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Abstract 

The photoemission electron microscopy and x-ray photoemission spectroscopy were utilized 
for the study of epitaxial graphene of silicon carbide treated with the anodization as a 
fundamental aspect of the oxygen evolution reaction (OER) on graphitic materials. The high 
resolution analysis of surface morphology and composition quantified the material 
transformation by means of oxygen functionalization and the role of graphene dimensionality 
in the course of OER. 
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1. Introduction 1 

Graphene, graphite and carbon nanotubes belong to the 2 
family of graphitic materials based on a framework of sp2 3 
carbon atoms, and they are employed for several applications 4 
in different research and industrial fields that involve catalysis 5 
[1-6]. In this context they are either used as a conductive 6 
support for a series of catalytic materials [7] or as metal-free 7 
active compounds [1, 8, 9]. The production of graphitic 8 
materials can be achieved by various methods such as 9 
chemical vapour deposition, exfoliation and thermal annealing 10 
[10, 11]. The latter is used to grow high-quality graphene 11 
layers on silicon carbide substrates which are referred as to 12 
Epitaxial Graphene (EG) because the layers are azimuthally-13 

ordered with respect to the substrate lattice [12]. EG exhibits 14 
exceptional electronic and structural properties and have been 15 
studied by several surface science techniques [12, 13]. 16 

In this work electrochemical processing has been 17 
conducted on EG. This approach is quite unusual [14, 15] 18 
because typically the electrochemical studies are made on bulk 19 
graphitic materials, e.g. multilayer graphene oxide, using large 20 
surface areas to maximize the active sites [16-21]. 21 
Unfortunately, such preparation methods induce a variety of 22 
defects and functionalities that are difficult to control [16] and 23 
make it problematic to identify the active electrochemical 24 
sites. Using EG for the electrochemical study solves this 25 
problem due to the relatively low-defect density of the surface. 26 
Moreover, advanced surface analytical tools, such as Photo 27 
Emission Electron Microscopy (PEEM) and X-ray 28 
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Photoelectron Spectroscopy (XPS), can be employed to 1 
investigate in detail the surface chemical and physical 2 
transformations due to the electrochemical treatments. 3 

Electrochemistry is also a powerful method to modify 4 
material properties. For example, it is well-known that 5 
graphitic materials are oxidation resistant and particularly 6 
strong conditions must be employed to produce defects on the 7 
basal planes [22-24]. In this work EG has been selectively 8 
anodized and oxygen-functionalized to shed light on its 9 
possible use as an OER catalyst. Indeed, this chemical reaction 10 
has been studied using graphitic materials either as a metal-11 
free catalyst, such as with carbon nanotubes [19] and C-N 12 
composites, or as a support for active species [25, 26], 13 
however it is still not clear how the carbon sp2 framework 14 
behaves and modifies during the reaction.  15 

Therefore, we decided to anodize EG layers, as EG is an 16 
ideal ultra-thin graphitic material and the anodization is a 17 
fundamental aspect of the OER. We analysed the samples by 18 
photoemission techniques, such as PEEM and XPS. 19 
UltraViolet-PEEM is sensitive to only few surface atoms and 20 
it is rarely employed for electrochemical studies but owing to 21 
the use of this technique we were able to study with 22 
unprecedented lateral resolution (<150 nm) the anodization 23 
effects on the surface.  24 

We performed PEEM and XPS for different degrees of 25 
anodization to understand the material changes. With the 26 
combination of both macro- and microscopic chemical data 27 
we obtained information about the mechanism of graphene 28 
fragmentation, diffusion pathways of oxygen moieties, the 29 
behaviour of multilayers and gas evolution effects. The 30 
surface analyses have been acquired on samples at different 31 
anodization stages. The very distinct sample conditions from 32 
wet electrochemistry to Ultra-High Vaccum (UHV) made it 33 
impratical to perform our measurements on the same sample 34 
for different anodization times, as has been performed in 35 
previous literature works using solid electrolites [27-29]. All 36 
of this information is crucial to the future use of carbon sp2 37 
materials for OER. 38 

2. Experimental section 39 

2.1 Samples and processes 40 

An Autolab type III potentiostat (Autolab, EcoChemie, 41 
Netherlands) was used for the electrochemical measurements. 42 
An Ag/AgCl electrode in 3 M KCl and a platinum wire were 43 
used as reference electrode and counter electrode, 44 
respectively, for all measurements. 45 

