9 ~2.0 ~5.0
resistance
()

oooo
discharge 110 110 110 120

voltage (V)

oooopo
flash duration 100 100 100 200

(ms)
oooo
flash 1 flash 1 flash 1 flash

repetitions
oong
total 60 60 60 60

capacitance

(mF)
ooog
chamber Ar

(~1 atm)

3 flashes

Ar (~1 atm) Ar (~1 atm) Ar (~1 atm)

pressure
P-FG S-FG B,N-FG

oooooo
boron:melamine:CB

(2:5:23)°

oooo+0n
PPS + CB

(50 wt %)

oo+00
red phosphorus +

oog
CB (90 wt %)

reactant

ooong

sample mass 25 40 40
(mg)

ooog

sample ~1.5 ~1.0 ~3.0
resistance
()

oopoo

discharge 120 120 110
voltage (V)

gooopo

flash duration 200 100 50
(ms)

oooo

flash 3 flashes 1 flash 1 flash

repetitions

oon

total 60 60 60
capacitance
(mF)

chamber Ar (~1 atm) Ar (~1 atm) Ar (~1 atm)

pressure
B,N,S-FG

gooooogooboopog
oron:melamine:PPS:CB melamilu'l

ooo oo+
reactant (3:4:12:12)“ CB (75 wt %
ooog
sample mass 40 320 1000
(mg)
ooog
sample ~1.3 ~1.0 ~0.4
resistance
()
oooo
discharge 100 155 175
voltage (V)

oooopo b
flash duration 50 200 VFD

(ms)
ooog
flash 1 flash 1 flash 1 flash

repetitions

N-FG-L2

+ melamine +
gogoo+00
5B (75 wt %)

ooog

total 60 222 624
capacitance
(mF)

ooog

chamber

Ar (~1 atm) Ar (~1 atm) Air (~1 atm)

pressure

00000000 pglveDOOOOOOpoogpnopoooooopoono

“Mass ratios are used here. VFD means “variable frequency drive”,
oopopoooooo
which is a type of controller that drives an electric sthcthEyD\{dao/rglng

0

the frequencies and durations of its power supply. Here, 10% d
01s0 0 010 0 20%0 0 0 550
cycle for 1s followed by 20% duty cycle for 5 s was used.

goorRHOOOOOOO000000O0O0O0O0O0O0O0O0O0O0O0000000
structure. Therefore, FJH process does not require the use of
00000000000
extra catalysts or excessive reactive agents, which avoids

12
redundant postpurification grocedures such as dialysis. = In
000000000000000(heo00000 iNfoooogongoooog
contrast, traditional post-treatment doping methods require (i)
iHj 0120000000

as the carbon source, (ii) gas- or solution-phase

heteroatom sources, and (iii) long reaction time up to 12 h
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A Flash Joule heating and doping
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Figure 1. Direct synthesis of heteroatom- doped %raElEeDnEeDb A gathD cauDleD 5\5;&%11 Schematics of the synthesis of heteroatom-doped

turbostratlc raphene via flash Joule heatln% The real time temperature measurement during direct FJH synthesis of doped flash
JABOO0O0O00O0O0O0O0O0O0O0O0OO0OO0 D DDDDDDGO+DDDDD oogoopo
graphene. c Representative temperature profile of common proce ures for the EOSt treatment synthesis of doped AB-stacked graphene,
JLH_H_H_H_H_H_H_H_HJ ooooooog(e)doopo
such as that from GO plus solid or gaseous heteroatom sources. (d) Heteroatom ratios and (e) mass yields for different heteroatom-doped

flash graphene.

