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Supplementary Figure 1. lllustration of the equipment for (a) EC intercalation and
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Supplementary Figure 2. Procedure of EC synthesis of EGO. a, EC intercalation
of FGP in 98 wt. % H,SO,. b, Stage-1 H,SO4-intercalated graphite compound paper
(GICP). ¢, EC oxidation of GICP in 50 wt. % H,SO, solution, showing that the whole
GICP paper changed from blue to yellow after 3 min. d, A filter cake of the
delaminated graphite oxide after filtration and washing. e, GO solution obtained by

sonication. f, Sponge-like GO solid obtained after freezing drying.



Supplementary Figure 3. Morphology of FGP. a, b, A roll of FGP. ¢, d, SEM

images of the surface of FGP. e, f, SEM images of the cross section of FGP.
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Supplementary Figure 4. Structure characterization of FGP. a, Raman spectrum.

b, XPS survey. ¢, XPS C1s spectrum. d, TG. e, Thermogravimetric mass spectra

(TG-MS). f, XRD pattern.



Supplementary Figure 5. Morphology and color change of a GICP slice with

reaction time during static electrolytic oxidation process in 50 wt. % H,SO,.
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Supplementary Figure 6. TG investigation on the dried filter cake of expanded

graphite oxide.
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Supplementary Figure 7. Typical AFM images (top) and lateral size (middle) and
thickness (bottom) distribution of EGO sheets achieved after different sonication time.

a. 5 min, b. 15 min, ¢. 30 min.
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Supplementary Figure 8. Structure characterization of GICP obtained by EC
intercalation at 1.2 V in 98 wt. % sulfuric acid. a, TG curves of the GICP obtained
after intercalation for 20 and 60 min. b-g, Raman spectrum (b), XRD pattern (c), XPS
survey (d), Cls spectrum (e), Ols spectrum (f), and S2p spectrum (g) of the GICP

obtained after intercalation for 20 min.
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Supplementary Figure 9. Raman spectra of EGO with (a, ¢) and without (b, d)

absorption of H,SO,.
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Supplementary Figure 10. Comparison on the EC oxidation and exfoliation of GICP
(a-f) and FGP (g-1) in dilute sulfuric acid solution with concentration of 10 wt. %
(a-c, g-i) and 50 wt. % (d-f, j-1). a, d, g, j, Optical images of GICP and FGP after
reaction for 30 s. b, e, h, k, Optical images of the aqueous dispersion of exfoliated
samples with an initial concentration of 1 mg-mL™ before (left) and after (right)

standby for different time. c, f, i, I, C1s XPS spectra of the exfoliated samples after

washing and drying.
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Supplementary Figure 11. a, b, Schematic (a) and photo (b) of the equipment for
gas product detection. ¢, d, MS spectra of the gas produced by anode EC reaction
during oxidation of GICP. e, Comparison of the volume ratio (Vcathode/Vanode) Of the
gases produced on a Pt cathode and different anodes (Pt/FGP/GICP) with the same

EC reaction parameters.
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reagent combinations. a, EGO synthesized with normal Acid-Int, Ag-OX, and

Acid-OX (Normal). b, EGO synthesized with normal Acid-Int, 0 Ag-OX, and

normal Acid-OX (**O Ag-OX). ¢, EGO synthesized with 0 Acid-Int, normal

Ag-OX, and normal Acid-OX (**0 Acid-Int). d, EGO synthesized with normal

Acid-Int, normal Ag-OX, and **0 Acid-OX (**0 Acid-OX).
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Supplementary Figure 13. Comparison on dispersion stability of the EGO samples
in water (2 mg-mL™), which are achieved by EC oxidation of GICP without (1) and

with (11: 4 mg-mL™, 111: 10 mg-mL™) the addition of TEMPO after standby 12 hours.
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Supplementary Table 1.

Comparison of reaction parameters for GO synthesis by our water electrolytic

oxidation method and traditional chemical oxidation methods.

