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Pre-oxidation of flake graphite powder 

Natural flake graphite (Sigma Aldrich, +100 mesh, Lot# MKBS2224V) was first pre-oxidized by 

mixing 3 g graphite powder together with 2.5 g Potassium persulfate (K2S2O8) and 2.5 g 

Phosphorous pentoxide (P4O10) were dispersed in 24 ml concentrated Sulfuric acid (97-98%, 

H2SO4). The mixture was maintained at 80 oC in an oil bath for 4 h under stirring, followed by 

washing through filtering with copious amounts of distilled water (H2O)DI until a neutral pH was 

achieved. After completely drying the product in vacuum at 80 oC overnight, the pre-oxidized 

graphite was then used for synthesis of HGO, TGO* and F-TGO.  

Synthesis of HGO 

To synthesize HGO, 3 g the pre-oxidized graphite was dispersed in 120 ml H2SO4 with 1.5 g 

Sodium nitrate (NaNO3) followed by a slow addition of 9 g of Potassium permanganate (KMnO4) 

via a funnel over the course of approximately 30 min under vigorous stirring in an ice bath. The 

reaction mixture was kept in the ice bath for 2 h after which the temperature was raised to 35 oC 

and maintained for an additional 2 h. Now, 120 ml of (H2O)DI was carefully added upon which a 

strong exotherm was observed. After maintaining the mixture at a temperature of 98 oC for 15 

min, an additional 300 ml H2O was added followed by 18 ml Hydrogen peroxide (H2O2). 

Thereafter the mixture was washed according to the same procedure as all other samples 

described in the manuscript.  
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Nafion (N211) pre-treatment 

All Nafion 211 membranes (N211) were pretreated before use. The treatment consisted of 

subsequent heating of the as-received membranes at 80 oC for 1 h each in (H2O)DI, 3 % H2O2, 

(H2O)DI, 0.5 M H2SO4 and finally (H2O)DI. The membranes were then stored in (H2O)DI until 

usage.  

Supporting characterization details 

Raman spectra were acquired by a Renishaw InVia Raman spectrometer with a laser excitation 

wavelength of 514 nm. Scanning electron microscopy imaging was performed with a Zeiss 

Merlin field emission SEM at 4 kV accelerating voltage and a current of 100 pA. Transmission 

electron microscopy was performed using a Jeol 1230 microscope (80 kV). Zeta potential 

measurements were performed with a LitesizerTM 500 (Anton Paar) by first diluting 200 μl of the 

0.5 mg ml-1 dispersions in 10 g of 1 mM KNO3 solution where pH was adjusted with either 0.05 

M KNO3 or 0.05 M KOH. Data points considered obvious outliers (particularly those having high 

standard deviations) were removed followed by a polynomial fit to the second order for trend-

comparison purposes. TGO* could not be measured due to too large standard deviation at all pH. 

 Ion-exchange capacity (IEC) measurements were performed on the F-TGO and SF-TGO 

samples by first equilibrating the membranes in 1 M NaCl solution for 48 h. Thereafter a solution 

of 0.01 M NaOH was slowly added until neutralized. The IEC (in mmol/g), was then calculated 

according to: 

ܥܧܫ ൌ
஼௢௡௦௨௠௘ௗ	ே௔ைு	௦௢௟௨௧௜௢௡	∗	ே௔ைு	௖௢௡௖௘௡௧௥௔௧௜௢௡

ெ௘௠௕௥௔௡௘	௪௘௜௚௛௧
  .    (S1) 

 



Fig. S1. 
TGO* lo

 

Fig. S2. 
visibly d

 

 

Images dep
ooked identi

Pieces of m
dispersed wh

picting respe
cal (visually

membranes 
hile F‐TGO a

ective disper
y).  

stored  for 
and SF‐TGO 

rsions (0.5 m

three  (3) d
remained s

mg ml‐1) and

days  in neut
table. TGO*

d resulting m

tral water. H
* had identi

membranes

HGO and T
ical behavio

 

s. TGO and 

TGO slowly 
or as TGO. 



 

Table S1
the mem

H

9 

 

Table S2
(H2O)DI a

H

10.9

 

Fig. S3. 
by first e
a  tweez
radius  o
breakag
“handle

1. Average 
mbrane. The

HGO 

μm 

2. 2θ Positi
are shown in

HGO 

9 (6.0) 

Estimation 
encapsulati
zer until bre
of  ~0.9  mm
ge as shown
ability” was

thicknesses
e variation f

TGO

9 μm

ions of  the 
n parenthes

TGO

10.9 (6

of the bend
ng them wi
eakage  coul
m  whereas 
n in the ima
s clearly imp

s as measur
for all memb

O 

m 

C(002)  refl
sis.  

O 

6.1) 

d radius of
ith thin pape
ld be obser
F‐TGO  cou

age of the un
proved as a 

red by a dig
branes was 

TGO* 

7 μm 

lections. The

TGO* 

11.2 (5.5)

dry 1 cm w
er (baking p
rved. For TG
uld  be  com
nfolded stri
result of flu

ital microm
about +/‐ 2

e position w

) 1

wide strips of
paper) while
GO, breakag
mpletely  fol
ip. Thus, the
uorination. 

meter tool at
2 μm.  