olijoooooogooooooooooogoao é

O1c)d malﬂmﬂDDDDDDDDDDABDDDDDDDDD 67wt%O O 00 OOON-FGONOOOOOOOOOoOopogono
Figure 1c The extended reaction time Ieads to the ratio of ~67 wt %. The as- sgnthesmed N-FG has good
oooood oo ooooopgooooooonoo
formation of heteroatom-doped AB-stacked graphene, which ﬁrasg)hene uality with N do%1n§ The average Raman spectrum
WO OOOON-FGOOOO0O(O2b)
is harder to exfoliate than turbostratic Dgé‘ag)hene is collected from 100 sampling points and the standard
0o000000000ooogrcOO0O0O007.4%0 0o0oooooooood
The as- S)rnthe51zed FG can reach a heteroatom ratio up to deviation is <5%, whlch reﬂects the hi ﬁh homogeneltar of the
0O 000>10%00 000 (80 N-FG)0 841 050 (BINDSFG)0 000 (000000 (1380005310000
7.4% for a sin tﬂ}ae dopant  ~ and a total heteroatom ratio N-FG (Figure 2b) § Dp , breathing
ORHOOOO0O00D iD DDD)DGD(%@OCI’T]:[DDDD sp20 00000 D DZDD 267 cm-1 1
>10% for multiple héteroatom codoping, including boron and modé of E -carbon atoms in rlnmg }g ~1570 cm ,
Do00po0o0oboooonn )d2D/GO D/GH,! DDDDO 400650 000000
nitrogen (B,N-FG) and boron, nitrogen, and sulfur (B,N,S- onds stretching of all pairs of sp -carbon atoms in rings), and
oNOODOpgooo
FQG), demonstratlanDthe broad ag%hcablhtar of the FJH process 2D peak (~2672 cm ~!, second order zone boundary phonons
ooooo0oo ooo0o0doooooogoooog 24
éFrﬁure 1d). The FJH sarnthesrs takes place in milliseconds in graphene)” can be observed simultaneously and the 2D/G
0000npooopopong
within a thick-walled polymer tube with tightly ﬁttln% %ra%}ute and D/G intensity ratios are ~0.84 and ~0.65, respectively,
26,27
spacers to minimize volatilization of the dopants. This enables indicating abundant N-doped substitutional defect sites. In
DDDDD74%(D1€)D 000O0O0FGOOOID/IG<0.050 012D/IG~1.950 0 00000000000 7Ts1(
a 1% mass conver51on reaction yield up to 74% (Figure le). contrast, intrinsic FG has a low I,/I < 0.05 and a high'I,,/I
00000p0000 173 1§Ei$szglgomcm 100000 0MD (P/50cm 1)(0s4)0
Characterization of N|tro%en Doged Flash Graphene. ~ —resolutlon Raman spectrum shows the
ooooo0oooooopooooooogoogoobon . . DDDNFGDDDDDD
‘We first explore the nitrogen-doped graphene, since it has been existence of TS, (~1873 cm™') and TS, (~2018 cm™ D) peaks,
8000000
reﬁ)orted to be an effective electrocatalyst. The incorpo- and the absence of M peak (~1750 cm™ D) (Figure S4),
googoooooopoogogoooooogQboooopoO(d2)d 19,28
ration of nitrogen into the honeycomb lattice of graphene can substantiating the turbostratic oriented stackin§ of N-FG.
00oooogodooobooobo0oooOoCcKLLODpDOOoO0oogoooooad
be diverse in its substitutional orientations, including pyridinic H1%h—resolutlon Auger spectroscopy enables quantification of
oo
N, rrolic N, §ra£)hitic N, and nitrogen oxides (Figure 2a). the D-parameter, which measures the energy separation
DONOOOOpDn 00Q0000Qoo00v00000000F00ng ] o ) ) )
ese N-doped sites change the local symmetry along with between maxima and minima in differentiated C KLL
0oooooo —FGDDDDDZZ4€VDDDDDD 0s5)0
electronic structure, and can behave as active sites for various spectrum. The D- parameter of N-FG is 22.4 eV and is close
oooo | XeI D0 (XRD)0 BT T (002)0 01
electrochemical and electronic applications. Melamine to %rapDhene (Figure S5). The X-ray diffraction (XRD) result
C3H6N61{? goooooooo0oogooood ogoooood
was our chosen dopant owing to its high nitrogen reflects a downshift of the (002) peak relative to parent
c https://doi.org/10.1021/acsnano.2c01136
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determined sheet size distribution of nitrogen- dog)ed flash graphene determined over 100 nanopartlcles. % ) Characteristic SEM and (h)
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M images of nltromgzen—doped flash graphene. (i) HAADF
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flash graphene. The scale bars are 20 nm.

-STEM image and correspondlng elemental mapping results of nitrogen-doped
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reflections cannot be observed, and the asymmetric

shape of the (10) reflection, which has a pronounced tailing
gpoooooog

effect on the hl% Bra§% a%gme side, can be seen. These results
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support the absence of an ordered stacklnag ofé)asua}\ll?:l(;amnes, and
the existence of turbostrat1c structure. Since the carbon
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source is carbon black, N- FG and the other heteroatom doped

og

(55 0
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§ragh1tlza e carbon (also known as soft carbons), which could
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be directly transformed into crystalline graphite when they

were heated to the temperature up to 3000 °C, typical
nongraphitizable carbons (also known as hard carbons) could

not be thermallg transformed into graphite at this temper-
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form of carbon, our previous study found that the merging of

AR

ature.’

graphene sheets and the formation of AB-stacked layers can

ha'L:gEen if the flash duration is increased to several seconds.”
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depends on the location and size of the pores into which a
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majority of which is in the form of pyridinic N (~398.7 eV)

and pyrrolic N (~399 8 e\é) with no indication of N-oxides
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species, like metal atoms, which is useful in potential
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lications in electrocatalgsts or metal electrodeposition.
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demonstrates the rehab].ht%r of FJTH method. Fourier transform

O(FTIR)JON-FGO OO OODO0O0OOD0O0ODOUCNOCNOOOOpDOoogoo
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melamine peaks and the signal of C—N and C==N stretching

peaks in N-FG sample,5 confirming the nitrogen doping during
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e asymmetrlc broadening of the ( 2) diffraction peak
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Scherrer equation. graphene sheets is
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of carbon and dopants, and a high mass conversion reaction
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compared to carbon 5F1§ure S12). Therefore, there
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different heteroatom % % e trahlg
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electrothermal tem erature )3 during the FJH process,
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a wide variety of dopants, such as elements (M), oxides

(MO,), and organic compounds (C HyM) can be used as
recursors re%ardless of their b0111n§Dp01nts or conductivities.
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In contrast, post-treatment methods usually depend on the

intrinsic electronic structure of %ra]?:hene can be modified b

vapor pressure in the %as E)hase or the solublhtﬁr in the solution
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Thus, the FJH synthesis allows for the direct use of
various solld dopants and enables the low-cost and mass

production of heteroatom-doped %rapD
DDDDDDDDDDDDDDDDD BC3) B(CZBO)DDDB(CBOZ)

%rs?n orms bonding types ‘similar to’ that of carbon,
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has good §ra§h1tlc structure with B doping. The average
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Raman spectrum indicates 2D/G and D/G intensity ratios are
0.26 and 0.91 (Figure 3a), which indicates the good graphene
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threshold value of 0.10 is used to determine whether the site of
O00B-FGO OO 0000 094%(0S4)0
interest is graphene. Therefore, the grapmhene eld of B-FG
oDoogdoo(cG)ouos-FGOOOOOO0O0O
reaches 94% (Table S4). The interlayer spacing of the B-FG
00D024%0000000024.2nm( 0850 0S814)0 .
nanocrystals increases by 2.4% “over that of commercial

graphene (CG) and the averafe crystal size is 24.2 nm
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Table SS and Figure S14). Thermodarnamic phase diagrams
goopooooooos>wologodogsscopodooon
indicate covalent carbide B,C is the most stable state when
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concentration of boron reaches >9%. On the other hand,
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the H;BO, precursor facilitates the 'formation of graphitic

icosahedral B,, is used as the dg%ant and the local

structures without the appearance of a carbide sidgnal in the
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XRD spectrum (Figure 3a). The atomic concentration of

boron in B-FG is ~1.8%.