Reaction Ingredients consumption for 1 g
Reaction time to graphite
No. form C/O | Ref.
temperature | graphite | H,SO, Oxidant Water
oxide
~20°C Highly active
1 (Room afew | <0.43 radicals <150 | 1.5~ | This
temperature: | seconds mL | produced by water g 1.8 | work
R.T.) electrolysis
0°C —35
KMnO; 3¢ >326 | 21~ 1
2 °C >0.75h | 23mL
.08 °C NaNO3; 0.5¢g g 2.9
Not
3 40 °C—50 >12h 120 HsPO, 13 mL > 267 | mentio 5
°C mL | KMnO, 6g g ned
(N.M.)
80 °C—R.T. K,S,08 0.5 g
>
4 —0°C >16h Zn‘f P,Os 05g M1, 3
35°C KMnO, 39 g
80 °C—R.T. K>S,0g 1.67 g > 317
5 —20°C >85h | 48mL P,0s 1.67¢ NM. | ¢
35°C KMnO, 59 g
>
0°C— KMnO, 4.5¢g 5
6 20 °C 124 h 59 mL NaNO; 0.75 g 13934 N.M.
" Cc_) v go7 | (2208 3330 1 g155,
T | Loecoss |>1050 P,Os 33.3¢g NM. | °
e KMnO, 400 g g
8 R.T. 1h 40mL | K;FeO, 6 N.M. | 22 !
0 °C—35 ° KMnO, 69 >140 | 2.57 ~ 8
o C >4h 1 a8ml | aNOs 1g g | 263
o KMnO, 3¢ >186 | 1.7~ 9
> 1.
10 | 0 °C—R.T. 1.7h | 23 mL NaNOs 0.5 g 25
0 °C—60 ° 23.3 | KMnO,; 3g 1.6 ~ 10
> M.
11 C Sh mL NaNO3; 0.5¢g N-M 2.1
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KMnO, 4g 11
12 R.T. 73h | 30mL NaNO, 0.75 g N.M. | N.M.
. 175 | KCIO; 1l1g > 800 12
13 | 0 °C—>R.T. | 965h mL | fuNO, omL g 2.6
R.T.—0 °C
14 | »35°C—0| >2h |25mL | KMnO,; 35¢g NM. | 123 | ¥
°C
80 "C=RT P,Os 0.75g >
—)0 OC—>3 150 14
15 >6.5h K,S;0s 0.75¢ 1000 | N.M.
5 °C—55 ° mL
c KMnO; 5¢g g
90 “C—80 P,Os 0.83g >
OC—>R.T.—> 425 15
16 >9h K,S;0s 0.83¢ 1268 | 1.8
0 °C—35 ° mL
c KMnO; 5¢g g
. KMnO,; 3g > 578 16
17 | <10°C | >27h | 25mL NaNO; 05 g g N.M.
0 °C—40 ° > 292 17
18 C—s05 °C >0.75h | 23mL | KMnO4 39 q 2.36
NaClO; 85¢ 18
19 R.T. >24h | N.M. fHNO. 20 mL NM. | 2.8
80 °C—R.T K2520s 29
P,Os 2g > 259 19
20 | .—0 °C—3 | >8.25h | 29 mL N.M.
5 °C KMnO, 39 g
NaNOs; 0.5¢
. 53.2 | NaNO; 0.76 g 1048 2
21 | 0 °C—HR.T. | 126h mL | KMnO, 45g g N.M.
>
. 175 | fHNO; 9mL ”
22 | 0 °CHR.T. | 97h mL | KCIOs 11g 17gso N.M.
810C°zig go5 | (2920 150 1950
23 | £ oc_sp o | >10N oL P,Os 15¢g NM. | %
- KMnO, 8.75¢ g
R.T.—0 °C NaNO; 0.1g > 186 2
> VI
24 | 7 e 25h | 23mL KMnOs 3g ; N.M
fHNO; 12mL | 1920 o
° . > VI
25 | 0 °C—R.T 123h | 36 mL KMnO, 54 ; N.M
° > 78 NaN03 087 g 25
26 | 0 °C—R.T. | 127h mL | KMnO, 45 >95¢g | N.M.
K>S,04 Zg
(o) (o] >
27 | 80°C20 "1 g o5 | 98 mL P,Os 29 el VTV
C—35 °C g
KMnO, 15¢g
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) K2S;0s 0.83 ¢
28 |80 CORT L ooh |aamL | P05 083g | | Nm. | 7
—35 °C g
KMnO; 5¢g
RT.—40 ° KMnO, 0759 | > 186 "
29 c >250 | 23mL | e 0y g | NM
o NaNO; 0.5¢ > 200 29
30 | 0 °CoRT. | >10n | 13mL | oo S| M
R.T.—98 ° >805 | NaNO; 0.75g | >190 -
31 c 170h |7 o, 34 ;| M
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Supplementary Table 2.

