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ABSTRACT: In many applications such as vanadium flow
batteries, graphite acts as an electrocatalyst and its surface
structure therefore determines the efficiency of energy conversion.
Due to the heterogeneity of the material, activity descriptors
cannot always be evaluated with certainty because the introduction
of defects is accompanied by a change in surface chemistry.
Moreover, surface defects occur in multiple dimensions, and their
occurrence and influence on catalysis must be separated. In this
work, we have studied the surface of graphite felt electrodes by
different methods in terms of morphology and chemistry to
understand the electrocatalytic activity. We then defined the
interaction between the surface and the electronic structure with
particular emphasis on the work function and valence band. Using
model catalysts with different architectures, we established correlations between the electrocatalytic activity and the size of the
conjugation and the orientation of the edges. Finally, it was possible to link the level of the work function to the electrocatalytic
activity.

KEYWORDS: graphite electrode, vanadium redox reaction, electronic structure, work function, edge sites, surface defects,
photoelectron spectroscopy, activity descriptor

1. INTRODUCTION

Carbonaceous electrodes are becoming increasingly popular
for electrochemical energy storage and conversion devices such
as batteries, supercapacitors, and fuel cells.1−3 In graphitic
materials, the surface structure determines the electrocatalytic
properties and thus the efficiency of conversion from electrical
to chemical energy and vice versa. Surface defects such as edge
sites have been shown to provide faster kinetics for redox
reactions in general and for vanadium redox reactions in
particular.4−7 The reactivity of the less reactive basal layer can
be adjusted by thermal or chemical treatments.8,9 The
consequences of these activations are studied by spectroscopic
or microscopic techniques to draw conclusions about the
interplay between physicochemical properties and electro-
chemical activity. Due to the complicated interactions between
morphology, surface chemistry, or microstructure, conclusions
in the literature diverge, making it difficult to find common
activity descriptors.10 Especially, with respect to the multitude
of dimensions and geometries, the electrocatalytic role of
various graphite defects should be explored. Complexity
increases as one moves from model systems to heterogeneous,
three-dimensional electrodes. However, a thorough under-
standing of these materials is necessary to advance the
development of systems that rely on their use. An illustrative
example is the graphite felt (GF) in vanadium flow batteries

(VFBs). The integration of surface defects such as edge sites
has been shown to be a reliable way to improve its activity
toward the vanadium redox couples.5,11,12 Chemical stability
and electrical conductivity of the material are preserved, while
ions in the electrolyte find reaction sites with lower adsorption
barriers.13,14 However, these edges occur in zigzag and
armchair configurations, which must be understood in terms
of their electrocatalytic activity in order to benefit from their
different physical and chemical properties.
The importance of the structural properties for electro-

chemical processes shall be illustrated by describing the
interface between graphite and the vanadium-containing
electrolyte (Figure 1). At the surface of an immersed electrode,
the so-called electrochemical double-layer forms.15 While the
energy of the Fermi level (EF) would theoretically match the
equilibrium redox state of the solution, the arrangement of
molecules in the double layer creates a potential barrier, which
must be overcome for successful charge transfer. The total
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number of electron donor or acceptor levels of the electrolyte
which are accessible to graphite (horizontal gray lines in Figure
1) could thus be increased by shifting the valence band
maximum (VBM) upward, which is for instance achieved by
doping.16−18 A different strategy seems appropriate as well: If
the vacuum energy (EVac) is defined as zero, a lower work

function (WF, φ = EVac − EF) brings EF closer to the redox
potential of the electrolyte. This was proven to be possible for
metals such as copper to improve its charge transfer properties
for electrocatalytic CO2 reduction.19 However, experimental
results on the influence of the WF vary and therefore cannot be
readily extrapolated from one system to another. One study for
Au−Ag alloys suggests more efficient CO2 reduction by
increasing the WF, while another work claims the opposite for
silver electrodes.20,21 For nitrogen-doped carbon electrodes
used in the oxygen reduction reaction, a lower WF has been
found to be beneficial.22 Similarly, an increased WF of carbon
due to surface oxidation was associated with the deactivation of
Fe−N−C catalysts.23 Using graphite, the edge orientation
(zigzag or armchair) plays an important role for its catalytic
and electronic properties.24,25 However, the relationship
between activity, electronic structure, and morphology of
graphite is far from sufficiently understood to define common
activity descriptors.
Herein, we investigated a pristine and activated GF for the

VVO2
+/VIVO2+ redox reaction to elaborate the correlation

between electrocatalytic activity, physicochemical properties,
and the electronic structure by combining results from half-cell
electrochemistry, scanning electron microscopy (SEM), X-ray
and UV photoelectron spectroscopy (XPS and UPS), as well as

Figure 1. Schematic depiction of the graphite−electrolyte interface.