The samples of nominally monolayer EG on SiC (substrate 46 
area 7×7 mm2 and thickness 0.4 mm) and the electrochemical 47 
cell employed for the measurements have been obtained from 48 
Graphensic AB. Graphene was grown on the Si-face of the 49 
SiC substrates which typically yields a continuous coverage of 50 

more than 90% of monolayer graphene while the remainder is 51 
small patches of bilayer graphene [30].  52 

The monolayer and multilayer regions of EG on the sample 53 
were distinguished using reflectance mapping [31], and an 54 
example is shown in Supplementary Data Figure S3. The 55 
sample contains a high percentage of monolayer graphene (~ 56 
98 %) decorated with miniature islands of bilayer graphene 57 
which cover ~ 2 % of the surface. The laser power incident on 58 
the sample was ~17 mW when focused to a spot with a 59 
diameter of approximately 0.85 µm. 60 

The electrochemical cell consisted of a 300 µl cup with a 2 61 
mm diameter hole sealed with a Viton O-ring disk on the 62 
bottom. The EG sample was fixed under the hole with the O-63 
ring using screws on the lid. A dry contact to the EG was 64 
formed by an aluminum adhesive. The mounted sample was 65 
kept inside the cell during all electrochemical measurements 66 
in order to avoid sample drift. 67 

The EG electrode anodization was carried out in a 0.1 M 68 
KNO3 solution in a continuous pulsed mode with a 0.5 second 69 
oxidation pulse at 2 V followed by a 0.125 second reduction 70 
pulse at 0.1 V [14]. 71 

The OER study was performed by voltammetry in 1 M 72 
NaOH. 73 

2.2 Photoemission studies 74 

Photoemission studies were carried out at the Bristol 75 
NanoESCA facility, in two connected UHV chambers with a 76 
base pressure of 2×10-11 mbar. XPS was acquired with Al kα 77 
(1486.7 eV) monochromatic in a spot of few mm. The pass 78 
energy was set 50 eV for survey spectra and 6 eV for High 79 
Resolution (HR) data. Total energy resolution was about 300 80 
meV for the HR data. 81 

PEEM Work Function (WF) measurements were acquired 82 
close to the WF threshold with a non-monochromatic Hg lamp 83 
(≈5.2 eV). The pass energy was set to 50 eV and slit 0.5 mm 84 
obtaining a total energy resolution of 140 meV. The lateral 85 
resolution of the maps was better than 150 nm. The WF maps 86 
have been obtained by fitting with a “complementary error 87 
function” pixel by pixel the stack of snapshots at different E-88 
EF values around the WF threshold. The WF values have been 89 
corrected for the Schottky effect due to the high extractor 90 
field, ΔE =98 meV for 12 kV with a sample distance of 1.8 91 
mm.[32] 92 

3. Results and discussion 93 

3.1 Electrochemical measurements 94 

The impedance spectra acquired for pristine and anodized 95 
EG samples in an aqueous electrolyte showed a well-defined 96 
semicircle in a complex plane plot of the frequency-97 
normalized admittance (Figure 1, Table 1) from which the 98 
electrical double layer capacitance on the EG surface can be 99 
visualized. 100 



Table 1. The values of coverage calculated from reflectivity, electrical double layer capacitance estimated on different samples. Relative difference of 1 
capacitance has been calculated by averaging the capacitance calculated by the fitting by Circle (C) and Equivalent Circuit (EC). 2 

Sample 
Mono-, 

bilayer, 
% 

Con
dition 

Fitting 
Method, 

Circle (C) or 
Equivalent Circuit (EC) 

Specific 
capacitance, 

(µF*cm-2) 

Capacitance relative 
difference after anodization 

 
(∆ − ∆ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)/∆ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

Pristine 98.0 
~1.9 

Prist
ine C 15.61 / 

Anodized 
#1 

97.5 
2.5 

Prist
ine C 11.46 

0.42 Ano
dized, 
30 s 

C 15.61 

EC* 16.88 

Anodized 
#2 

96.5 
3.5 

 