EC synthesis of graphene sheets.

No. | Raw material Electrolyte EC YEE-:IC"[IOI’I Characteristics of Ref.
condition the product
Yield: ~5t0 8
100 mL 2.25 wt. %;
wt. % H,SO,4 Thickness: <3
aqueous Stepl: +25V,1 nm, 65 % < 2
Natural solution added | min nm;
1 | graphite flake | with 11 mL of | Step 2: alternating | Size: 1 to 40 pm; | *
or HOPG 30 wt. % KOH | between +10 V (2 | Mobility: 5.5 —
aqueous s)and-10V (5s) | 17 cm®Vis™;
solution; pH: TCF: 43.2
~1.2 kQ-o'@ 96 %
transparency
HOPG (50 mg) was
1 used as the Yield: > 70 %;
30 mg-mL . .
. negative electrode | Sheet resistance
HOPG or solution of . :
. . . and of the film with 32
2 | graphite LiCIO4 in . 2
electrochemically | 0.7 mg-cm
powders propylene ]
carbonate (PC) charged at a graphene: 15
voltage of 15+5V | Q.o
in electrolyte
Natural Yield: > 80 % of
graphite 0.1 M H,S0, 1 — 3 layers;
flakes . C/O:12.3; 33
3 aqueous DC +10 V, 2 min .
adhered on a . Single sheet
. solution .
conductive resistance: 4.8
carbon tape kQ-ot
Aqueous Yield (> 85 %, <
solutions of
Natural 3 layers);
graphite (NH)250s, Lateral size: up
Na,SOy, DC+10V,3-5 . 34
4 | flakes K.SO,. etc.- min to 44 um;
adhered on 2O ClO: 17.2;
Concentration: -
carbon tape Hole mobility:
0.1 M; pH: 310 cm2 Vs
~6.5-7.0
. + H
5 | Graphite foil _ . In/lg: < 0.29; »
Step 2: +10 V, 50 min, 0.5 M H,SO4 C/O: ~11.02

aqueous solution

17




Graphite foil
(pretreatment
by freezing
and thawing
cycles)

0.1M
(NH4)2SO4
aqueous
solution with
addition of 0.1
% TEMPO

DC +10V, <10s

Lateral size: 5 —
10 pm;

C/O: 25.3;

Hole mobility: ~
405 cm* Vst
Ip/lg:<0.1

36
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Supplementary Table 3.

EC synthesis of partially oxidized graphene sheets.