Figure 2. Electrochemical and structural characterization of GF. (a) CV in the positive half-cell, displaying ΔE between the VVO2
+/VIVO2+ redox

peaks. (b) EIS at an applied potential to assess RCT. (c−e) High-magnification SEM images showing the morphology of (c) GF, (d) GF-H2, and
(e) GF-TA. (f−h) Raman spectra, illustrating (f) an exemplary deconvolution of the characteristic vibrational features of the GF; (g) each felt
stacked for comparison, and (h) results of the deconvolution.
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Raman and reflection electron energy loss spectroscopy
(REELS). Argon ion bombardment on highly-oriented
pyrolytic graphite (HOPG) was considered as a possible
model to find the interactions between graphitic defects and
the electronic structure. Finally, we used polycyclic aromatic
hydrocarbons (PAHs) attached to graphene to observe
structural and electrochemical changes associated with the
architecture of carbon edge sites.

2. RESULTS AND DISCUSSION

Two activation procedures were used to compare felt
electrodes that differed in their electrocatalytic activity and
structural properties. First, a deoxygenation process using a
mixture of argon and H2 gas was employed to purify the
surface of oxygen (GF-H2).

26 Second, a thermally activated
sample oxidized in air (GF-TA) was chosen to consider a
conventional treatment relevant to the industrial scale. As the
first step, the electrocatalytic activity for the vanadium
oxidation was evaluated in electrochemical half-cell experi-
ments. In this work, we focused on the VVO2

+/VIVO2+ reaction
as an example because it is kinetically sluggish and in general
harder to facilitate. Furthermore, lots of contradicting results
on the relationship between activity, surface chemistry, and
structural properties exist, which makes resolving the relevant
properties of the electronic structure more relevant. It should
be mentioned that the relevant parameters obtained for the
oxidation of vanadium species in the positive half-cell do not
necessarily correspond to those driving reductive reactions in a
VFB such as the VIII/VII reduction reaction in the negative
half-cell.
To describe the activity of an electrode, the peak potential

separation (ΔE) can be determined by cyclic voltammetry
(CV) and the charge transfer resistance (RCT) by electro-
chemical impedance spectroscopy (EIS). It was found that the
ΔE decreased from 230 (GF) to 140 (GF-H2) to 100 mV
(GF-TA) after activation (Figure 2a). Correspondingly, the
RCT decreased from 22 to 3 to 1 Ω in the same order (Figure
2b). This demonstrated that both activation methods increased

the electrocatalytic activity of GF but thermal oxidation did so
to a greater extent.
To explain the differences in electrocatalytic activity, the

physicochemical properties of the felts were studied. Structural
defects and morphological changes on the microscale resulting
from the treatments were visualized by SEM. Figure 2c−e
shows that the smooth surface of the GF was preserved after
deoxygenation, but additional pores were created by thermal
activation. While the total surface area of GF-TA (3.41 m2 g−1)
is larger than those of the GF (0.64 m2 g−1) and GF-H2 (0.69
m2 g−1), it should be noted that in a previous study, we found
that the active surface area normalized to the electrochemical
double layer is higher for the latter due to a higher density of
defects.26

A deeper investigation down to the nanoscale was achieved
by Raman spectroscopy (Figure 2f−h). The additional
presence of defects on GF-H2 was detected by evaluating the
intensity ratio of the D and G bands in the spectra.27 The
graphite-related G-band at ∼1560 cm−1 results from the in-
plane stretching of CC bonds, while the disorder-induced D-
band at ∼1330 cm−1 occurs from the breathing of C6 rings.

