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Abbreviations

B-FGUUUOOODODO

B-FG Boron doped flash graphene
B.N-FGUOUOOOODDOOOO .

B,N-FG Boron and nitrogen co-doped flash graphene
B.NOS-FGOOOOOOOOOOOOO

B,N,S-FG Boron, nitrogen and sulfur co-doped flash graphene

cchogooooo .
CG Commercial graphene nanoplatelets

F-rFGOOO0OO0O00

F-FG Fluorine doped flash graphene
FGOOoood

FG Flash graphene

RHOOOD0O0

FJH Flash Joule heating

N-FGO OO0 OO0 .

N-FG Nitrogen doped flash graphene
o-FGUODOO0ODOO0

O-FG Oxygen doped flash graphene
P-FGOOODOODO

P-FG Phosphorous doped flash graphene
s-FGOO0O0O0DOO0

S-FG Sulfur doped flash graphene
VEDO O OO . )

VFD Variable frequency drive
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Flash Joule Heating Setup
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Figure S1. (a) The circuit diagram of the FJH setup. The circuit diagram is adapted from our

1-3(b)RHO 000000000
previous publication.! (b) The optical photograph of the FJH reactor box.

FHOOOOOO000Sa0 00 , o 00000000000000000
The circuit diagram of the FJH setup is shown in Figure S1a. The electrical energy discharged

ogooooodoed22zmFO0 00000000000 OOOO0O0O0O0O0O0O0O0O00O000O0 )0
through the sample is from the capacitor bank, which has a total capacitance of 60~222 mF

goooooo
depending on the reactant mass (See the Experimental Section for more details). The capacitor
god goog4ovoOonono goooobobooooooood

bank is charged by a dc. power supply that could reach 400 V. An Arduino controller relay with

Arduino0 000 00000000000000000000 _ _ _
programmable millisecond-level delay time is used to control the discharge time, and the electric

_ _ . 00000000000000000000000000
energy is provided by the capacitor bank. Safety glasses designed for welding are generally

000000000000000000000 _ _ .
suitable and recommended during the flash reaction because they effectively block infrared as

. . 0O0000Ooo000O00 O0ORHOOOO , .
well as ultraviolet light. More safety notes follow below. The home-made FJH reaction box is
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goooooooooooooooopoooooooooooooooooog
composed of a wooden base, two rotary knobs and two tungsten carbide electrodes connected

goodopoooboooogoo
with wires to the capacitor banks. The applied force can be adjusted by the rotary knob. The

goooooooooooopoooopooooobooooooooooo o
tighter the tungsten carbide electrodes compress the sample, the lower resistivity the system can

ooo0ooooo0oood(ID=4mmdOD=25mmOd 0 0=6cm )0
reach during the flash reaction. The polymer tubes with thick wall (ID = 4 mm, OD = 25 mm,

0000000 (PTFE) DD OODO(PPS)DDOODODOO(PANOODOODOODOOO
length = 6 cm), such as polytetrafluoroethylene (PTF Eg tube, poly(1,4-phenylene sulfide) (PPS)

tube or polyacrylonitrile (PAN) tubes are prepared in the machine shop and used to hold the

coooooopooopoooooooooooooooooooo .
reactants. The prepared powder sample is placed between the two graphite spacers that directly

O000oo0oo000oo0o0000((1o05.0)0
contact the tungsten carbide electrodes. The reactants are compressed until the desired resistance

_ ooogoooooooioooo . _
(1.0~5.0 Q) is reached. The flash parameters are described in the Experimental Section and

Table 1.

00000013
SAFETY NOTES!?3

00000oOrEA))ODO0O0DDO00O00000000O000O00DDO00DbO0O0DDOO0oDOn
Flash Joule heating (FJH) involves high currents and voltages, which has a risk of

oooooon
electrical shock or even electrocution, so these features should be implemented. This list is

00000000000000000, ) o
not intended to be comprehensive, but demonstrative of the protocols needed to minimize

risk.

0000000000000 . ‘
1. Enclose or carefully insulate all wire connections.

00000000000000000000000 ' .
2. All connections, wires and components must be suitable for the high voltages and

currents.

WO 000000000000000000000000000000000000
3. Be aware that component failure could cause high voltage to appear in unexpected places,

such as heat sinks on the switching transistors.

40000000000000000 .
4. Control wires should have opto-isolators rated for high voltage.
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s00000000000000 . 20V000000000000000000000000
5. Provide a visible charge indicator. A 230 V clear glass incandescent light bulb is a good

00000000000000000000 ‘ _ o
choice as the glow on the filament also provides an approximate indicator of the amount

_ 00=000
of charge on the capacitor bank. Bright light = danger!

goooooooooopooooo goooboobooooooooo
6. Do not use toggle switches with metal toggles. If an arc develops, the metal toggle could

ooooooo
become charged. Use only circuit breakers.

ggognd vooooooooooooooopooooooooooooo
7. One hand rule. Use only one hand when working on the system, with the other hand not

touching any grounded surface.

spoooooooooloel il nfionoinoooonloododddnd
8. Install bleed resistors in the range of 100,000 ohms on each capacitor so that charge will

always bleed off in ~1 h.