NoO. RavY Electrolyte EC regc'tlon Characteristics of the Ref.
material condition product
ID/IG: 0.71;
L+ -
rsntle: 141V, 3-5 Thickness: 1 — 5
' Aqueous Step 2: 47V, 5— 8 atomic layers, mostly 3
Pencil electrolyte . . — 12 nm; 37
1 min and alternation .
cores of H,SO, XRD main peak: 26.4°
between +7 V and -7 .
or H3PO, i (characteristic of
V every 5-8 min, i
repeatedi graphite rather than
P y graphite oxide)
Expanded
graphite | 10 M Step 1: +1V, 10 Yield: ~ 80 %:
flakes H,SO4 . 38
2 ressed A0UEOLS min; Ip/lg: <0.3;
g aues Step 2: +2V, 20 min | C/O: ~ 6.8
into a solution
pellet
Yield: > 80 wt. %;
Thickness: 1 — 4 layers,
80 %;
ID/IG: 0.85;
1M Sheet resistance: 1.5
3 Graphite | (NH4),S0, | Constant current of | kQ-o™ (electrical 39
rods aqueous 1.0Afor2h conductive);
solution The oxygen functional
groups are decorated
dominantly at the
edges, and the basal
plane is nearly intact
Yield: 38.8 %;
Cl/O: ~ 3.64;
1M _ Graphite flakes in L(iwer concentration of
H2SO4 in C=0 groups, lower
i electrolyte contact -
Graphite | saturated o thermal stability and 20
4 anode by stirring; . i S
flakes (NH4)2SO4 dispersion stability in
Constant current 0.6
aqueous A for 48 h water compared to the
solution fully oxidized HGO;
Thickness: monolayer,
~ 66 %
5 | Graphite |8 M Linear sweep C/O: ~9.81 e

19




flakes Perchloric | voltammetry
closed in | acid measurement was
platinum | (HCIO,) performed to the
mesh agueous graphite electrode
solution from~0.2Vtol4V
with scan rate of
0.01 mV-s™ (total
time ~33 h)
Graphite Graphite pellet as C/O:_~ 57(~2h
ollet anode and Pt plate as | reaction);
P i 11.6 M cathode separated by | C/O: ~3.3(~17h
obtained . . i
b HCIO, glass fiber filter reaction); 42
y . aqueous membrane; C/O:~3.0(~48h
pressing . i
raphite solution Constant current reaction);
grap density i =50 Thickness: 1 — 2 nm,
flakes

nA-mg™ for 48 h

~36 %
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Supplementary Table 4.

Comparison on the properties of GO sheets synthesized by modified Hummers

method using FGP and graphite flakes as raw material.

Raw material Reagents Properties of GO
NaNO; | KMnO4 | H,SO4 c/o zeta potential
(9) (9) (mL) (mV)
Graphite mean particle size

flakes of ~150 pm 0.5 2.5 25 2.07 -45.7

(0.509)

Slice with
FGP thickness of 0.5

mm and lateral 0.5 2.5 25 2.84 -17.2

(059)

sizeof 2 mm x 2
mm

21




Supplementary Table 5.

Comparison on the properties of FGP before and after intercalation.

) . Fracture Surface
Material Thickness .
(synthesis condition) Color force resistance
y mm N Q.o
FGP L“Ster;/”g'gre 0.52 35 0.8
GICP (1.6 V, 20 min) | Deep blue 2.03 3.3 0.3
GICP (1.6 V, 60 min) | Deep blue 3.45 s 1.2

Note: ~ These properties cannot be measured because of severe swelling.
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Supplementary Table 6.

Chemical composition and exfoliation rate (rexs,) Of the samples synthesized with

different reaction conditions.

Reaction condition Chemical composition Fexfo
Anode
Ce|ectro|yte C:C C'O C:O O'C:O C/O mmmln_l
material
GICP 10 % 76.78% | 19.29% | 3.04% | 0.89% | 5.7 8.3
GICP 50 % 4475% | 4294% | 11.14% | 1.17% | 1.7 4.6
FGP 10 % 78.06% | 15.39% | 047% | 6.08% | 7.8 2.8
FGP 50 % 94.22% | 543% | <0.01% | 0.34% | 115 9.7
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Supplementary Table 7.

Standard mass spectrometry of the substances that are possibly present in the gaseous

product of anodic EC reaction for GICP oxidation.

Substance Mass spectrometry (z)
He 4
cO 12", 14, 16, 28, 29, 30
o)) 16, 32, 33, 34
CO; 12,13, 16, 22, 28, 29, 44, 45, 46
SO, 16, 24, 32, 34, 48, 49, 50, 64, 65, 66

Note: ~The underlined bold number represents the maximum abundance value.
" The underlined number represents the second maximum abundance value.




