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Figure S1: Electrochemical etching (e-etching) of graphene. CVs of transferred graphene 

during e-etching, cycle 1 and 20 are compared here. The potential is scanned in a range of -0.6 to 

+0.2 V (vs. Ag/AgCl) in 100 mM HCl. The inset shows the oxidation of Cu0 to Cu2+, which is 

monitored to confirm the removal of copper. The red arrow at -0.6 V indicates the decrease in 

the oxygen reduction current, which occurs due to the removal of the copper traces. See Iost, et 

al. 1 for further details. 
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Fig. S2. Raman spectra of CVD-grown graphene monolayer on a range of substrate materials, 

normalized to the 2D peak intensity on the corresponding substrate. From bottom to top, the 

substrates are Si/SiO2, Si/Si3N4, Al2O3 (c-plane sapphire) and gold (Au) surface. There is clear 

evidence of primary graphene peaks, G (1580 - 1587 cm-1) and 2D (2630 - 2640 cm-1) on all 

substrates. Additionally, the substrate peaks are also shown. The band between 930 and 

1025 cm-1 on both Si/SiO2 and Si/Si3N4 substrates is assigned to multiphonon scattering coming 

from the substrates. 2 The peaks 1374 and 1404 cm-1 on Al2O3 are also arising from the substrate 

itself. 3 In all cases, the D-peak (expected at 1320-1330 cm-1) intensity is negligible. Laser 

excitation wavelength, λexc = 633 nm for aquisition on all substrates.  

 

 



S4 
 

Fig. S3. The scan rate dependence of the redox probes before (black) and after (red) e-etching. 

The exploited redox probes are: a: 1 mM hexaammineruthenium, b: 100 μM ferrocence 

carboxylic acid, c: 1 mM hexachloroiridate, and d: 1 mM ferricyanide. All measurements were 

carried out in aqueous solutions containing 0.1 M KCl as supporting electrolyte.  
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Table S1: Values of diffusion coefficients used for the estimation of the heterogeneous ET rate 

constant k0 in table 1 in the main text using Nicholson 4 or Klingler & Kochi 5 methods.  

Redox Probe DLit (cm2/s) References 

a Ru(NH3)6
2+/3+ 7∙10-6 6-11 

b FcCOOH 4∙10-6 12-13 

c IrCl6
2-/3- 4∙10-6 10-11, 14 

d Fe(CN)6
3-/4- 6∙10-6 6-7, 11, 15-16 
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Fig. S4. The formal potential (E0’) as a function of the pH value and in dependence of the 

supporting substrate of graphene and for metal electrodes. a: 1 mM hexachloroiridate, b: 1 mM 

ferricanide, c: 100 μM hexaammineruthenium, and d: 1 mM ferrocene carboxylic acid. All 

measurements were carried out in three different buffers with a different pH value. For this plot, 

a scan rate of ν = 100 mV/s was used.  
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Fig. S5. The formal potential (E0’) as a function of the pH value and in dependence of the 

supporting substrate of graphene and for metal electrodes. a: 1 mM hexachloroiridate, b: 1 mM 

ferricanide, c: 100 μM hexaammineruthenium, and d: 1 mM ferrocene carboxylic acid. All 

measurements were carried out in three different buffers with a different pH value. For this plot, 

a scan rate of ν = 1 V/s was used.  
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Fig. S6. Peak-to-peak separation (ΔEpp) as a function of the pH value for graphene on various 

supporting substrates compared with metal electrodes. a: 1 mM hexachloroiridate, b: 1 mM 

ferricanide, c: 100 μM hexaammineruthenium, and d: 1 mM ferrocene carboxylic acid. All 

measurements were carried out in three different buffers with a different pH value. For this plot, 

a scan rate of ν = 100 mV/s was used.  
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Fig. S7. Peak-to-peak separation (ΔEpp) as a function of the pH value for graphene on various 

supporting substrates compared with metal electrodes. a: 1 mM hexachloroiridate, b: 1 mM 

ferricanide, c: 100 μM hexaammineruthenium, and d: 1 mM ferrocene carboxylic acid. All 

measurements were carried out in three different buffers with a different pH value. For this plot, 

a scan rate of ν = 1 V/s was used.  
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Fig. S8: Estimation of the surface charge distribution of graphene on Al2O3 using FET 

measurements. a: Dirac point as a function of pH. b: Estimation of the net surface charge at the 