Prist
ine C 14.33 

0.59 Ano
dized, 
430 s 

C 23.25 

EC* 22.29 

*See Supporting Note 1 in Supplementary Data. 3 
 4 

 5 
Figure 1. The increase of double layer capacitance by anodization. 6 

Impedance spectra in complex capacitance coordinates obtained for pristine 7 
() and anodized for 30 seconds EG (; 0.1 M KNO3, 0 V, 50 kHz – 1 Hz, 8 
5 mV amplitude); dashed curves represent spectra fitted with circle.  9 

 10 
The spectra obtained for the longer period of anodization 11 

were analyzed also with equivalent circuits [14] in order to 12 
take into account more complex impedance patterns. For the 13 
anodized samples, the variation in double layer capacitance 14 
estimated for pristine samples revealed an inverse correlation 15 
with the monolayer content (Figure S4), which can illustrate 16 
the increased contribution from the edges of the multilayers at 17 
high capacitance; evidence of this phenomenon is reported 18 
below in section 3.3 and 3.4. The anodization led to an 19 
expected increase of capacitance due to both the fracturing of 20 

the EG layer yielding the formation of reactive defect sites 21 
[14, 33] and the removal of contaminants from the EG surface. 22 
The relative change of the electrical double layer capacitance 23 
by anodization showed an inverse correlation with the 24 
monolayer content and non-monotonic evolution with 25 
increasing anodization time, which probably illustrates the 26 
complex contribution from multi-layered EG remaining 27 
unaffected by treatment [14]. 28 

The anodization process was investigated by voltammetry 29 
in alkaline media. The high anodic polarization displayed the 30 
appearance of an oxidative process illustrating the OER on 31 
EG, as shown in Figure 2. Importantly, the appearance of 32 
visible currents occurred at significant overpotential of ca. 1.4 33 
V, which is much higher than those reported for other OER 34 
catalysts [34]. The electrode sustained only a small current 35 
density of OER of 0.3 mA cm-2 visualized by the maintenance 36 
of current density on repeated cycle. The higher current 37 
density of 1.2 mA cm-2 reached by the increase in anodic 38 
polarization led to graphene degradation, evidenced by the 39 
decrease in the currents on repeated cycles. The Tafel slope of 40 
observed OER on graphene was 120 mV decade-1, which is 41 
reported for variety of mechanistic models of OER [34, 35]. 42 
Higher current densities revealed the appearance of smaller 43 
Tafel slope (90 mV decade-1). The peculiar decrease of Tafel 44 
slope with the current density increase shows the change of 45 
the rate-determining step of the process, which, probably, 46 
manifests in the graphene degradation that is observed. 47 
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 1 
Figure 2. Anodization due to OER on epitaxial graphene. The cyclic 2 

voltammograms were acquired on EG electrode with anodic limit increase 3 
(1M NaOH, 20 mV s-1). Inset: the IR-compensated polarization curve derived 4 
from the first voltammetry cycle in Tafel plot. 5 

 6 

3.2 XPS measurements 7 

The samples were annealed under UHV conditions before 8 
acquiring XPS and WF maps, to desorb from the surface 9 
adsorbed water and contaminants coming from the air 10 
exposure. This preparation step is necessary because of the 11 
extreme surface sensitivity of the PEEM acquisitions (few 12 
surface atoms). XPS surveys indicated that the only species 13 
present on the samples’ surfaces were oxygen, carbon and 14 
silicon demonstrating their cleanliness after the 15 
electrochemical treatment. It is well-know that annealing in a 16 
reducing atmosphere can modify oxygen-functionalized 17 
graphene [36]. To avoid not modifying the oxygen 18 
functionalities on the anodized layers, step annealing from 100 19 
°C to 500 °C in steps of 50 °C were carried out on a strongly 20 
anodized sample and the chemical composition of the surface 21 
was studied by XPS at each step. Heating up the sample to 22 
more than 250 °C resulted in a decrease in the oxygen 23 
functionalities of the layer, which is a result consistent with 24 
the reduction under UHV of graphene oxide samples [37]. The 25 
anodized samples #1 and #2 were subsequently heated up to 26 
150 °C for 45 minutes before the PEEM analysis, whereas the 27 
pristine sample had been heated up to 275 °C to remove as 28 
much of the contaminants as possible. 29 