Supplementary Table 8.

Chemical composition of the EGO samples synthesized without and with the addition

of TEMPO.
TEMPO concentration in Elemental composition (at. %)
Samples electrolyte C @) H S clo
I 0 50.1 28.5 20.4 1.0 1.76
I 4%o 55.1 24.8 19.2 0.9 2.22
1l 10%o 57.6 22.5 18.8 11 2.56
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Supplementary Note 1: Characterization of FGP

The morphology and structure of the FGP used are shown in Supplementary Figs. 3
and 4. FGP is an industrial product of natural graphite, which is produced by
roller-pressing expanded graphite flakes (EGFs) without use of any binder. It usually
has a thickness from micrometers to millimeters, width up to meters, and length up to
kilometers (Supplementary Figs. 3a and b). As shown in Supplementary Figs. 3c-f,
the EGFs are interlocked together in the FGP. As shown in Supplementary Fig. 4,
FGP shows similar Raman, XPS, TG, MS spectra and XRD pattern with graphite,
indicating their similar structure. As a result, FGP has good flexibility, good
mechanical properties with tensile strength of 4 to 5 MPa, and excellent electrical
conductivity comparable with HOPG. However, the price of FGP is much cheaper
than that of HOPG, which is no more than 3 times that of natural graphite flakes (32
mesh). Therefore, FGP is an ideal raw material for EC synthesis of graphene and GO
especially to achieve continuous and automatic mass production because of its

continuous, flexible, strong and conductive characteristics.
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Supplementary Note 2: Estimation on the absorption quantity of H,SO, in
graphite oxide cake and the water consumption for cleaning

The wet filter cake of delaminated graphite oxide contains sulfuric acid and water,
and its composition was determined as following:

(1) The wet filter cake was first dried at 60°C for more than 24 h, leaving ~8.5
wt.% solid matter. This means ~91.5 wt.% matter in the filter cake is water since most
of H,SO, cannot evaporate with water by mild heating.

(2) Then the dried filter cake was tested by TG, and the result is shown in
Supplementary Fig. 6. The mass loss of ~ 44 wt.% before 340 °C is related to the
evaporation of sulfuric acid, while the residue (~56 wt.%) is carbon related materials.

It is worth noting that the sulfuric acid solution absorbed in the wet cake has a very

8.5X0.44

low H,SO, concentration of no more than 4.0 wt.% (m

~3.7%),
although the concentration of the H,SO, solution used for oxidation reaction is 50
wt.%. This result indicates that the delaminated graphite oxide is more likely to
absorb water rather than H,SO, or related ions, and therefore they are much easier to
be cleaned by water washing.

We then measured the amount of water used to clean graphite oxide prepared by
our EC oxidation method. The criterion for full purification is that the solution after
cleaning has a conductivity less than 50 uS-cm™ and pH higher than 4. It was found

that no more than 150 g of distilled water is enough for the purification of 1 g of

EGO. In contrast, more than 1.5 kg of distilled water is needed for the purification of

27



1 g of GO prepared by Hummers method to reach the same criterion (see

Supplementary Table 1).
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Supplementary Note 3: Characterization of GICP

The GICP synthesized by EC intercalation at 1.6 V for 20 min was characterized by
TG (in air), Raman spectroscopy, XRD, and XPS (Supplementary Fig. 8).

As shown in Supplementary Fig. 8a, the TG curve shows a sharp mass loss around
~280 °C, which is mainly caused by the volatilization or decomposition of sulfuric
acid that is intercalated into graphite gallery. Based on this data, we estimate that the
weight ratios of host graphite to the intercalant are 1:1.6 and 1:4.3 for intercalation of
20 and 60 min, respectively.