F-TGO 

9 μm 

when memb

F-TGO 

10.3 (6.0) 

of TGO (top)
e slowly red
ge was  first
lded  with  t
e flexibility a

t various loc

SF-

8

branes are 

SF-

10.8

 

) and F‐TGO
ducing the ra
t observed 
the  tweeze
and conseq

cations on 

F-TGO 

8 μm 

soaked  in 

F-TGO 

8 (6.1) 

O (bottom) 
adius with 
at a bend 
er  without 
uently the 



Fig.  S4. 
perforat
oxidized

Table  S
given by

 

C 1s 

C 1s 

C 1s 

C 1s 

C 1s 

F 1s 

S 2p 3/2 

S 2p 3/2 

C/O rati

TEM  imag
ted  flakes  s
d. 

S3.  Summar
y the C 1s, F 

Binding

Energy 

[eV] 

283,8 

285,0 

287,0 

288,4 

289,1 

686,5 

168,2 

169,5 

io - 

ges  compari
such  as  in 

ry  of  X‐ray 
F 1s and S 2p

g HGO 

[at. %]

2,99 

21,76 

37,64 

3,51 

2,56 

- 

0,17 

0,15 

2.2 

ing  a  TGO*
the  presen

photoelect
p core‐level 

 

TGO* 

[at. %]

3,39 

16,35 

35,44 

3,93 

4,05 

- 

0,22 

0,09 

1.7 

*  and  TGO  f
nted  image

tron  spectro
regions.  

TGO 

[at. %] 

6,54 

15,54 

37,11 

4,82 

2,04 

- 

0,16 

0,28 

2.0 

flake.  TGO
e,  possibly  i

oscopy  data

F-TGO 

[at. %] 

S

[

3,24 4

15,90 1

40,34 3

3,97 3

3,51 1

0,53 0

0,13 0

0,09 -

2.1 2

*  typically 
indicating  t

a  including

SF-TGO 

[at. %] 

4,69 U

16,84 C

39,67 C

3,99 C

1,28 c

0,41 S

0,55 S

- P

H

2.1 -

 

showed  reg
that  TGO* 

  atomic  pe

Likely att

spec

Unidentified

C-CH, C=C

C-OH, epox

C=O 

carboxyl 

Semi-ionic F

SO3
- 

Protonated 

H2SO4) 

- 

gions with 
was  over 

ercentages 

tributed 

ies 

d 

 

xides 

F, HF 

(SO3H or 



Fig. S5. 
for all sa
despite 

Fig.  S6. 
trend sh

Raman spe
amples. The
the lower C/

Zeta  poten
hown are of 

. 

ectra (fitted
e methods s
C/O ratio as 

ntial measu
f a second or

d with a fou
sensitivity w
measured b

urements  of
rder polyno

ur‐peak mod
was not ade
by XPS.  

f  respective
mial best‐fi

del) showing
equate to se

e  dispersion
t. TGO* cou

 

g near‐iden
ee an increa

n. Outliers  a
uld not be m

ntical D/G ra
ased disorde

are  removed
measured.  

atio (~0.9) 
er in TGO* 

d  and  the 



Fig. S7. 
GDE  wa
fiberglas
(IV‐V). T
fiberglas
IX).  

 

 

 

MEA fabrica
as  placed  o
ss gasket (I‐
The N211 me
ss gasket (V

ation steps 
on  the  ano
‐III). Second
embrane co
VI‐VII) and fi

prior to rec
odic  flow  fi
d, The GO m
ould then be
finally assem

cording the p
ield  (curren
membrane w
e easily plac
mbled toget

polarization
nt  collector)
was fixated 
ced and fixa
her with the

n curves in F
)  and  fixate
with a thin 

ated with an
e cathode G

Fig. 6. First, 
ed  with  a 
silicon rubb

n additional 
GDE + flow f

 

the anode 
teflonized 
ber gasket 
teflonized 
fields (VIII‐



Fig.  S8. 
which th

Fig. S9. 
Fig. 6 an

Current  vs
he polarizat

Temporal e
nd Fig. S8. S

s.  time  curv
tion curves i

evolution of 
Stable OCP o

ves  (constan
n Fig. 6 was

the open cir
of a single N

nt  potentia
s recorded.

rcuit potent
N211 membr

l)  correspon

tial prior to 
rane was m

nding  to  th

respective d
measured to 

he  four  even

 

deactivation
0.957 V (gre

 

nts  (a)  on 

n shown in 
een line).  



Fig. S10
2 μm). I
in  partic
images c

0. SEM imag
Images wer
cularly  SF‐T
clear enoug

ges of as‐syn
re acquired 
TGO  caused
gh for detect

nthesized an
with an in c
d  imaging  a
tion of seve

nd used mem
chamber se
at  higher  re
ere disruptio

mbranes af
econdary ele
esolution  to
ons to the la

fter fuel cell 
ectron detec
o  be  proble
aminar fram

operation (
ctor. Chargi
ematic,  but
mework.  

(Scale bar: 
ing effects 
t  rendered 



Fig. S11
1  μm).  I
particula
clear en

. SEM imag
Images wer
arly SF‐TGO
ough for de

ges of as‐syn
re acquired 
O caused ima
etection of s

nthesized an
d with an  in
aging at hig
severe disrup

nd used mem
n  lens  secon
gher resolut
ptions to th

mbranes af
ndary electr
tion to be pr
e laminar fr

fter fuel cell 
ron detector
roblematic, 
ramework. 

operation (
r. Charging 
but render

 

(Scale bar: 
effects  in 

red images 