Presented in Figure 3 are the XPS spectra of Carbon 1s 30 
photoemission lines, for the pristine sample and the two 31 
anodized samples. The C 1s photoemission lines have been 32 
deconvoluted into single chemically shifted components. For 33 
the pristine sample three main components at 283.8, 285.0 and 34 
286.0 eV are present which correspond to carbon in SiC, 35 
carbon in graphene and multilayer graphene and carbon in the 36 
buffer layer respectively [38]. In the pristine sample signals of 37 
C and Si bonded with oxygen are missing, indeed, the O 38 
photoemission line for this sample is barely detectable and this 39 
may be related to some macro impurities on the sample. 40 

 41 

 42 
Figure 3. Normalized XPS C 1s photoemission lines for pristine and 43 

anodized samples #1 and #2. The photoemission lines are deconvoluted in 44 
single chemically shifted components. The red, black dashed line are for the 45 
total fit and the Shirley background respectively. The raw data are represented 46 
by black circles marks. The purple, grey, orange, light green and dark green 47 
are for C in SiC, C hybridized sp2, C in buffer layer, C single bonded with 48 
oxygen and amorphous C respectively. 49 

 50 
After the anodization the Si 2p (Figure S5) and C 1s 51 

photoemission lines shift towards low Binding Energies 52 
(BEs). This phenomenon has been reported in the literature 53 
and is associated with the decoupling of the graphene layer 54 
from the SiC substrate and therefore a change of band bending 55 
due to a modification of interfacial charges. It has been 56 
observed for the intercalation of hydrogen [39] water [40] and 57 
oxygen [41] for graphene on SiC. In our experiment, the shift 58 
of the photoemission lines is about 0.16 eV, which is lower 59 
than the one measured for graphene on SiC decoupled with 60 
oxygen [41]. However, the process reported here is complex; 61 
the films undergo both a physical and chemical 62 
transformation, as is made visible by the WF maps reported 63 
later, and in contrast to previous work where intercalating 64 
agents were presumed to only saturate the dangling bonds of 65 
the substrate. Indeed, we do not observe a rigid shift of the 66 
lines [39-41] but a deep transformation of the spectra. We 67 
therefore decided to perform a careful deconvolution into 68 
single chemically shifted components of the C 1s 69 
photoemission lines.  70 

To perform a consistent fitting the spectra of C 1s, Si 2p 71 
and O 1s they have been normalized by the total area of C 1s. 72 
The anodized samples have very similar oxygen contents 73 
(Figure S5) even if #2 has been electrochemically processed 74 
for a longer time. This phenomenon can be due to the 75 
continuous redistribution of oxygen moieties on the surface, 76 
see discussion in section 3.4.  77 

 78 



 79 

Figure 4. EG PEEM analysis. On the left the WF map on the centre and right the snapshots acquired at E-EF= 4.12 and 4.90 eV. 80 
 81 
The difference between the anodized samples #1 and #2 is 82 

made clearer by noting the decrease of the Si 2p lines (Figure 83 
S3), which can be explained by the drastic change in the 84 
morphology of the layers visible in the WF maps reported 85 
later, due to the rippling of anodized layers.  86 

The deconvolution into single chemically shifted 87 
components for the anodized layers is more difficult to 88 
achieve due to their broader features with respect to the 89 
pristine sample. To position the carbon in SiC components for 90 
the anodized spectra, the component at 283.8 eV of the pristine 91 
sample have been shifted by 0.16 eV and normalized 92 
according to the Si 2p lines. In the anodized layers the C in 93 
SiC component are about 15% larger in full width half 94 
maximum with respect to the pristine sample, which we 95 
attribute to the more complex interface between the substrate 96 
and the graphene layers after the anodization. We add to the 97 
anodized spectra, peaks for C sp2 shifted to low BEs of 0.16 98 
eV and larger of 15 % simulating a similar shift and 99 
broadening of the components of C in SiC. The sp2 carbon 100 
peak in the anodized layers is related both to the multilayers 101 
and to the sp2 patches of the single layer that are still intact 102 
after anodization. The buffer layer component has not been 103 
replicated in the anodized spectra because a Raman 104 
investigation [14] after the anodization has revealed that the 105 
buffer layer features from about 1200 to 1600 cm-1 are 106 
strongly suppressed after anodization. 107 