000000000000000000000000000000000000000000
9. Provide a mechanical discharge circuit breaker switch connected to a power resistor of a

few hundred ohms to rapidly bleed off the capacitor charge.

100000 00" 000000000000000000000 .
10. Provide a "kill" circuit breaker switch to disconnect the sample holder from the capacitor

bank.

uooooooooooooo ,
11. Provide an AC disconnect circuit breaker switch.

LOoo0000ooooooog
12. Post a high voltage warning signs on the apparatus.

0000000000 ‘ 000000000000000100000000000
13. Use of circuit breakers as switches. Circuit breakers have built-in arc suppression that can

. Joooooooopoodooooooogooogooogd
interrupt 1000 amps or more. Conventional switches do not have such a high level of arc

good
suppression and can burn out or weld closed due to the high current pulses.

uoooooooooooood ooo0oopooboooo0ooooy20000
14. Use circuit breakers rated for DC voltage. Most AC circuit breakers have a DC rating 1/2

googoooboon goobogoobgn
the voltage or less, since DC arcs are much more difficult to suppress. Circuit breakers

poooooooooooooooo .
designed for DC solar power systems are a good choice.

N 0
15. When choosing circuit breakers, choose by the time curves typical for 0.1 s, rather than

KOhOooodoogooix pgood
the steady state current rating. K-type DC circuit breakers will have ~10x higher trip
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gooooooooilnoooooozoooooolioooodd4x oooooood .
current at 0.1 s compared to their rated current, and Z-type breakers will have ~4x higher

g DDDDDDDDDD“ gopbg" booboobooboooboon
trip current at 0.1 s. This "delayed trip" designed into most circuit breakers will allow

googo
much higher pulse currents than the steady state rating of the breaker.

0000000000000000000000000000 o o o
16. Include a small amount of inductance in the discharge circuit to limit the rise time to a

o ooooooooooooooooopooooooooo
millisecond or more. Extremely fast discharges can damage components and cause RF

interference with other lab apparatus.

vodoooooooooooooooooooooooooooooooooooog
17. Keep in mind that the system can discharge many thousands of Joules in milliseconds,

which can cause components such as relays or even capacitors to explode. These

googboopogoooboobod ) ) ) .
components should be enclosed to protect against both high voltage and possible flying

debris.
ooooooooooooooooooo . oooooogoood
18. Keep a voltmeter with high voltage test leads handy at all times. When working on the
ooopopopooooooo pooopooooooooooooogo

capacitor bank, always check the voltage on each. A broken wire or loose connection

g
could leave the capacitor in a charged state.

nvoooooooooooooooooopoooooogn .
19. Wear thick rubber gloves extending to the elbows when using the apparatus to protect

from electrocution.

0000000000000000000000000 . o
20. All users should be properly trained by an experienced electrical technician.

ipgoooooooooooooooooooooooooooooon
21. Have a qualified electrical engineer inspect the instrument for safety before its use and

have it reinspected weekly.
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Figure S2. Current-time curve during the FJH synthesis process.

pooooooooooiooo
The total amount of electrical energy can be calculated by eq 1 below.

E; = X0.5 X Crorar X (i* = V2%) (0

OON-FGO 0O 000 V10110 vO O O O CtotaldJ 60 mFL] . . gooono

For N-FG, the voltage input Vi is 110 V and the total capacity Ciowl is 60 mF. The flash
ooig 000000 0dEiO 26530

repetition is 1. Therefore, the input electrical energy E; is 265 J.

JoeEd0ddooboboboboog200dd . .
The energy that reactant absorbs per gram E is as in eq 2.

/(2) D0 00000000000mO40mg000EDG6KIg-10000
E=E/m (2)
Since the mass m for each batch in this condition is 40 mg, E is 6.6 kJ g!, which converts to

0018400000 0000000000200(0000000000)000000000000.
1840 kWh per ton. Considering the electricity price is 2 cents per kWh (West Texas industrial

36.80 00 ) gosijgooooooggorcoooon
rate), the energy cost is ~36.8 dollars per ton of sample. The total amount of electrical energy for

different heteroatom-doped FG is listed in Table S1 below.

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



Q
O

s s
> > [l
= £ i
7 o |
c e [l
2 8 | \
c c |r— - /
- T 00 05 10 15 20 25 30 Q’b
Time (s) o
0 S30 diebooopooboonoogood . . .
Figure S3. The spectra recorded by the home-built spectrometer with 16-channel optical fibers.
a)2800KOOOODOOO (hyooooooooooo
a) Standard reference at 2800 K. (b) The reaction temperature during the flash process. The

Jo0odnnDoi00nmdde40onmd OO 24 nmO .
wavelengths of these channels range from 1000 nm to 640 nm at equal intervals of 24 nm.

oooooooo(eeRr)DOD00n000000000001000
Blackbody radiation (BBR) fitting is subsequently used to obtain the temperature at each time

point as shown in Figure 1b.
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Characterization of nitrogen-doped flash graphene
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Figure S4. The high-resolution Raman spectrum of N-FG demonstrating the existence of

) 00o00O0oOoDoooTs1(0d1873ecm-1)0TS2(02018cm-1) 0000000
turbostratic structure. In the spectrum, the TS; (~1873 ¢cm™) and TS, (~2018 cm') peaks can be

ooooooooo. o _ 000001750 cm-1
distinguished, which are indicators for the presence of turbostratic graphene. Besides, there is no

0D0OMOODO0OOO0ABOOOOO
M peak at ~1750 cm™!, which indicates the absence of AB stacked structures.!