000000000000 0)00000(00000)00000FGO(0
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chalcogens including oxygen anSDSﬁJlDﬁﬁlrﬁ [can be doped into
FG (Figure 3b—d, Figure S12). After heteroatom doping, the
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%rDaJIDIElSEI structure is preserved, and the graphene content
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yields are 86—100% determined by Raman mapping (Table

S4), while the mass yields are shown in Figure le. The
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heteroatom doping introduces abundant point defects and
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lowers the symmetry. Thus, a higher D &)eak ensues. Compared
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with intrinsic FG, with a low I,/I; < 0.05, these doped FGs
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have higher I,/I, of 0.65—0.91 (Table S4). The heteroatom-
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doned FGs exhibit expanded interlayer distance up to 2.7%
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over that of CG, and likewise have larger surface area reaching
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flake size distributions and have abundant micropores as well
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~1.6% for S-FG (Figure S17), which introduce VBM of —1.91

to —2.68 eV as shown in the valence band XPS results (Figure

S18).
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result in synergetic effects, which may lead to a stronger
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Figure 5. Applications of heteroatom do%ed flash
)CGO U O0000FG

water/Pluronic (F-127) (1 wt %). b) Dlspersno{jl eD cien

doped FG after recorded sedimentation times.

0.1 M KOH solution at 1600 rpm and (e the corresgondln% TafeleIots.
d di K—L plot: h) Th 1t EID For Ear

an he correspondin ots. e voltage profile of Cu

mA/cmz% 0000 0 mARemaL_g & P ge p [j’[

condition is 0.1 mA cm ~ with an areal capacity of 1.0 mAh cm™

batteries at different current densities.

0.0 0 0 /Plurgnic( F-127)(1wt%)0 0 0 000000 FGO 0000 0(CG)0
1tEYraE)hene Various heteroatom-doped FG and commercmlﬂgé'%phene

CE CG and heteroatom- dopDe
0 0 FGO 0 0 FGO 1600 rpm0 0.1 M KOHO 0 [
Oxygen reduction reaction

ECG) dispersed in
CDDDDDDDDDD 0 0FGOH ]

FG. The retention rate of different heteroatom-
0o00o0o( RR)DDD )0 00 Tafelo O

RR) performance of different doped FG and intrinsic FG in
f NF LJLJLJLORRUUUUU(Q)UUUKLJU
e ORR polarization curves at different rotating rates of ID\IOFG
the Li metal electrodep051t10n The testlng
GON-FGOOOO0O0O00

nd N-FG durin
]E]E]E]E]E]E]E

The nucleation overpotential of Cu, FG, and N-FG anodes in Li metal

influence on charge density and spin density than a larger
I&EDDDDDDDDDDDDD

amount of 51n§1e heteroatoms These codoped heter-

gooooogogog 0po0obogoooooooooooooo ooo

oatoms with dlStlnCt chemical states can interact to provide
active sites for enhancing electrocatalytic activity or introduce

with local nanoscale effects. leeV\nse,
ooooooopopooop2o000000000
since the entro&)&r of mixing is higher when more distinct
ooopooooooa oooo0od ooo0o00ood

species are present, doping 2D materials with multiple types of

band structures aloragD
oooboooooooooon

heteroatoms is a viable strategy to obtain materials with high

doping levels that would not be accessible with only a single

O00000BON-FGOBONOS-FGOOOOOOOOOOOORHD
d%pant species. In this section, B,N-FG and B,N,S-FG are
ooood

synthesized bﬁ’ an ultrafast and all-solid-state cata E?rst -free FJH
ON-FGOOODO0OO00O(U4) 0000000000 89%(
method. As synthesized B,N-FG has a good graphene structure

(DFlgure 4a) and the §ra£hene content yield reaches 89%
gooopooo 0o0010000000000ID/1G~0.900
(Table S4). Dual doping causes abundant point defects and a

~ 0.90 is obtained from 100 sampling
DBBr\(r‘FGDDDDDDDZ@O/f(mbl@DDDDDAggnm

Doé?DtSD s The interlayer spacing o increases 2.6%

EFlgure 4)DES compared to CG and the average %artlcle size is

N FGO [ 393 m2/g

éTable SS Flgure S19). B,N-EG has a large surface

D05 (Cs0
and abundant micropores and mesoBores
-TEMO OO0 O000rFGOOOO0O0OOOOO0O000000
(F1§ure SZO) HR TEM images show the presence of Iattlce

high avera%e

49.9 nm
oo0oogog
area of 3

frlnges and wrlnkled structures of do&oed FG
gcoNOOODOOpoooooo DD4eDD

nan%partlcles
(Figure 4c,d). The uniform distribution of B,

0od
, and N in these

nanoparticles is shown in Figure 4e. High resolution XPS

00000BONOODDO104%(0S21) 000 000NOBOOOODON0000
spectra indicate that the total amount of B and N is 10.4%