28,29

The I(D)/I(G) ratio increased from 2.00 (GF) to 2.25 (GF-
H2) to 2.65 (GF-TA), indicating that both activation methods
introduced additional defects, but thermal activation yielded
more disorder. In addition, the half-width of the D-band
increased from 49 to 57 cm−1 for GF-TA, which can be
attributed to the increased number of defects.
The chemical composition studied by XPS showed surfaces

consisting of carbon and oxygen only (Figure S1). No oxygen
was present on GF-H2 due to the deoxygenation process. The
oxygen concentration decreased after thermal oxidation from
6.0 at % on the GF to 4.5 at % on GF-TA, which can be
attributed to the removal of the atmospherically oxidized upper
graphite layer, exposing an underlying, less oxidized layer. This
is consistent with our previous study on surface oxygenation of
GF, which showed that surface oxygen has a detrimental effect,
if any, on catalytic activity. To quantitatively describe the
degree of graphitization of a carbonaceous sample, the D-

Figure 3. Electronic structure of the GF. (a) Integrity of the π-conjugated system analyzed by the π−π* transition using REELS; (b) electronic
density of states below EF probed by UPS. (c) At an applied external bias, the cutoff energy of the valence electrons yields the WF. (d) Detailed
investigation of the threshold energies close to EF to determine the VBM. (e) By combining the information retrieved from UPS, an electronic band
diagram is constructed.
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parameter, evaluated in the first-derivative of the C KLL Auger
region, can be used. It shows values of ∼13 eV for diamond
(sp3) and up to 24 eV for graphite (sp2).30 In our case, the D-
parameter of GF (22 eV) was increased after deoxygenation
(23 eV) and decreased for GF-TA (21 eV). Accordingly,
deconvolution of the C 1s spectra revealed that the sp2 content
increased for GF-H2 (81 to 88 at %) and decreased after
thermal activation (to 79 at %). This agreed well with the
disorder characterized above by SEM and Raman spectroscopy
and demonstrates that the I(D)/I(G) ratio is a reliable tool to
understand the catalytic activity of the GF.
Another method to study the integrity of the graphite

structure, especially the upper surface layers, is REELS. A beam
of electrons with a certain energy are scattered on the surface
of the sample. Most of the electrons are scattered elastically,
but a small fraction transfers energy to the system by exciting
internal energetic transitions. In graphitic materials such as
HOPG, a well-defined π−π* transition can be observed at 6.6
eV (Figure S2). The relative intensity and position of the loss
feature characterize the graphitic degree, as demonstrated by
argon ion bombardment: The inelastic scattering feature
weakened and shifted to lower energy loss values. A higher
degree of graphitization for GF-H2 was therefore indicated by
REELS through the relative intensity of the π−π* transition, in
contrast to the low-intensity signal for GF-TA (Figure 3a).31

However, both samples showed a slight shift from 6.1 eV (GF)
to lower energy values of 6.0 (GF-H2) and 5.9 (GF-TA) due to
the damaging pretreatment.
To establish correlations between the previously evaluated

characteristics and the electronic structure, UPS was used to
study the density of states near the Fermi level. Compared to
XPS, which permits the emission of electrons from the first 10
nm of a sample, UPS is much more surface-sensitive,
penetrating only the first 2.5 nm due to the lower excitation
energy. Consequently, the electronic structure of the surface
can be evaluated with high resolution. For graphitic materials,
the range from 2 to 12 eV below EF is occupied by C 2p
electrons and >12 eV by C 2s electrons (Figure 3b).32,33 The
region of the C 2p orbital can be divided into two
contributions originating from 2p−π and 2p−σ electrons.
The density of states extends until EF where the π and π*
bands touch, characterizing graphite as a zero band-gap
semiconductor.34 For GF-H2, a strong 2s−σ signal at ∼13
eV was detected due to the higher graphitic degree of the
sample.35 In addition to differences in valence band occupation
which describe the electronic structure of the material, an
energy cutoff at higher binding energies can be used to
determine the WF. This value can be accurately evaluated with
a bias voltage applied to the specimen, increasing the slope of
the cutoff (Figure 3c). In addition, an energy threshold near EF
was used to define the VBM of the respective atomic orbital to
describe the energetic level at which the charge carriers are
located (Figure 3d).
The values of the electronic structure were used to draw a