Supplementary Fig. 8b shows the Raman spectrum of GICP in the range of 1200
cm™ to 2700 cm™. The absence of obvious D peak indicates that no defect was
generated during the intercalation process. The G peak at 1631 cm™ is consistent with
that of the stage-I H,SO4-GIC. ** % The 2D band is obviously suppressed by the
“Pauli blocking” effect of intercalation. ** **4°

XRD was also used to investigate the structure of GICP. As shown in
Supplementary Fig. 8c, the GICP achieved by intercalation for 20 min shows the
XRD characteristic of stage-1 GICP. %’ The interlayer distance was calculated to be
7.79 A (20(001) = 11.35°) based on the Bragg equation.

XPS was used to investigate the chemical structure of the surface of GICP. The
samples were used as-synthesized without washing with water. Due to the absorbed

sulfuric acid in GICP, both O1s and S2p peaks are observed (Supplementary Figs. 8d,

f, g). However, the Cl1s spectrum shows the same feature as that of graphite
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(Supplementary Fig. 8e), indicating that no oxidation and new chemical bonds were
formed during intercalation.

The macroscopic properties of FGP and GICP are shown in Supplementary Table
5. After intercalation, the color of FGP changes from lustering-grey to deep blue.
Compared to FGP, the GICP obtained after intercalation at 1.6 V for 20 min shows 4
times increase in thickness, but nearly the same fracture force and good flexibility. In
addition, the surface resistance decreases from 0.8 for FGP to 0.3 Q-0 for GICP
because of the doping effect of sulfuric acid. Intercalation for longer time (60 min)
leads to severe swelling, a very low mechanical strength that could not be measured

and an increase in surface resistance to 1.2 Q-0
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Supplementary Note 4: Raman spectra of EGO with and without absorption of

H>SO4

In our experiments, we found that the Ip/lg of EGO obtained during in-situ Raman
investigations (Ip/lg<1, Fig. 3d in main text) is smaller than that of the final EGO
product (Ip/lg >1, Fig. 2d in main text) although the EC reaction time is the same. To
understand this difference, a newly as-synthesized EGO sample collected by filtration
without washing and drying was measured. It can be seen that the Raman spectrum
(Supplementary Fig. 9a) is similar to that obtained during in-situ Raman
measurements. Interestingly, after the EGO sample was washed and dried to remove
the absorbed water and H,SQy, it shows a similar Raman spectrum with the final EGO
product (Supplementary Fig. 9b). To confirm such change, the dried clean EGO
sample was re-wetted with H,SO, solution and then re-washed and dried again for
Raman measurements separately. As shown in Supplementary Figs. 9c and d, they
show the same Raman spectra as the original wet and dried samples. These results
indicate that the smaller Ip/lg observed in our in-situ Raman measurements is

attributed to the water and H,SO, contained in the as-synthesized EGO samples.
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Supplementary Note 5. EC exfoliation and oxidation of GICP and FGP in H,SO,

solutions with different concentrations

The exfoliation of GICP and FGP in H,SO4 solution is much different from each
other. As samples, we studied the EC exfoliation of GICP and FGP in dilute sulfuric
acid solutions with concentrations of 10 wt. % and 50 wt. %, and the results are
shown in Supplementary Fig. 10 and Supplementary Table 6. The GICP slice in 10
wt. % solution and the FGP slice in 50 wt. % solution quickly swelled, expanded and
exfoliated once dipping into the electrolyte, while the GICP slice in 50 wt. % solution
and the FGP slice in 10 wt. % solution showed no obvious exfoliation. For the latter
case, the surface of FGP slice changed from smooth-lustering-gray to
wrinkled-deep-gray, while the GICP slice immersed in the liquid changed color from
deep-blue to yellow-brown along with the appearance of worm-like particles, which
are the sign of the formation and expansion of graphite oxide. The gradual
morphology and color changes of GICP during EC oxidation in 50 wt. % H,SO4
solution are shown in Supplementary Fig. 5 and Supplementary Movie 3. As
summarized in Supplementary Table 6, the chemical compositions of the products
formed in the four conditions are different from each other. The oxidation degrees of
the products with GICP as anode are generally higher than that with FGP as anode.
The higher oxidation degree, the more stable dispersion of exfoliated product.
Moreover, the high oxidation degree is correlated with low exfoliation rate. These

results indicate that both pre-intercalation of FGP by H,SO, and the concentration of
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H,SO, in electrolyte are essentially important for ultrafast synthesis of fully oxidized