(Figure 521), which is higher than the fraction achleved when
OB1sONILsOOOOO

onl r B do%ant atoms alone. Emermg/nﬁ

B NDDDDDDDD (0S21)0 0 OBON-FGL O OO 3.

between heteroatoms, B

usin
oo

[] S22
N ls)spectra (Figure S21), and B,N-FG has a large VBM —3.02

eV %Fl&ure S22%
OsrFrGOOOO0O00O0O0OOO gooooopgomneooo
Slmllar results are found in B,N,S-FG. The graphene content

8796(1 0.83( 11 4101 0 54)0
yield and / o are 87% and 0.83, respectively
SFGD 0 000 CGO 2.2%( 0 49 30,0 0.0 0.0 76.0m
Tab%e S4). The interlayer spacing of B,N,S-FG is
[1519)83
than CG (Figure 4g) and the aver%%e article size is 76.0 nm
0000000 0gBoNOsSOO
éFlﬁure 4h, FDgure S19). These nanocrystals exhibit similar
00 (040
wrinkle structures and homo%eneous elemental distribution
0000000000135% 000000
of B, N éFlgure 413)) The total atomic content for these
ot Bk an% 2

three types of heteroatoms is ~13.5% and additional bonding

bondi
RV

and N, can be found in B 1s an

Fi i%ure 4f,
O
2% larger

states between heteroatoms, B
B N S FGO VBMD 2. 54eI\GD SZé&;D
Szz)
ications of Heteroatom-Doped

ScaDllng upP an(P AS)SED D N- FG&;N FG- IN)D O0ON-FG-L2O00 000

Flash Graghene Gram scale N G-L2) synthesis is
goooooobOoOON-FGOODO
demonstrated in this section, and the graphene quality along

with properties of N-FG-L2 are 51m11ar to those of N-FG
N-FG-L20 0000000 OID/IGO -
%ynthesmed from the small batch. Theﬁa&a ene content yield
99%D10§(DS4DDSZ4)DDDDDDDDDDDDD oooogd
of N-FG-L2 are 99% and 1.08, respectlvely (Table

S4, Figure S24), which reflects the abundance of point defects

and N, can be observed (Figure
is —2.54 eV (Figure S22).
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gzeo0000n0
and local breaking of hexagonal symmetry. There is an
gooo(oe)yogoooougoononoziwd
asymmetrical (002) diffraction peak at ~26.0 degree, which

indicates the exFansion of interlayer distance bE ~2.1%. The

N-FG-L200 0000412 an]]é []525)00 [0 0 0 0573 m2/g00 N-FG-L20 £ 0 [

EvDe’I\“a eD Siée of N-FG-L2 is 41.2 nm (Figure S25) and the

surface area is 573 m” g . Pore size distribution of N-FG-L2 is
O000O0ONsOOODOONOOOO0OO031% 000000000

similar to N-FG. Th i§h-resolution N 1s spectrum shows the

ooooooooogooa

4 goo0o0ooogod
atomic ratio of N is

e h
ogd
~3.1%, and pyridinic N and pyrrolic N are

dominant, which have strong binding energies with metals and
other electro&)ositive S[_Pecies.
000000FGO0ODOO-Pluronic(F-127)00 00 0 (1wt%)D OO 00 .
Heteroatom—doged FG is dispersible in water-Pluronic (F-
0ooo

DOFEO 000000 00 [0 4mg o o
127) surfactant (1 wt %) solution and similar to intrinsic FG,

they give hi%hly concentrated disgersions reaching ~4 mg
_ 1 (0 5a00%26)0 k6l 0 CGO 00 CGO 1 wt%F-1270 0

m igure Sa, Fi%ure S26). This result is distinct from

oopooouobo(oshons2r)o

CG, which shows little dispersibility in 1 wt % F-127 aqueous
00000000p0000gooo

solution EFi%ure Sb, Figure S27). The dispersion efficiency
goooooopooo

measures the ratio between final dise%ersed concentration and

N-F BON-FGOBONOS-FGO O OO OO

initial concentration of gDra hene. The dis%ersion efficiencies of
pgoceosefdiyosdooogond gggorcOOOODOOOOOOOO

N-FG, B,N-FG and B,N,S-FG are ~8, ~17, and ~8 times

higher than that of CG, respectively, which can be attributed to

the turbostratic arrangement of heteroatom-doped FG
goooooooooopoooooon
allowing efficient exfoliation.  The dispersion force needed
JoABOTOOO0DO0OO0DOOO

or exfoliation is much lower than that need in conventional

AB-stacked §raEhene obtained b%r %raﬁhite exfoliation. The
OoooooootbougnoossonnN-FGOBO N-FG

-6 ersions show high temporal stability, and after 35 days, the
069%( 0 5¢)0
reter(xtioxz rates of N-FG, B,N-FG and B,N,S-FG are 82%, 86%,

go00o0o0ooo0oo00O0ONON-000

and 69%, respectively éF'i\ﬁAure 5c). In other or§anic solvents,
000 (DMF)ON-UO-2-0000.( P)ON-FGO 00000 00000N-FGO
such as 'N,N-dimethylformamide (DMF) and N-methyl-2-
DMFO 0000 0[] CGH 4Q40°0 8.200 (1 S28)0
pyrrolidone (NMP), N-FG also shows great dispersibility and

the dispersion efficiencies of N-FG in DMF, and NMP solvents
are ~40.4 and ~8.2 times higher than that of CG (Figure