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



- - 1
a S | N-doped b S D-parameter
& & (22.4 eV)
> >
= = "
[72] N 1
c = 1
[ [ i
e e 1
£ £ I
o o i
2 2 !
- - 1
© ©
© : : . : o | : ! ;
X 1185 1200 1215 1230 1245 ¥ 1185 1200 1215 1230 1245
Binding Energy (eV) Binding Energy (eV)
0 S50 (a)N-FGOOODODOCKLLOODOO(b)DDOODODOO

Figure S5. (a) The high-resolution C KLL spectrum of N-FG, and (b) the corresponding

o DOOOOOOcCKLLOOOOOOOOOOOOOO0OO0000000000sp20sp30 0
derivative curve. The D-parameter measures the energy separation between the maxima and

googn
minima in the differentiated C KLL Auger spectrum and is used to evaluate the relative amounts

10000(000sp30)00DO000001RBevOO0Osp20000000DOO .
of sp? and sp® carbon.! In diamond (mainly sp3-carbon), the D-parameter value is ~13 eV, while

00022ev0 . pDOOOOO
graphite, which is comprised of sp?-carbon, has a D-parameter that can reach 22 eV. A larger D-
sp20sp3l 00000 N-FGO DO O O224evO0 U 00D O0OO0OIO0DO0ORGOOO

parameter implies a higher sp? to sp® ratio. The D-parameter for the N-FG is 22.4 €V, which is

DON-FGOOO000000(000sp20)0 . . g
similar to that of intrinsic FG in our previous report! and indicates the dominant graphitic

structure (mainly sp?-carbon) in N-FG.
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Figure S6. (a) Nitrogen adsorption and desorption curves of N-FG. (b% The pore size distribution
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of N-FG. The surface area of N-FG is 303 m? g'! with pore size <100 A.

goooooooooooooooooooooo 4
For the porous materials, there are two types of the pores, closed pores, and open pores.*

0000000000000(00000)00000000000 . .
meaning of closed and open depends on the size of the pores into which a probe fluid (gas or

o . pooooooopooooopooooooobooooooogo
liquid) can diffuse. In any case, when the probe fluid cannot penetrate certain spaces, they are

googbobooboobogbbobbobbobpbobbooboboooboboo o
denoted as closed pores. On the other hand, the space that can be accessed by the probe within

. . 450 000000000000
the timescale of the measurement will be regarded as open pores.** Since the closed pores are

pgooooooooooooooooopooooooooopooooooobooooooo .
isolated and they cannot be accessed in the electrochemical applications, such as Na-ion batteries

oo
The

or supercapacitor electrodes, closed pores do not directly contribute to the specific capacity of

. . pooooopooopoooooooooooooooooooodoood
the batteries or capacitors. However, these closed pores indeed reduce the total mass of the active

materials and has the potential to increase the gravimetric energy densities.

00000000000000000000000 o .
We calculate the closed porosity based on the method listed in the previous paper.*

Ps =i 3)
p=1 4)

(00000000 _ _
ps 1s the skeletal density of the materials.

11
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ooo(oo)oooooo =22670-mO OO0 0O0O
p is the density of the dense (pore-free) matrix. p = 2.267 g cm™3

oo
m is the mass of the materials.

vs0OOOoOooo0ooooo ‘
Vs is the true volume of the dense matrix.

veOOOooooog
V. is the volume of the closed pores.

N-FGOOOOOoOOooOoooono O0ooooooo/o000(
Skeletal density of N-FG is determined by the experiment below. This analysis assumes that

DBM/TCE) DO OOOO0O00O0O0O0O00
the dibromomethane/tetrachloroethylene (DBM/TCE) mixture can penetrate the open pores of

 OOO0OON-FGOOOOOODBMOOOOTCED20mMLO OO0
the material. Initially, N-FG was added to a 20 mL vial filled with either only DBM or only

OON-FGOTCEDODOOODBMOOOOO0O0O000000000 , _ o
TCE. Since the N-FG sank in TCE and floated in DBM, a liquid of intermediate density is

. gooooooopoopoOoOOON-FGOOOO0
required. The mixture that has most of the material suspended was used for N-FG skeletal

density.