GO sheets.
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Supplementary Note 6. Gaseous product analysis of EC reactions with different
anode and cathode

In order to determine the products of anodic EC reaction for GICP oxidation, the
gaseous product at anode was collected by a home-made equipment as shown in
Supplementary Figs. 11a and b, and measured by an on-line mass spectrometer
(Catlab QIC20, Hiden Analytical) with helium (He) gas as carrier. Before EC
reaction, the air in the valve containing GICP anode was fully replaced by He gas.
According to the results shown in Supplementary Figs. 11c, d and the standard mass
spectrometry of the substances that are possibly present in the gaseous product in
Supplementary Table 7, the gaseous product contains only O,, CO, and CO,. It is
worth noting that no SO, was detected, indicating that H,SO4 was not decomposed at
anode during EC oxidation process of GICP. This is consistent with the results that
were obtained from the *%0 isotropic tracing experiments shown below.

The gases produced on both electrodes were collected and their volumes were
measured with eudiometers. Since the mixed gas could not be ignited by electric
sparking and there was no obvious volume change after ignition, we considered that
the gaseous product collected from the GICP anode contains only a trace amount of
CO. After ignition and alkali washing to remove CO and CO,, only O, was left, which
takes ~96 % of the original volume. These results indicate that a small amount of
carbon in GICP was oxidized into CO, or CO during EC reaction as reported

previously “.
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For Pt cathode and different anodes (Pt/FGP/GICP), the volume ratios of the gases
produced on cathode (H.) and anode (mainly O;) with the same EC reaction
parameters are shown in Supplementary Fig. 1le. The gas ratio obtained by Pt
cathode and anode is 2.05, approaching the theoretical value of H, and O, produced

by water electrolysis (2.0). The main electrode reactions are shown as below:

Pt Cathode: AH" + 4e” = 2H,?
Pt Anode: 2H,0 = O 1+ 4H" + 4¢”

The gas ratio from the Pt cathode and FGP anode is 3.4. The low O, production is
because the anode reaction also contains intercalation reaction of HSO, in addition to

water electrolysis as shown below:

Pt Cathode: AH" + 4e" = 2Hy?
FGP Anode: 2H,0 = 0,1+ 4H" + 4e’
G + nHSO4 = GIC + ne”

The gas ratio from the Pt cathode and GICP anode is 8.4. Since there is no further
intercalation reaction, the high gas ratio indicates that the formation of O, is greatly
inhibited. As a result, the sufficient adsorbed reactive *OH, *O and *OOH together
with the high current density enable the ultrafast synthesis of fully oxidized graphite
oxide by reacting with the carbon lattice that has been highly positively charged. The

main electrode reactions are shown as below:

Pt Cathode: AH" + 4e" = 2Hy?
GICP Anode: G + nH,0 = nH" + G(OH),, + ne’
2H,0= 0,1+ AH' + 4e
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Supplementary Note 7. Isotopic tracing experiments on the oxygen source of

EGO

In our method, the reagents used for EGO synthesis can be divided into three types:
concentrated H,SO,4 used for EC intercalation (Acid-Int), water (Ag-OX) and H,SO4
(Acid-OX) in electrolyte for EC oxidation. To trace the transfer path of oxygen, we
replaced the three type reagents by their isotopic homologs containing **0, H,'®0 and
H,S™05™0, separately for EGO synthesis. Four different EGO samples were
synthesized with different combinations of reagents. The **0 content of each EGO
product was measured by TG-MS with Netzsch STA 449C Jupiter/QMS 403C using
Helium (He) as carrier and the results are shown in Supplementary Fig. 12.