39

DD.DDDDDDDFGDDDDDDD.DD.DADDDDDDDDFGDDDDORRDDD
To demonstrate the applicability of heteroatom-doped FG

as electrocatalysts, the electrochemical ORR performances of
OO0000FGOOOFGOOOODOONOS5dO

various doped FG are tested. The polarization curves of five

0s20000000000000SFGOOO0D0O0OOORRONDO

different doped FG and intrinsic FG are shown in Figure 5d

and Figure S29. S-FG shows the most superior ORR activity
0.2mA/cm20 0 O 0 0 0.88V0
among the metal-free electrocatalysts. The potential at 0.2 mA
ooo 0 74 mV/dec( O 5el) 0 S6)0 —1
cm ~ is 0.88 V and the Tafel slope is 74 mV dec” (Figure Se,
S-FGO 1600 rpm0 0.0 0 0 0 0D D O 4.2 mA/em20
Table S6). The saturated current densi?r of S-FG at 1600 rpm
_, 00000 (n)00O0ORROOOOODODOOO
reaches ~4.2 mA cm ~. The electron transfer number (n) is
0oo0oooo-00000(K-LOQH)Yopopo
important to determine the final product of ORR and it can be

. 40
estimated by the Koutecky—Levich eqﬁlation (K-L equation).
O00ODON-FGOOO0000000K-LO 0050000 )
The polarization curves of N-FG at different rotating rates and

the corresponding K-L plots are shown in Figure 5f and g. And
00 N=FGO ni 23-270 (70 0 H2020 0 000 0 0 )
n is 2.3—2.7 for N-FG, which indicates H,O, can be the major
gooooooooogooooooogo
product. Heteroatom codoping results in distinct chemical
o O OBN-FGOND040000H000000
states and synergistic effects. For B,N-FG, n is close to 4, which
(0Ss30)0 . N-FGO B,N-FGI
su&gests H,O is the ma&oerroduct éFiﬁure S30). The stability
O DDDDﬁDlOOODDDD gogooopooboooogooooooon
tests of N-FG and B,N-FG show the increase of overpotentials
00p0o0p(0s30)0 o )
and the decrease of current densities after 1000 cycles, which

indicates the degradation of performance and mi§ht relate to
. gooooooooooogo

the metastable structures %Fé%ure S30). Since previous studies

gooOooooboogoooooon Cph-MsOODODODOOOO00O40

have shown that trace metals can also contribute to the

0000000000Cr0Col Fell MnO NilJ VO WO Pt Mol Ir] Pl Auld it LRy [

elect)rochemlca performance of the carbon materials, W

§3134)0

carried out ICP-MS to analyze the content of 14 different trace

metals: Cr, Co, Fe, Mn, Ni, V, W, Pt, Mo, Ir, Pd, Au, Ti, and
Ru, in the reactants and the products &le%umreus S31—34). The

00000000000000000000000.00 .
results show that the content of these metals from different

e

samples are much lower than the values reported in the
. . MO 000000000000000O00ORRO O
grewous literature. Therefore, the reactants and flash
oo
reaction will cause minimal contamination of the products and

little effect on the ORR.

BONDO S-FGO 0 00 0 O O 82%[ 86%

JoONOOpooooogooooo(UL)yooooooogoooN-FeO OO

Since there are lone pair electrons in N, which provides
00000000000 ) ) ] -
strong binding energies with metal atoms such as Li, N-FG is

10
used as an electrode material in a lithium metal battery.
00000((54mV)000N-FGO0ImA/cm20 00 0000000000000
Com&)are to bare Cu electrode (54 mV), N-FG exhibits a
000p00(my)(05n)0000NFGOUON 000
smaller nucleation overpotential (11 mV) during the electro-
deposition of metallic Li at 0.1 mA cm > (Figure Sh), which

indicates a smaller nucleation ener barrier for N-FG. A
000p000000000000000000000000000 )
smaller energy barrier for nucleation facilitates the formation of

more homogeneous nuclei and subseﬁ[uent uniform metallic Li
o G 000000 0FG(D5)00 IN-FGO 000000 FG )

(Dle D051t10n. The nucleation” overpotential for N-FG is

smaller than that of FG (Figure 5i), because the Elg%l&l% ener,

of N-FG is stronger than in intrinsic FG. This result is

ooopooo

consistent with a previous literature report.10

CONCLUSION

goooopoooo0oo0rGO 0000000 ON-FGOB-FGO O-FGO P-FGO S-FGO O
In conclusion, seven different heteroatom-doped FG includin§
DDDDDDB,N—F@DDDDDDDDBN, -FrGO 000000 DDDDéDDDDD

Ejlﬁl IDeDeDleDnﬁeDnt doped N-FG, B-FG, O-FG, P-FG, S-FG, dual
elements codoped B,N-FG, and multiple elements codoped

B,N,S-FG, are directly synthesized by an ultrafast and DalDI—solid—

Coo

goo
state catalafst—, solvent-, and water-free FJH method. Different
pgooooo DDDDDD.DU'DD.DDDDDDDDD oopoooopao i
low-cost dopants, including elements, oxides, and organic

compounds can_ be used regardless of boili%% Dpoint and
goooorcOOO0O 0ooopogooo ooogoo
conductivity. The as-synthesized doped FG has good graphene

gualiéy turbostratic structure, and exganded interlaﬁrer spacing.
000000000 Pluronic(F-127)(1wtv)0 00 0000000000
Therefore, they are dispersible in water-Pluronic (F-127) (1 wt

O
%§ solution, and then form stable concentrated dispersions.
goooooooopopoooooporEGO0O0O0OOO0OOOOOOOODO
Heteroatom doping modifies the electronic structures, which
improves the performance of doped FG as electrocatalgsts and
) ) ODFGOOO00D 0
electrochemical enet§y storage materials. The gram-scale
0OOorRHOOOO0000000
synthesis of doped FG is also demonstrated to show the
gpoooorcoOO
scalabiligr of the FJH method to bulk quantities. The electrical
0o00000o1.2-10.7 k/go o
ener%r cost for heteroatom-doped FG synthesis is only 1.2—
O00URHOLR OOO0O0000000000000000000 .
10.7 kJ g ', which could render the FJH method suitable for

low-cost and mass production of heteroatom—dopDedD%%phene.