0000000000000000000 ' o
To find the density of liquid mixtures, the following equation is used,

Dy = i ((prce * Vree) + (Poam * Voem)) (5)

/010230 0TCEODBMO O OO /01=1.62500 -[0 232.477 ,-.
prce and pppy are the densities of TCE and DBM. prcp = 1.625 g cm™

0 00 0/01:23=10:1
2.477 g cm™3. The final ratio Vycg: Vpgy = 10: 1

UDOON-FGO OO0 0O 1.702gcm-30
Therefore, the skeletal density of N-FG is 1.702 g cm™

ODO0OsSeOUBETO OO OO OO O#=0.692-0 &0 . go
From the BET data in Figure S6, the volume of the open pores is V, = 0.692 cm?® g~ 1. The

0000000000000000000 _ ,
closed porosity and open porosity can be calculated by the following equations.*

3 —
and pppy =

goooo4d= = +0 Ve

The closed porosity €, = Vet VetV ©
00000#=*$ +0 Vo
The open porosity &, ooy @)

0000000000100000000540 o
Therefore, the closed porosity is 0.11 and the open porosity is 0.54.

12
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Figure S7. The survey spectra of (a) melamine reactant and (b) as-synthesized N-FG sample.

(COa)oooooogoo(eOf)N-FGOOOCIsONIsODOOOOXPSOOO
High resolution XPS spectra of C 1s and N 1s for (¢, d) melamine reactant and (e, f) N-FG

N-FGO OOO0O0 suoooonoooddddiis.4%5.0%0 5.5%0
sample. N-FG has nitrogen and carbon. The N doping contents from 3 different batches are

. 0000000C-N(~2859¢eV)0C=N(~286.9¢eV
~5.4%, ~5.0% and ~5.5%, respectively. The deconvoluted result shows the formation of C-N

()DDDDDDDDDDDDDDDDDDDQ . o .
~285.9 eV) and C=N (~286.9 e¢V), which are absent in the reactant and indicate the conversion

13
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0oooooon 000D00(03987ev)0000(0399.8eV)0 000 (04012 ‘
of the melamine reactant. The N exists in the form of pyridinic N (~398.7 eV), pyrrolic N

eV)DOOoOooo N
(~399.8 eV) and graphitic N (~401.2 eV).

14
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Figure S8. FTIR spectra of N-FG and melamine reactant. The spectrum of N-FG was magnified

o N-FGOOO0000000000C-NOC=NOOOO000000RHDOO
~7% for a better demonstration. The absence of melamine peaks and the signal of C-N and C=N

gooon
stretching peaks in N-FG sample confirm the nitrogen doping during FJH process.
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Figure S9. The SEM images of N-FG nanocrystals. The size distribution of 100 graphene sheets

is measured from SEM images.
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Figure S10. The HR-TEM images of N-FG. The graphene lattice fringes, and the jagged

HR-TEMOOOOOOOO o _
structure of graphene nanocrystals, can be distinguished from the HR-TEM images.
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Figure S11. Elemental analysis of N-FG by TEM-EDS. Figure S11b is the magnified plot of the

a
specific boxed region shown in Figure S11a.
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Characterization of heteroatom-doped flash graphene
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Figure S12. The schematic of heteroatom-doped flash graphene. (a) B-FG. (b) P-FG. (c) O-FG.

dgogoooodoopoooooogooopooooo .
(d) S-FG. (e) F-FG. The important bonding states of each heteroatom with carbon atom are

_ N ()0000000000000000000 .
demonstrated in the graphitic structures. (f) The electronegativities and atomic radii of various

dopants relative to carbon.
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Figure S13. The statistic Raman spectra of the amorphous carbon. The black line and the gray

00000000000 o _ '
shadow represent the average value and the standard deviation of 100 sampling points,

respectively.

ooooooOrcGOOOO00O0O0O000O0O0O2D/GOO0O0 .
The calculation of graphene content yield for various heteroatom-doped FG is based on the

ooooswksooooooorpicOooOoodnodnoononoeroonon
2D/G intensity ratios. Since the average value of Irp/Ig for amorphous carbon as shown in Figure

grooooonoooogooboobooog
S13 is 0.06 and the largest value can reach 0.07, a threshold value of 0.10 is used to determine if

o 000010000000000000000000000 _
the material is graphene or not. Raman mapping over 100 sampling points is used to determine

the graphene content yield.

0000000000000 . '
Specifically, for a single sampling point,

noorbie=0100 00000000
1§ The sample is graphene if Iop/Ic > 0.10.

2)00RbNG<0100 000000000
2; The sample is not graphene if IzD/IG <0.10.

ooooooorcUUOO0O00O000000000000000000000000000000
The calculation of mass yield for various heteroatom-doped FG is based on the weight of

googoo
starting materials and the weight of products we can collect from the flash reaction. Specifically,

googooooosoon
it can be calculated by eq 8 below.