To complete the fit of the anodized layers a component at 108 
286.5 eV has been added for the C-O bonds [37, 42] related to 109 
epoxy groups [23, 43], we can exclude the presence of C=O 110 
and COOH at higher BEs. The presence of a prevalent epoxy 111 
component is also confirmed by the O 1s BE at 532.3 eV [23] 112 
(Figure S5). The presence of epoxy groups on oxygen-treated 113 
graphitic material has been observed for atomic oxygen dosed 114 
under UHV conditions [23, 43], however it is uncommon to 115 
find such good selection of the oxygen species for a sample 116 
treated by wet chemistry, for example the oxidation of HOPG 117 
to create graphene oxides leads to several oxygen 118 

functionalizations including C=O and COOH [44]. This 119 
observation suggests that more oxidized species such as 120 
carbonyl and carboxyl groups are involved in the OER process 121 
[34]. The evidence of epoxy groups is also indicative of the 122 
fragmenting of the graphene layer due to the well-known 123 
oxidation mechanism which starts from the formation of 124 
chains of epoxy groups [45-47] that subsequently transform 125 
into C=O and break the continuity of the layer [48].  126 

Interestingly, after anodization there are no signs of Si-O 127 
bonds in the Si 2p spectra, this remarkable observation 128 
underlines how the anodization happens only on the graphitic 129 
layers. 130 

A further component at 284.2 eV has been added for the 131 
anodized sample. Because of its low BE it can be safely 132 
concluded that it is related to oxidized carbon, we therefore 133 
link it to amorphous carbon created by the anodization 134 
process. The loss of sp2 structure can be also related to the 135 
OER reaction of heavily oxidized moieties to form O2 and 136 
H2O, the carbon radicals can recombine in several ways and 137 
also cause the fragmenting of the graphene structure. 138 

3.3 PEEM and WF maps 139 

To achieve a microscopic view of the samples, WF maps 140 
have been acquired by PEEM. The WF map of pristine EG is 141 
reported in Figure 4 along with two snapshots at different E-142 
Ef values. Three different contrasts are detected in the WF 143 
map: the single layer, linear defective structures and 144 
multilayer graphene. The latter have been identified using the 145 
reflectance maps in Figure S3. From the WF histogram 146 
reported in Figure S6, the single layer graphene has a WF at 147 
4.21 eV and occupies 67 % of the surface. The linear 148 
structures, probably due to the imperfections in the SiC 149 
crystal, have a more complex morphology and its WF peak in 150 
the histogram is broader with respect to the single layer, its 151 
WF peak is centred at 4.24 eV and occupy 31 % of the surface.  152 



 153 

Figure 5. Anodized sample #1 PEEM analysis. On left the WF map, on the centre and right two snapshots acquired at E-EF= 4.72 and 4.90 eV. The red 154 
arrows indicate the direction of oxygen redistribution.155 
 156 

The multilayer regions at a higher WF of 4.31 eV occupies 157 
2 % of the surface in very good agreement with Table 1. 158 
Analysing the single snapshot acquired close to the WF 159 
threshold, it is possible to distinguish the sample terraces at E-160 
Ef=4.12 eV sometimes decorated with thin multilayers stripes, 161 
typical of EG on SiC Si-face [49]. Line profiles of the bottom 162 
part of image at E-Ef=4.12 eV reveal that the average width 163 
of the mutilayer stripes is 90 nm, the minimum we measured 164 
were 70 nm. The multilayer stripes and terraces extend for 165 
several microns. The single layer graphene terraces range in 166 
size from 250 to 410 nm. These finding are consistent with 167 
previous investigations [50] even if comparisions are difficult 168 
because the dimensions of the terraces and multilayers are 169 
strongly dependent onthe sample preparation. At E-Ef=4.90 170 
eV it is possible to distinguish easily the large multilayers as 171 
darker areas. 172 

After 30 seconds of anodization the WF map is very 173 
different, and PEEM results for the anodized sample #1 are 174 
reported in Figure 5. In Figure 5 the monolayer graphene can 175 
be distinguished in the snapshot at E-Ef=4.72 eV where the 176 
terrace lines are still visible. Line profiles acquired on the left 177 
part of the image confirm that these regions are about the same 178 
size as the one observed in Figure 4. The contrast is inverted, 179 
the multilayers, are brighter, are also large on average 120 nm 180 
and the single layer, darker regions, are wide from 290 to 520 181 
nm. In extent these features occupy roughly half of the images, 182 
about 7 µm. The monolayer is strongly affected by the 183 
anodization, its WF varies from 4.2 eV for the pristine sample 184 
to about 4.7 eV. Using the methods employed in the previous 185 
sample it is also possible to see the large multilayers as dark 186 
areas in the snapshot at (E-Ef) =4.90 eV and, interestingly, 187 
also bright areas are visible at this energy region differently 188 
from EG (Figure 4). 189 