GLI as a function of pH obtained by subtraction of VDirac at 250 mM (black line in a) from VDirac 

at 25 mM (red line in a).  
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Figure S9: Electrochemistry of Fe(CN)6
3-/4- at a graphene monolayer transferred with hBN as 

supporting layer. a: pH-dependent CVs of graphene with hBN on top of Si/SiO2 substrate. b: 

ΔEpp as a function of the scan rate in different pH.  
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Fig. S10. Electrochemical measurements of Au supported graphene in comparison to a Au 

electrode. The measurements were carried out in three different buffers with different pH 

values. a: CVs of 1 mM ferricyanide, b: scan rate dependence of ΔEpp, c: scan rate dependence 

of E0’. d: CVs of 100 μM hexaammineruthenium, e: scan rate dependence of ΔEpp, c: scan rate 

dependence of E0’. g: CVs of 1 mM ferrocene carboxylic acid, h: scan rate dependence of ΔEpp, 

i: scan rate dependence of E0’.  
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Table S2: The estimated apparent diffusion coefficients Dapp for the four redox probes in 

different buffer solutions. The electrochemical measurements were performed using a circular 

GC electrode with a diameter of d = 1 mm. The evaluation of Dapp was done exploiting the 

Randles-Sevcik relation.  

Redox probe Dapp (∙10-6 cm2/s) 

 pH=2.5 pH=4.3 pH=7.1 

Fe(CN)6
3- 6.9 6.3 4.5 

IrCl6
3- 2.7 3.2 2.6 

Ru(NH3)6
3+ 37 32 32 

FcCOOH 0.06 0.14 0.56 
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Figure S11. Comparison of XPS spectra measured on graphene on Si/SiO2 and on graphene 

on Pt on the same sample, showing a systematic shift of around 1 eV due to the charging of 

the graphene flake on Si/SiO2.  

 

 

  



S15 
 

 

Figure S12. Alternative fitting of the high resolution C 1s XPS spectrum of figure 8 with an 

additional forced Voigt component shifted by +1.5 eV with respect to the sp2 component. C1 

and C2 corresponds to sp2 and sp3 components respectively, while C3, whose area amounts to 

around 4%, may be attributed to oxygen containing groups (C-O) in epoxy or hydroxyl units. 

Contributions from C=O can be excluded (within the detection limit) from the experimental 

data since there is no intensity at higher BEs (> 1.5 eV from the sp2 peak). It could be argued 

that the C3 component is probably due to species such as C-OH. If this were true, we should 

see a much stronger pH dependence of the ET rates (by several orders of magnitude), due to 

the deprotonation of the hydroxyl group. Hence, we believe that the estimated actual density of 

0.5% (see main text) of such ionizable species (participating in the interactions with the redox 

species) is much lower than 4% in our graphene samples. Another possible explanation is that 

the samples were brought to vacuum after long air exposure, and so the 4% may be due to 

ambient oxygen and carbon containing contaminants physisorbed on the sample before the XPS 

measurements, but possibly not present during the electrochemical measurements. 

Taken together, the origin of the pH dependence of electron transfer may be due to trace 

amounts of ionizable groups, whose density is below the detection limit of XPS. 

 

 

 

  



S16 
 

 

Figure S13: Simulation of the CVs using the conditions of figure 4 and the extracted rate 

constants (table 2) corresponding to Fe(CN)6
3-/4-. The following parameters were used: 

E0’ = 0.268 V, α = 0.45, Dapp = 6.9∙10-6 cm2/s (red), Dapp = 6.3∙10-6 cm2/s (green), 

Dapp = 4.5∙10-6 cm2/s (blue), cOx = 1 mM and k0 as indicated in the legend. Adsorption, double 

layer and electrostatic effects were not included. The simulation was done using R and is based 

on Brown. 17 

It is apparent here that with decreasing k0 values (corresponding to decreasing ET rates in 

solutions of increasing pH), an increase in ΔEpp , broadening of the waveshapes and reduction 

in the peak currents are observable, consistent with the trends observed in the experimental 

data. However, the magnitude of changes observed in the experimental CVs is higher. We 

conclude that this difference between the simulated and the experimental data comes from 

neglecting the electrostatic interactions and double layer effects in the simulation of the CVs.  
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