The TG curves of the four EGO samples are similar with each other. In inert
atmosphere (He), the main mass loss of ~40 wt. % occurs below 300 °C, and the full
mass loss of ~50 wt. % till 800 °C, which are consistent with the feature of TG curve
of GO synthesized by the Hummers’ method. In our experiments, the most detectable
substance in MS is carbon dioxide (CO,), which is the pyrolysis product of GO and
EGO. We used the mass-to-charge ratios of C'°0, (zu) and its isotopic homolog
C'®0™0 (z46) to evaluate the content of 0 in the sample. We calculated the peak
areas of z46 and z44 curves in each TG-MS spectrum from 100 °C to 300 °C with a
linear background, and the peak area ratio z4s/z44 Was used to evaluate the *%0 content
in the four samples.

As shown in Supplementary Fig. 12a, without the addition of **0O-containing

reagent, the z46/244 0f EGO sample (Normal) is only ~0.05 %. When the water in
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electrolyte used in the oxidation process was replaced by H,*20 (97 %), the z46/z44 Of
EGO sample (**0 Ag-OX) is ~35.1 % (Supplementary Fig. 12b). When the H,SO,
used for intercalation was replaced by H,S™03"°0, the z46/z44 of EGO sample (**0
Acid-Int) is ~5.0 % (Supplementary Fig. 12c). When the H,SOy in electrolyte used in
the oxidation process was replaced by H,S'°05'0, the z4/z44 of EGO sample (**0
Acid-OX) is ~1.8 % (Supplementary Fig. 12d). These results are summarized in Fig.
3i in main text, which clearly show that water in the electrolyte is the dominant source

for the oxygen functional groups in our EGO.
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Supplementary Note 8. Evidence on the presence of oxygen radical intermediates

and their effect on the oxidation of graphite during EC oxidation process

It has been reported that 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPQO) can
efficiently suppress the formation of oxygen radicals from water electrolysis®*. We
studied the influence of addition of TEMPO on the synthesis of EGO sheets under the
optimized EC oxidation conditions of GICP (~50 wt. % H,SO,4 aqueous solution, 5V).
All the as-synthesized products were exfoliated in water to form suspensions with a
concentration ~2 mg-mL™. As shown in Supplementary Fig. 13, after standby 12
hours, the EGO products achieved without (sample 1) and with the addition of a small
amount (4%o, sample I1) of TEMPO show good stability with no obviously sediment,
while the product achieved with the addition of a relatively large amount of TEMPO
(10%0, sample 111) totally precipitates. Elemental analyses show that adding 4%. and
10%0 of TEMPO leads to a increase in C/O ratio of the products from ~1.8 to ~2.2 and
~2.6, respectively (Supplementary Table 8). This gives strong evidence of the existing
of oxygen radicals and their key role in the synthesis of GO during our EC oxidation

process.
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Supplementary Note 9. Recycling of sulfuric acid

There are two sources for the sulfuric acid that need to be recycled in our method.

After intercalation, besides the intercalated HSO, and H,SO,, there is still a large
amount of sulfuric acid absorbed on the surface of or inside the GICP, leading to 5 to
6 times mass increase for FGP. This is the first source. In our experiments, a pressing
step was used to remove the absorbed sulfuric acid, which was then recycled into the
intercalation bath. After pressing, the mass ratio of graphite to sulfuric acid in GICP
was estimated to be around 1:1.6 based on TG measurements (Supplementary Fig.
8a). This value is still a little bit larger than the theoretical value (~1:1.02) for the
stage-1 H,SO, intercalated GICP, indicating the presence of a small amount of
absorbed H,SO,4. This absorbed and intercalated sulfuric acid will dissolve into the
sulfuric acid solution used for EC oxidation in the second step.

The very dilute H,SO, solution obtained after cleaning graphite oxide is another
source. Note that there is a small amount of loss of water during EC oxidation process
because of evaporation and electrolysis, which leads to a small increase in the
concentration of H,SQO, in the electrolyte. Therefore, the very dilute H,SO, solution
was added into the electrolyte after a certain time of EC oxidation to recover to its
original concentration. Moreover, it can also be used for the production of
concentrated H,SO,4 by absorbing SO:s.

Therefore, the sulfuric acid used in our methods can be fully recycled.
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