D0D00D00ORHDONOOFGI0D00p00I00000000 0O

glgﬁeutmhg 5r1Dtr1n51c FG is currently being scaled to 1-ton per day
6

production using an analogous FJH technology,4 the protocol

here should be easily translated to similar scales.

gooo
EXPERIMENTAL SECTION
0

oo . O0(CBOAPS1I0nm1 00 02000)0 0000000
Materials. Carbon black (CB, APS 10 nm, Black Pearls 2000) was
oooo( f12659-TKGL] 99%)0 00000
purchased from Cabot Corporation. MelDaErn(iﬁ%g(ztls)\?/’I&gSQ—lKG, 99%)
was Eurchased from Millipore-Sigma. Boric acid 5317687453.6G,
99.9% ) 0o (

ooooooo
99.9%5 was purchased from Baker Analyzed Reagent. Sucrose
$X1075-1500900 ACSCI )OI [ MilliporeSigmar]
(<SX107§—1 500G XCS ade) was purchased from Millipore-

I

0 0 ( 343242-5G01 99.99% ) [%D opooogdo

Sigma. Red phosphorus (343242-5G, 99.99
0 (1,4-0 010 )(PPSO 182354-100G(] [J 000)00 0000

Millipore-Sigma. Poly(1,4-phenylene sulfide PPS, 182354»D1 (D)CZG,

average Mn ~ 10 000) was &:)urchased from Millipore-Sigma. Boron
11337-10G0 0J 0 0 0 32501 )0 [ Alfa Aesar|

powder (11337-10G, amorphous, ~325 mesh) was purchased from

00000000 00D00(N04mm)00D0T
Alfa Aesar. Graphite spacers and tungsten carbide ciflinder rods %4
FHHOOOO000000000

mm diameter) were used as the electrodes. Polytetrafluoroethylene
0o0ooo0o00p000(00=4mmd 0 0 =25mm0 00 =6cm )0

tubes, poly(1,4-phenylene sulfide) tubes or polyacrylonitrile tubes (ID

;/g)glwas urchased from

=4 mm, OD =25 mm, leragﬂth = 6 cm) were used as the FJH reaction
xGnP 00 0 0O 0 ( xGnP-15 00 0 #01 5051209 )0 XG SciencesD 00 OO 0000
vessels. xGnP graphite nanoplatelets (xGnP-15, serial #: 5051209)

were obtained from XG Sciences and were used as received for the
goooooogooog
comparison. Commercial graphene was obtained from Tianyuan

Empire.
00000 O Pluronic( F-1270 P2443-250G )0 Millipore Sigmad 0 O
For the dispersion tests, the Pluronic q;F—127 P2443-250G) was
ooo DDDEDDD(KOHD
E)urchased from MilliE)ore»Si ma. For the electrochemical tests,
21473-500G0 ACSO ) O OO O goooo
i hydroxide (KOH, 221473-500G, ACS rad(’a_P was
ﬂﬂﬂﬂﬂﬂﬂN—ﬂﬂﬂﬂﬂrﬁNMP >99.0%
}J)urchased from Milli}éore—S?ma. For the battery tests, N-methyl
443778-500ML)0 0 000000000

P NMP, >99.0%, 443778-SOOML) was Eurchased from
00(000000099.5%0R=5+ 03mm)OMTID O OO0
Millipore-Sigma. The milling ball (Yttrium stabilized ZrO,, 93%@ R
=5 + 0.3 mm2 was )purchased from MTI Cor%oration. Lithium
000 00)000(LTFSIO 99.95%0 0 [0 0 0 0544094-256) 0 00000000
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%, trace metals

basis, $44094-25G) was purchased from Millipore-Sigma. Lithium

potassium

yrrolidone
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DDD(LIN03D9999%DDDDDDDZZQ74125G)DDDD nooo
nitrate (LiNO;, 99.99%, trace met Is basis, 229741-25G) was
ZEDEDED(D]D]D]DQ .5%
Eurchased from Mllhgore-Sigma. 1,2-dimethoxyethane (DME,
00 00259527-100ML)0 000D 0000
anhydrous, 99.5% inhibitor-free, 259527-100ML) was Dpurchased
13-0000(boLd 00 DQQE%D 75ppm BHTO O
from Millipore-Sigma. 1,3-Dioxolane (DOL, anhydrous, 99.8%, ~75
271020~ 1L ] D |II|poreS|gmaD
ppm B as inhibitor, 271020-1L) was Eurchased from Millipore-
0

[u] goog (PVDFD 121120-8f GL 0O MTIO
Sigma. PolyE inylidene ﬂuorldeg inder (PVDF, 121120-80G) was
0000000 (ABHC-01342431 iD 0

urchased from MTI Corporation. High conductive acetylene black

ltex Corg)rauonD
(D 1% wasM(SJurc hased from Soltex Corporation.
gooo D[ﬁ[D[D (ICP- 1DDDHNOQ(6770W{%DDDDDD oogoo)o
For the inductively cou lasma mass spectromet ICP-MS)
HC|(37\M%U9999"/LJLJLJLJ oo(ooooooAcsOOooogdo
tests, H g 7—70 wt %, TraceMetal grade, Fisher Chemical), HCI
DDDDD DDD)DDDDDDDDDD
wt /a, 99.99% trace metals basis, Millipore-Sigma), water