Weight of product
(®)

mass yield = — ; ,
Weight of starting material

20
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Figure S14. The XRD result of commercial graphene nanoplates (CG).
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Figure S15. (a, c, e, g) Nitrogen adsorption and desorption curves and (b, d, f, h) the pore size

distribution of various heteroatom-doped FG. (a, b) B-FG. (c, d) O-FG. (e, f) P-FG. (g, h) S-FG.
JgogdoobooboodooooooorGOoooboboboboog

The pore size distribution results indicate that there are abundant micropores and mesopores for

different types of heteroatom-doped FG.
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Figure S16. The SEM images of different heteroatom-doped FG. (a, b) B-FG. (c, d) O-FG. (e, f)

P-FG. (g, h) S-FG.
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Figure S17. The XPS survey spectra of heteroatom-doped FG. (a) B-FG. The inset shows the

oooooooogoooo.
enlarged area of B 1s, which is denoted by the red dashed box. (b) O-FG. (c¢) S-FG. (d) P-FG.
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Figure S18. The valence band XPS results of various heteroatom-doped FG. (a) FG. (b) N-FG.

(c) B-FG. (d) O-FG. (¢) S-FG. (f) P-FG.
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Characterization of heteroatoms co-doped flash graphene
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Figure S19. The SEM images of heteroatom co-doped FG. (a, b) B,N-FG. (c, d) B,N,S-FG. (e)

BON-FGO OO OO0 (fHBONOS-FGOOOOOO
The size distribution of B,N-FG. ( The size distribution of B,N,S-FG.
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Figure S20. (a, ¢) Nitrogen adsorption and desorption curves and (b, d) the pore size distribution

' 00000000000000
of various heteroatom-doped FG. (a, b) B,N-FG. (c, d) B,N,S-FG. The pore size distribution

000000FGOO000000000 . _
results indicate that there are abundant micropores and mesopores for different types of

heteroatom co-doped FG.
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Figure S21. The elemental analysis of B,N-FG. (a) Survey spectrum. High-resolution spectra of

(d(?NlSDDDDDDDDDD
) C 1s, (c) B 1s and (d) N 1s spectra.

29

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



a 35
& | B,N-doped .
> o3
=
(2]
c
(]
el
=
(<]
2
e
)
@ : : : :
o 4 0 4 8
Binding Energy (eV)
0 5220 00000000FGOOD0XPSOOD

Relative Intensity (a.u.)

B,N,S-doped .

4 0 4 8
Binding Energy (eV)

Figure S22. The valence band XPS results of various heteroatom co-doped FG. (a) B,N-FG. (b)

B,N,S-FG.
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Figure S23. The elemental analysis of B,N,S-FG. (a) Survey spectrum. High-resolution spectra

2p(d)b1s0(e)N1sOO OO0 000000
of(b%C Is, &)S2p (d) B 1s and (e) N 1s spectra.

31

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



gooooobdoooogooao
Scaling up and applications of heteroatom-doped flash graphene
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Figure S24. Scahng up of N-FG. The characterization of N-FG prepared in large scale (1 g
(a)N-FG-L200000000 googoboobooogloooogon
batch, N-FG-L2). (a) Statistic Raman spectra of N-FG-L2. The black line and the gray shadow

oOoooooo o ‘ . (b
represent the average value and the standard deviation of 100 sampling points, respectively. (b)

)N-FG-L20 XRDO O O (¢c)N-FG-L20 00000 (d)N1sO OO0 0000000 N-FG-L20 (e
XRD result of N-FG-L2. (c¢) Survey spectrum of N-FG-L2. (d) High-resolution spectra of N 1s

Y0oo(f)O-Fe-L20 000000000
spectrum and (e) valence band of N-FG-L2. (f) Nitrogen adsorption and desorption curves of N-

(g)N-FG-L2000000 N-FGO 0O 0 0 0573 m2g-100 0 [J <1000
FG-L2. (g) The pore size distribution of N-FG-L2. The surface area of N-FG is 573 m? g'! with

pore size <100 A.

32

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



N-FG-L2 41.2 nm

100 nm . : ; : : . ' ‘
— 20 30 40 50 60 70 80
Size (nm)
1 52501 N-FG-L20 00O O (a-c)N-FG-L2O0SEMO O O (d) D OO oo oog

Figure S25. The morphology of N-FG-L2. (a-c) SEM images of N-FG-L2 and (d) corresponding

size distribution.
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Figure S26. The optical images of (a) various heteroatom-doped FG dispersed in water—Pluronic

000(b)IO50000000000000 - _ o
(F-127) (1%) solution at concentration of 10 g L-'and (b) the dispersions after being diluted 500

times.
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Figure S27. The absorbance spectra of various heteroatom-doped FG dispersed in water—

Pluronic (F-127) (1%) solution at concentration of 2-10 g L', (a) FG. (b) CG. (¢) B,N-FG.(d)

Jooo-oobbobbobooogdgooboosoon o
B,N,S-FG. (e) N-FG. All the solutions are diluted 500 times before the UV-Vis analyses.
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Figure S28. The absorbance spectra of N-FG dispersed in common organic so
YN-O0O-2-0000(

DMF)O

futlons at a

(b
concentration of 10 g L!. (a) N,N-Dimethylformamide (DMF). (b) N-Methyl-2-pyrrolidone

NMPHYO ODMFONMPO OO OCGOOON-FGOOOOOOOO0OO4040008.200
(NMP). Compared to the CG in DMF and NMP solutions, the dispersion efficiencies of N-FG

are ~40.4 and ~8.2 times higher.

