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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: 
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