(Mxlhpore-Sigma, ACS reagent for ultratrace analysis), and all the
standards (periodic table mixtures) were purchased from Millipore-

Sigma.
E. [ [J FEI Helios NanoLab 66001 [1 D D D D 0o00s5kvO0
Characterization. The reactant and Eroducts were
DDDDDDD4mmDDDDDDDDDD(SEM)DDDDDDDDDDDD
characterized through scanning electron microscopy (SEM) using a

FEI Helios NanoLab 660 DualBeam SEM at 5 kV with a worklng
DDJEOLZlOUFDDDDDDDDDDDDZOOKVDDDTEM
distance of 4 mm. TEM images were taken with a JEOL 2100F ﬁeld

emission &un transmission electron mlcroscoge at 200 kV. HR TEM
oop D 00 ITllanThemISS/TEMD 0 00300 kevO 0. 0 HR-TEMU HAADF-STEMO [ [J .
and HAADF-STEM images were taken with FEI Titan Themis S/

TEM instrument at 300 keV after accurate
0 0 PHI-Quantera SXMO 0O XO 0 0 0O 0 0O 5x 1090 D
corr)epcstlgg X-ray photoelectron spectroscopy
col ected w1th a PHI Quantera SXM Scanning X-ra Mlcro%robe
goosevOO0DOOCODOODOO
with a base pressure of 5 X 10~ ° Torr. Survey spectra were recorded

herlcal aberration
Xooooo
data were

[0 140evO ggolevOOODOO
usu'n%o .5 eV Step sxzes with a pass energy of 140 eV. Elemental spectra
OOoO0booogozeeV

were recorded u51n% 0.1 €V step sizes with a pass energy of 26 eV. All

00 ci1sd 28486V)][] oooxesoOoogooo

of the s&)ectra were corrected u51n§ the C 1s peaks (284 8 V) as
000 (XRD)O 0 O Rigaku SmagtLab(T [0 XRDO 00000000

reference. X-ray diffraction RDS measurements were done by a

A_=1.5406)

i{lgaku SmartLab Intelligent XRD system with filtered Cu Ko
000005mwWO532nm0 00 0 ORenishaw 0 0 0

Ea&ixﬂaélgx& o A = 1.5406 A). Raman spectra were collected with a

Renishaw Raman microscope usxnﬁ a 532 nm laser with a power of 5

0 050x DDDDDDDDD ooo
mW. A 50X lens was used for local Raman sgectra and Raman
00 UV-vis(0) [UV-3600plus)0 0000 000000000000
mapping. UV—vis (Shimadzu -3600 plus) was used to DCODI'II%Ct the
ermo

spectra of the suspenmon of reactant and flash Eroducts. A Thermo

Scientific Nicolet 67000 0 0D 00000000000 (ATR-FIIR)DODOODOO0OO

Scientific Nicolet 6700 attenuated total reflectance Fourier-transform

oooooo

infrared EATR—FTIR) spectrometer (Waltham, MA) was used to

analyze the vibration and rotation modes in the reactant and the flash

product.

BHO O[] Oo000RHOODOOS1I000

FJH System. The c1rcu1t dlaDgé'arn and FJH reaction box were

goon DDD(IDAmmDOD 25mmO 00 ScmD
shown in FDgDure S1. A tthk walled polymer tube
ooooogo
25 mm, length = 6 cm) was E) Sared in a machine shop and used to
OO(b=4mmO 00 Smm)D oooog
load the reactant Dpowder GraDphlte spacers (D = 4 mm, length = §
(D AnmOO00=5ecm)0C 0000000
Snand tungsten carbide cylinder rods (D = 4 mm, length = S cm)

D =4 mm, O

were utilized as electrodes to compress the loaded powder. The
0000000000000000000000
graphite spacers were in contact with the samples and tun§sten

carbide c%hnder rods were connected with the circuit. In t]'us work,
oooooobooooOoOoooored
different precursors were used to re are heteroatom doped FG. The
ooooo(rn) DDDéZ)DDDDDDDD(3) 0ooo ADDDDDD(S)
reactants inclu. a mixture of CB, melamine’ and CB, (3)
po000Deo0I0na0monng ood 0oop(8)ioo
boric ac1 and sucrose and CB, (5
opooooogo D D D
6) PPS and CB,

red phosphorus and CB,

boron, melamlne, and CB, and (18) boron,
Opo0emFOODDDO0O0
melamine, PPS, and CB. The electrical energy was prov1ded by a

capacitor bank in the c1rcu1t with a total capacitance of 60 mF. The
OO0ooOoogQOod4ovooooooo

apacitor bank was char; ed by a d.c. SuL?EL?’ that could reach 400 V.

ooogogoooooon Ardull‘lOUUUU
The flash duration was controlled by an Arduino controller relay in
gpoooo0oo00oooocooooon

the circuit actln§ as a high-speed switch. The reactant resistances for
oopooooooo ]
various reactants were different, and the flash condiDtioExsD N“(:Er]e
changed to control the total input electrothermal ener%'y To scale up
NFGLDDDDDDDDDiIDSmmDODZSmmDD Gcm)DDDDD( SmmDDD
the N-FG, thick-walled polymer tube = 8 mm, 25 mm,