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO

36



o
1

A1-
2
-3
-4
-5

— CB
—— O-FG

S-FG
— B-FG

Current density (mA cm)

0.2

04 06 08 1.0
Potential (V vs. RHE)

1.2

Potential (V vs. RHE)

1.0
— CB
0.9- =L
0.8 B B—FC?
o | 85 mV dec’
78 mV dec!
0.6 e
75 mV dec” '
0.5 |
s » -0 -0.5 0.0
LOQ(JI(mA cm-2))

DSZQD(a)D O00FGOOOFGO1600rpmO0IMKOHO OOOOOOOO(ORR)O OO
Figure S29. (a) Oxygen reduction reaction (ORR) performance of different doped FG and

(b

gooooood

intrinsic FG in 0.1 M KOH solution at 1600 rpm. (b% Corresponding Tafel plots.
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Figure S30. (a) The ORR polarization curves at different rotating rates of B,N-FG and (b)

. O0OBOn-FGOOOOOO(n)OO400000H20000000000 .
corresponding K—L plots. The electron transfer number (n) is close to 4.0 for B,N-FG, which

o , _ (c)BON-FGO (d)N-FGO O OO0000010000
indicates H>O 1is the major product here. Durability of (¢c) B,N-FG and (d) N-FG showing the

pgloonoooooonon
polarization curve for the 1st cycle and the 1000th cycle.

KouteckLevich[J [J
Koutecky—Levich equation

0000000 KouteckLevichd O (K-LO 0 )0 27 _ _ _
The oxygen reduction current follows Koutecky—Levich equation (K-L equation),?’

=@0 &+AT1&(9)I0 00000 (mAcm-2)0]

J 7 =1+ )

_ _ KOODOOOODOOODOOOOILO LevichO DOOODO0O
J is the total current density (mA cm2). Jk is the potential dependent kinetic current density

RN
and Jy is the Levich diffusion-limiting current density.
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J, = Bw'/? (10)

OO0O0OoO(n)dood4oo01e00rpmd D000 ()0 OORROODDOOOOOODO o
The electron transfer number (n) can be calculated from the ORR polarization curves at

different rotating rates () from 400 to 1600 rpm,

B = 0.2nFCy(Dy)*/3v=1/6 (11)

FOOOOO DC§~96485 C/mol)
F is the Faraday constant (~96485 C/mol)

Co0 020 00 OO (~1.2x 10-6 mol/cm3 )]
C, is the bulk concentration of Oz (~1.2 x 10 mol/cm?).

DO 02001 MKOHO 0000000 (~19x 10-5em2/s)0
Do is the diffusion coefficient of Oz in 0.1 M KOH solution (~1.9 x 107 cm?/s).

vlO DO 00000(0.01cm2/s)0
v is the kinematic viscosity of the electrolyte (0.01 cm?/s).

OD0o0oo0o0o0ooo0o0@g-nooo0oono0o000(-1/2)D00005g00s30000 )
The inverse total current density (j'!) vs the reciprocal root of rotating speed of the disk

00 (1¥B)DO
electrode (w™"?) under a certain potential is shown in Figure 5g and Figure S30. The slope (1/B)

0000000000000 _ .
is calculated from the linear fitting of the data points.

39

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



googoicp-Mso o
Sample digestion and ICP-MS measurement

000 0HNO3(67-70 wt% TraceMetal TMO 0O O O O 0 )O HCI( 37wit%199.99% 0 0000000
HNO; (67-70 wt%, TraceMetal™ Grade, Fisher Chemical), HCl (37 wt%, 99.99% trace

000)00(000000ACSO000000)0000000 _
metals basis, Millipore-Sigma), and water (Millipore-Sigma, ACS reagent for ultratrace analysis)

S . 00000000FGOOD0000000000000
are used for sample digestion in this section. All the heteroatom-doped FG samples are digested

‘ _ _ 280000 0 0 0 HNO3/HCI(O 1M)0 00 ,
using a dilute aqua regia method.?® The samples are soaked in HNOs/HCI (1 M each) solution at

85° COD600MOO0O0NO000000DO000DNDO . . 0pooooo
85 °C for 6 h. The acidic solution was filtered to remove any undissolved particles. The solution

0002w%HNO3O DD 00000000000 _ o o
was then diluted to the appropriate concentration range using 2 wt% HNO3 within the calibration

ICP-MSO [0 Perkin Elmer Nexion 300 ICP-MSO 0 0 0 O . cBOrGO O OO
curve. ICP-MS was conducted using a Perkin Elmer Nexion 300 ICP-MS system. The CB, FG,

ooooorcGUOOOOO0O0O0O000O0 ) .
and various heteroatom-doped FG are digested using the same protocol.
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Figure S31. The concentration of various trace metals in heteroatom-doped FG as determined by

_ _ 00000000000000WOTiOCrd
inductively coupled plasma mass spectrometry (ICP-MS). For the above six different transition

MNONOFeOOOOOOOOOOOOO0O0O0O010300000 .
metals, W, Ti, Cr, Mn, Ni and Fe, the concentrations are 1~3 orders of magnitude lower than the