The snapshots in Figure 5 help in interpreting the new 190 
morphology. In the snapshot at E-Ef=4.72 eV the bright 191 
features can be separated into bubble-like (white) and linear 192 
features (grey). The image at E-Ef=4.90 eV show the 193 

multilayer as darker areas and the bubble-like features are 194 
bright. Comparing these two images we can conclude that the 195 
bubble-like features are surrounded by the grey linear features. 196 
Notably it is recognisable that some of these features follow 197 
the direction of the terraces. The bubble-like features may be 198 
related to heavily oxidized species while the features that 199 
surround them, which have an intermediate WF (4.4-4.6 eV) 200 
from single layer (4.7 eV) and the bubble structures (4.2 eV), 201 
can be partially oxidized layers that are gradually transforming 202 
the single layer. Snapshots at bigger field of view in Figure S7 203 
confirm this hypothesis.  204 

For the anodized sample #1 the oxidation of the single layer 205 
was incomplete because the morphology investigation by 206 
PEEM indicates patches similar to the pristine sample, 207 
especially for the single layer with visible terraces, the clear 208 
difference in WF for a single layer graphene can be linked to 209 
the oxidation of the buffer layer that consequently decoupled 210 
the graphene, and confirmed also by a previous Raman 211 
spectroscopy investigation [14]. 212 

For the anodized sample #2 a different WF landscape is 213 
revealed, as shown in Figure 6. It is immediately apparent that 214 
the surface experienced another transformation. The areas of 215 
single layers with terraces disappeared and a rough 216 
morphology is visible all over the surface. With a snapshot 217 
taken at different E-EF two types of features are visible, small 218 
low WF particles and long linear features that occupy a greater 219 
part of the surface.  220 

The remnants of the single layer zones are visible as the 221 
areas with WF of about 4.6 eV, but they are percolated by 222 
linear structures of intermediate WF of about ≈4.4 eV. Like 223 
anodized sample #1, at E-Ef =4.90 eV these are visible as faint 224 
dark areas which correspond to multilayers. Interestingly, 225 
these areas are fuzzy on this image confirming that the 226 
multilayers’ edges are functionalized with oxygen and they 227 
contribute to the increase in film capacitance, see discussion 228 
above in section 3.1. 229 

Notably, the percolating structure is not completely 230 
isotropic, the features follow a direction, in this case 231 
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horizontal, which is most probably the direction of the crystal 1 
terraces. This means that the anodization creates ripples 2 
following the substrate direction probably triggered by the 3 
increase defect density and dangling bonds on the surface due 4 
to the step edges. The ripples can be the result of water 5 
splitting and the creation of O2 gas during the anodization. 6 

Interestingly, the quantity of low WF bright spots decreased 7 
strongly from the anodized sample #1 and #2. Because they 8 
are surrounded by high WF regions (≈4.6 eV), which we relate 9 
to previously pristine graphene, we think they are different 10 
from the bubble features of anodized sample #1. Indeed, from 11 
the analysis of Figure 5 and S7, the bubble features are 12 
considered the starting point of the anodization which spreads  13 

 14 

Figure 6. Anodized sample #2 PEEM analysis. On left the WF map, on the centre and right two snapshots acquired at E-EF= 4.38 and 4.90 eV. 15 
 16 
towards the single layer regions whereas after a long 17 

anodization time are surrounded by single layer graphene.  18 
PEEM acquisition of anodized sample #2 shows strong 19 

differences in comparison with anodized sample #1, however 20 
the C 1s and O 1s photoemission lines are quite similar and 21 
the quantity of oxygen does not drastically increase with the 22 
anodization time. We attribute this apparent discrepancy of the 23 
two techniques to multistage transformation of the layer 24 
during the anodization process. As mentioned above in section 25 
3.2, the Si 2p intensity reduction from the two anodized layers 26 
is due to substrate signal attenuation of three-dimensional 27 
features that dominated the surface of the anodized sample #2.   28 

3.4 Anodization pathway 29 

In the first stage of the anodization the buffer layer and 30 
single layer graphene are oxidized mildly, O2