Iengt)h 6 cm) and %ramphlte spacers (D = 8 mm, length = S mm) were
0=16mmQ 0 0=20mm0 0 [1 =6cm)0 0000

used for N-FG-L1. The %uartz tube (ID = 16 mm, OD =

iD O 16mm] 0 0=3cm)0 0 N-FG

ength = 6 cm) and graphlte sg?acers D = 16 mm, length = 3 cm)

100000000000000
were used for N-FG-L2. And the input electrothermal energy was
0ooo1iooo

calculated based on the ener%y densities in Table S1. The parameters
01 ooopooopoo

are listed in Table 1. The welght ratios of various samples are
ooooooogoooooooo

optimized in Table 1. There are four factors for which we try to

= 20 mm,

optimize the final conditions:

gopoooo i 000000000000000000.40
. gggrﬁigéeneous flash reactions. We control the resistance of the
evenly mixed reactants between 0.4—5.0 ©, and monitor the

ooooooooooo-og(-t)ao

current—time (I—t) curves to ensure a homogeneous flash

reaction

opoooooooon 0o00ooXoogooooo
2. The formation of turbostratic graphene. Raman and XRD are

oogooonogonooooog

used to check the formation of turbostratic graphene to screen

the condition.

SZ-C][][][][][]

3. The formation of bonds between s% -C and heteroatom. Since
O00000000000000000gp3-C00n0000000000
the purpose is to prepare doped graphene, the poss1b111t% of

IDD%nDst bStDwDeen sp -C and heteroatom should be excluded. XPS
is used to analyze the bonding states.

ooooooo XpsOoooooopoooo
4. The contents of the heteroatom. XPS is used to analyze the

contents of the heteroatom.

OO0RHOOO0O0O0000000O000000fgo0ooooggogoaoon
More safety notes and a circuit diagram of the FJH setup are in the

Slépf)ortln Information and our previous publications. Caution!
0Oooo0poo00o0000

Ensure that all sa:f %Erecautwns are observed to mitigate electrocution. As
ooooooooooda oooo

a last measure ure to wear thzck rubber gloves that extend to the
g eI S s Sk

elbows. After the FJH reactton, tt 15 sugested to allow the > appar aratus to

ooo oooo

cool and vent for 3— 5 min. And ensure that the capacztor hun has bzzn
ooooogoooogooo
separated from the system by a circuit breaker (not a toggle switch), and

that the caﬁacztor bank has beenmfuluy dzscharged

Elect ochemical Tests. gen_ reductxon reactio gORR) The
Oo002mg0 0000 GDDDZmL]D]D oood D]D]DlﬁOL wt%Nafion
slurry was Ipﬂre&)ared g dis ersxng 2 mg heteroatom doped FG in 2 mL
oo0ood2m 0110
binder solution, which i 1s 60 L of S wt % Nafion solution mixed in 2

O0ooo0ooo03oooooooopoo
mL water/ethanol (1:1, volume ratio). The slurry was sonicated for
OoogeLbooooooooon
30 min to form a ho omogeneous ink. A volume of 20 uL of ink
og@oosmm)0nogQoooo
solution was loaded onto a glassy carbon electrode (5 mm in
OO CHI68DO 0D OO0
diameter) and dried in air at room temperature. The electrochemical
00oo0oo0oooooooooo
measurements were carried out in a three-electrode configuration
0000 HgO/HG 1M
usin, ng a I 608D electrochemical workstation. A graphite rod and
KOH DDD ooooggoonong
HgO/Hg (1 M KOH) electrode were used as the counter and
00000IMKOHDO OODOODODODOO00O00
reference electrodes, respectively. The electrolyte was 0.1 M KOH
gJloomvsiDOOO0000120

spa r% g2 saturation. CV was carried out with
0V(vs iDDDDDﬁ DlO][][aVDLSVDDDD 0120
potentia’ ranglng rom 1.2 to O V (vs RHE) for 10 cycles at a scan rate

of 100 mV s . LSV was carried out with potentlal ranging from 1.2 to
0V(vsRHE)I 0 0 1 005mV/sO
0 vs at a scan rate of 5 mV
ooooooo DDOQUIDDDDDDDFGDDDDDD(PVDF)DDDDDDDDDD
For the battery tests, the electrode was prepared by grinding the

mixture of doE ed FG, and pDoly(wnHI dlﬂuorlde) (PVDF) at a ratio of
(DO00030)N-00T00 000
0.9:0.1. A small amount (~3X of the total mass) of N-methyl

0.0 0 1500 rpm
}j%rrohdone was used to form a homogeneous slurry. The slurries
Dooooopoo ooooooon
were formed by ball milling at 1500 rpm for 10 min. The current
opmooood nooopooooo
collector was Cu foil with a thickness of 10 gm. The slurry was
oogoooooooiou mo
applied to the Cu fo1l by a doctor blade with a blade spacing of 100
0o0000000000000070° C0000020000000000000000
p#m. The electrode was dried using a built-in heating cover placed on

top of the electrode at 70 °C for 2 h and was then put in a vacuum
0oDo0D0ODO0DO0070° CO10 mmHgO
oven overnight. The temperature and Dpressure2 of the vacuum oven

0cm.
were set at 70 °C and ~10 mm. The area of the cathode was ~2.0

2 DDDDDDDIMLITFSlDDDDDDD L(VV=11 000000002%0 LINO3D
cm’”. The electrolyte used was 1 M LiTFSI in a mu(turem%fDDDIE/IDEDaDnd
jD[OjI_éOg\{DV = 1:1) with 2% LiNO, as the additive. The volume of the
]
electrolyte in each coin cell was 30 uL.
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