2-310000oooooooooooooorcGo OO0
concentrations reported in previous literature.?’=3! In addition, there is no obvious relationship

ooooooooooo | N '
between the concentrations of these transition metals and the catalytic performance of the

googpooooobooorRrRDOOOOO
heteroatom-doped FG. These findings suggest minimal effect of metal content on the ORR.
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Figure S32. The concentration of various trace metals in heteroatom-doped FG as determined by

OOoooo0o0ooordpPddPtOAudORUOMOOOOOO0O0O00O0O0O0O00O00O
ICP-MS. These six different transition metals, Ir, Pd, Pt, Au, Ru, Mo, have been reported as

320 PA0 PO AUD RuD 0000000000 (<1ppm)D
effective catalysts or components.*? Ir, Pd, Pt, Au, and Ru cannot be detected or have a very low

. cpoooooooooooooooz20300oad .
concentration (<l ppm). The concentrations of Mo are 2~3 orders of magnitude lower than the

, . o 2310000000000 _ S
concentrations reported in the previous literature.?*-3! In addition, there is no obvious relationship
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pgooooooooooooorGUOOOoOoOognO .
between the concentrations of these metals and the catalytic performance of the heteroatom-

cpooopooooooooorRROOOOO
doped FG. These findings suggest minimal effect of metal content on the ORR.
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Figure S33. The concentration of various trace metals in heteroatom-doped FG as determined by

op-FGOOOOOOOOOOO(VOCo)OOOOODO
ICP-MS. The concentrations of these two different transition metals (V and Co) are low except

UP-FGO DO OO VO Coll O OO O 0378 ppmLI 1826 ppmL]
for P-FG. The concentration of V and Co are 378 ppm and 1826 ppm, respectively, in the P-FG

ppooopooopoooooooooooooooPrGOOOoooooooon
product. Since the carbon source, and the flash reaction itself will not cause the increase of these

metals, the metal content from P-FG is from the red phosphorus.
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Figure S34. The concentration of various trace metals in heteroatom-doped FG as determined by
gojogorGOOOooogooboboooog good

ICP-MS. For the co-doped FG, in total 14 different types of the metals are tested. For the

goooooooooooooOoOoOoOOOOO0O0m400000 .
detectable metals, the concentrations of these metals are 1~4 orders of magnitude lower than the

, . 29-310 00000000000RRIOOOOD
values reported in previous papers.?’-*! These findings suggest minimal effect of metal content

on the ORR.
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Table S1. Electrical energy for different systems.

a0 I—H—W(l('lg-’l)I—H—H—H—I(I—H—III—Wy
Materials Electrical energy (kJ g™) Energy cost (USD per ton)!
N-FG 6.6 36.8
B-FG 1.2 6.3
O-FG 1.5 8.1
F-FG 1.6 8.7
P-FG 8.1 45.0
S-FG 10.7 59.0
B,N-FG 3.5 19.6
B,N,S-FG 3.5 19.4
FG 7.2 40.0

o000 000200 000000000

!: The energy cost is calculated based on the electricity price is 2 cents per kWh which is the

00000000000
West Texas industrial rate.
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Table S2. Relative distributions of deconvoluted N 1s spectra of N-FG samples

000

Functional groups N-FG (%) N-FG-L2 (%)
O0ON 413
Pyridinic N 46.6 41.3
000 447
Pyrrolic N 42.7 44.7
OON
Graphitic N 10.8 14.1

OON-FGON-FG-L2OO 00000000000 04.3102.930

0od

The ratios of pyridinic N and graphitic N are 4.31 and 2.93 for N-FG and N-FG-L2. These

o0o0oo0o0o0ooo0oo0ooo0ooooo0oo(oo0ooOo)0o00ob00000000000a0

pyridinic nitrogen atoms have unpaired electron spin density and exhibit strong interactions with

gboooogbdooooogoao

some species, like metal atoms, which is useful in potential applications in electrocatalysts or

metal electrodeposition.
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gogboobooboobgoood