-/OH- species 31 
diffuse underneath EG and decouple the whole graphitic 32 
structure from the SiC substrate, see shift to low BEs in Figure 33 
3. The buffer layer is the first to react because of its increased 34 
number of defects and dangling bonds [51] especially in the 35 
vast regions where there are linear defective structures (Figure 36 
4). On those linear structures the anodization process creates 37 
bubble-like features (Figure 5), which we related to 38 
fragmented and heavily oxidized graphene. These bubble-like 39 
features act as reservoir for oxygen for the anodization which 40 
expands towards the single layer regions exploiting the 41 
enhanced reactivity of the buffer layer and step edges [47], see 42 
arrows in Figure 5. 43 

In the second stage of the process, which still does not 44 
damage the substrate, the diffusion of the oxygen moieties is 45 

complete and single layer graphene acquires ripples and is 46 
partially amorphized. Consequently, there is no up-take of 47 
oxygen but just a redistribution on the surface. The inability to 48 
oxidized the large multilayer graphene [14] can be understood 49 
because the whole anodization process happens from the 50 
buffer and the single layer, leaving intact the large multilayer 51 
structures. However, after the anodization the multilayers 52 
images are fuzzier, see PEEM snapshot in Figure 6 with 53 
respect to the one in Figure 4. Indeed, fitting their edges with 54 
a sigmoid, we found that fitted full width at half maximum are 55 
about 140, 150 and 280 nm for Figure 4, Figure 5 and Figure 56 
6, respectively. We link this decrease in sharpness  to  edge 57 
oxidation and therefore they contribute to the increase in the 58 
capacitance (see Table 1 and Figure S4). We think that smaller 59 
multilayer stripes at terrace edges can be oxidized because 60 
they are located in areas with an abundance of dangling bonds 61 
that are probably the preferred pathway for the redistribution 62 
of oxygen moieties. Finally, we link the micrometric rippling, 63 
easily visible in Figure 6, after long anodization times, to the 64 
formation of O2(g) and H2O(l) that lift the anodized graphene 65 
due to the OER. 66 

4. Conclusion 67 

In this work the anodization process for EG has been 68 
studied by XPS and PEEM. Several fundamental observations 69 
can be drawn from the experiments which elucidate the 70 
chemical and physical transformation that EG undergoes 71 
during the electrochemical treatment. 72 

From the XPS, the main results are the decoupling of 73 
graphene by oxygen species [40, 41], which surprisingly do 74 
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not react significantly with the SiC substrate, and the selective 1 
functionalization of the layer by epoxy groups. The detection 2 
of epoxy groups confirms the well-known fragmenting 3 
graphene process [45-47], while the absence of carbonyl and 4 
carboxyl species can be explained by their OER reaction with 5 
water to form O2 [34]. Interestingly the amount of oxygen 6 
does not increase strongly with the anodization time, therefore 7 
we infer a diffusion and redistribution of oxygen moieties on 8 
the surface during the anodization. 9 
The innovative PEEM acquisitions on electrochemical treated 10 
samples, allow one to understand the dramatic physical 11 
transformation of the layers during the anodization process. 12 
After only 30 seconds the sample is observed to be strongly 13 
modified by the process, with islands of graphene still visible 14 
along with bubble features that we relate to heavily oxidized 15 
parts. From the WF maps and PEEM images the pathway of 16 
oxygen diffusion on the surface from the oxidized fragments 17 
to the single layer regions are revealed.For long anodization 18 
times the layer becomes strongly rippled because of the O2 19 
evolution. The large regions of multilayer graphene are found 20 
to be only marginally involved in the anodization, their 21 
oxidized edges contribute to the increase in capacitance.  22 

The combination of surface science techniques employed 23 
in this work has allowed the significant transformation that EG 24 
undergoes during the anodization to be understood. These 25 
results provide important information about graphitic 26 
materials for the OER showing that the layers are transformed 27 
due to the electrochemical conditions. 28 

The degradation of EG due to OER illustrates both the 29 
anodization mechanism of graphene and the fundamental 30 
obstacle towards the implementation of electrolytic 31 
technologies based on anodic water splitting. The significant 32 
overpotential of OER accompanied with a degradation of 33 
graphene as a key aspect of all graphitic materials and 34 
motivates the use of catalysts both to protect graphite current 35 
collectors and reduce the electrical energy cost for sustainable 36 
hydrogen economy. 37 
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