Table S3. The graphene quality of doped graphene in recent reports

OO OO IDAGI2D/AIGO
Materials Methods In/Ig Lp/lg Reference
OoOoOmo0n OoOonOm 116025600 111
Boron doped graphene Arc discharge 1.16 0.25 6
ooooogd . 1.030.6260 0 O O
Nitrogen doped graphene Arc discharge 1.03 0.62 6
ooooo . 1.67n/Al70 000
Nitrogen doped graphene Thermal annealing 1.67 n/a 7
g god 166n/a70 0000
Boron doped graphene Thermal annealing 1.66 n/a 7
god . 0.840.1380 00 O
Boron doped graphene Thermal annealing 0.84 0.13 8
[l goooooo.eroe0dtoon
Boron doped graphene Laser-induced synthesis 0.67 0.60 9
god . 0570101000000
Boron doped graphene Thermal annealing 0.57 0.10 10
god . 054n/al10 0000
Boron doped graphene Thermal annealing 0.54 n/a 11
god . 0690271200000
Boron doped graphene Thermal annealing 0.69 0.27 12
oooo ' 12
Nitrogen doped graphene Thermal annealing 1.04 0 12
gooon god . 093010130 0000
Boron doped graphene Thermal annealing 13
oooo _ 14
Boron doped graphene Chemical reduction 1.16 0 14
gooon god . 130n/al50 0000
Boron doped graphene Thermal annealing 1.30 n/a 15
god . 1.10n/a150 0000
Boron doped graphene Thermal annealing 1.10 n/a 15
oooo . 096014160 0000
Nitrogen doped graphene Thermal annealing 0.96 0.14 16
00000 ' _ 087008170 0000
Fluorine doped graphene Chemical reduction 0.87 0.08 17
00000 ' _ 1310201700000
Fluorine doped graphene Chemical reduction 1.31 0.20 17
god . 0.20n/al180 00 00O
Boron doped graphene Thermal reaction 0.20 n/a 18
goooooodolesnnonooononooonno.20
Boron doped graphene Chemical vapor deposition ~ 0.49 1.95 19
0.250 00000 ' N
Phosphorus doped graphene  Chemical vapor deposition  0.20 0.25 20
0000001820762
Boron doped graphene Chemical vapor deposition  1.82 0.76 21

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO
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ooooooooo . 0.810.08220 O OO
Nitrogen doped graphene Thermal annealing 0.81 0.08 22
opoooooo 0.800.12230 00 00O
Nitrogen doped graphene Plasma treatment 0.80 0.12 23
000000112018 24 _ ‘

Fluorine doped graphene Laser-induced synthesis 1.12 0.18 24

o000 0000

!: n/a means the value can not be obtained in the papers.

oooorbiG=010000000000000000000000000000
To justify the conclusion that “Iop/Ig=0.10" can be used here as the benchmark, recent

o vogooooooooorpgogooimbooooon
publications on doped graphene are referenced. Since the heteroatom doping can cause the

poooossggogrboicoibiicoooooo .
decrease of Iop and increase of Ip, we list the Raman results of I>p to Ig and Ip to Ig in Table S3

0000000000 000000000000000 o o
above. The statistical median 0.10 is chosen as the threshold value to determine if the material is

graphene or not.
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Table S4. The graphene quality of heteroatom-doped FG.!

mlln| 0ooooon
Materials Lo/l In/lg Graphene content yield
CB 0.06 0.98 0

FG 1.95 <0.05 100%
B-FG 0.26 0.91 94%
N-FG 0.84 0.65 100%
O-FG 0.87 0.83 100%
F-FG* 0.26 0.65 94%
P-FG 0.17 0.85 86%
S-FG 0.24 0.76 88%
B,N-FG 0.32 0.90 89%
B,N,S-FG 0.85 0.83 87%
N-FG-L22 0.44 1.08 99%

o040 000000001000 0000 0 0 N-FGO 17 -

I: The statistical data in Table S4 are calculated based on 100 sampling points, other than N-FG-

L2.

ON-FG-L2ODO000O00z20000000

2: The statistical data of N-FG-L2 are calculated based on 200 sampling points
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Table S5. The crystal structure of heteroatom-doped FG.

NN (On?)I—H—W/I—H—H—H—III—H—H—H—l/nm

Materials z002) position/degree  Interlayer spacing/A Average size/nm
CB n/a n/a ~12.0
FG 26.15 3.40 (+1.7%)! 16.0~27.0
CG 26.61 3.35 >100

B-FG 25.96 3.43 (+2.5%) 24.2
N-FG 25.89 3.44 (+2.7%) 98.9
O-FG 26.06 3.42 (+2.1%) 40.2
F-FG» 26.40 3.37 (+0.8%) ~25.0
P-FG 25.95 3.43 (+2.5%) 38.8
S-FG 26.42 3.37 (+0.7%) 42.5
B,N-FG 2591 3.44 (+2.6%) 49.9
B,N,S-FG 26.01 3.42 (+2.2%) 76.0
N-FG-L2 26.04 3.42 (+2.1%) 41.2

I—H—H—I{\I—H—lI—lI—lI—H—H—WARI—II—II—II—I[—H—H—II—II—Iﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ1?ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

I: The values in the parentheses (), show the percentage change of interlayer spacing compared

with AB-stacked graphene, where eq 12 is used to calculate the percentage change:

Interlayer spacingqoped FG—Interlayer spacing gp—stacked graphene

Interlayer spacing gp—stacked graphene

X 100%

Percentage Change =

(12)
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Table S6. The electrochemical oxygen reduction performance of various heteroatom-doped FG

in 0.1 M KOH solution.

00 ooouwy 00000 /m\ dec-]
Materials Overpotential!/V Tafel slope/mV dec™!
N-FG 0.75 54
B-FG 0.66 85
O-FG 0.57 75
S-FG 0.88 74
B,N-FG 0.75 58
CB 0.61 78
FG 0.53 83
Pt/C (20 wt% Pt)%¢ ~0.96 ~70

OO000002mAcm=-200 A0

!: The potentials at 0.2 mA c¢cm are used for comparisons in the Table.

oooQ
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