schematic band diagram (Figure 3e), in which we define the
Fermi level as the reference point for the comparison of the
samples. Since we assume that underlying graphite layers,
which were not affected by the treatment, resemble the surface
of the untreated GF, we define an energetic passage between
the different materials at EF, as shown in the scheme. It is
observed that the WF decreased from 4.6 eV for the GF
through 4.4 eV for the more active GF-H2 to 4.2 eV for GF-
TA, which has the highest electrocatalytic activity. Moreover,

an inverse correlation between the WF and the degree of
disorder characterized by Raman spectroscopy can be
established: a lower WF corresponds to a higher I(D)/I(G)
ratio. The VBM of the 2p−π electrons slightly increased after
deoxygenation (1.5 to 1.6 eV), which we also observed in a
previous work.26 In contrast, the values for GF-TA remain
unchanged, indicating that the disorder introduced through
deoxygenation and thermal activation does not have a large
effect on the electronic structure in the valence band.
Charge accumulation was detected at the interface between

the untreated felt and the deoxygenated surface by a shifted C
1s signal (+0.1 eV). In our drawing, this is sketched as a
downward band bending behavior typically known from
semiconductors. Since GF and GF-H2 both exhibit the
properties of a semiconductor and we have defined GF to
resemble the bulk beneath the modified surface layers, two
semiconducting materials touch at the interface between the
surface and bulk. We attribute this bending to a lower electrical
conductivity in the direction perpendicular to the surface, in
which the graphene layers are arranged, due to their higher
degree of graphitization. To confirm that differences in the
electronic structure are mainly linked to structural disorder and
not the concentration or presence of surface oxygen groups,
the thermally activated felt (GF-TA) was subjected to the
deoxygenation and analysis procedure (Figure S3). Only slight
changes were observed for deoxygenated GF-TA. The
treatment resulted in a further decrease of the WF and VBM
to 4.1 eV and 1.6 eV, respectively. In agreement with our
previous study on GF-TA, which showed that charge transfer
properties can be enhanced by the removal of surface oxygen,
this is further evidence that the WF and catalytic activity are
linked.26,36

To study the effects of disorder on the electronic structure in
more detail, HOPG was chosen as a model substrate. Initially,
the HOPG surface was contaminated by atmospheric oxidation
and thus exhibited oxygen (∼4 at %), a low D parameter (17
eV), and a reduced sp2 carbon content of ∼78 at % (Figure
S4). In the second step, the surface was cleaned with argon ion
clusters, which increased the D parameter to 24 eV and the sp2

content to ∼93 at %, as expected for an almost perfect
graphitic material. Subsequently, defects were introduced by
bombardment with monoatomic argon ions. This resulted in
an additional contribution in the C 1s spectra due to the
formation of carbon vacancies.37 At all three stages of the
substrate (untreated, cleaned, and etched), UPS was used to
follow the evolution of the electronic structure and sketch a
band diagram (Figures S2 and S5). Removal of oxygen and sp3

carbon resulted in a sharp drop in the WF from 4.9 to 4.2 eV.
However, this value was maintained after ion bombardment,
which illustrates that vacancies do not affect the level of the
WF. Instead, the VBM of the 2p−π electrons increased from
0.9 to 0 eV, indicating a metallic character for the damaged
HOPG. This highlights the different influences of various
defects on the electronic properties of graphite. Point defects
introduced by ion bombardment altered the VBM similar to
the introduction of additional charge carriers by doping. Argon
ions implanted in the material during ion bombardment
cannot be held responsible for the changes in the electronic
structure since at the time of the UPS measurements, the
volatile argon has already escaped through the defects into the
atmosphere. This is confirmed by the absence of argon-related
signals in the spectra after bombardment. The presence of
predominant edge defects on the GF is evident from previous
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studies in which we investigated the nature of disorder by
Raman spectroscopy and from the absence of an additional
peak in the C 1s spectra after the activation (Figure S1) that
would correspond to vacancies.26,36 The edge sites on GF-H2
and GF-TA, on the other hand, decrease the WF but leave the
valence band level unchanged.
The importance of edge sites for the electrocatalysis of

vanadium redox reactions is demonstrated by the CV curves of
pyrolytic graphite electrodes exposing either predominately
basal or edge planes (Figure 4a). For the HOPG electrode with
the edge site orientation, the VVO2

+/VIVO2+ oxidation wave
exhibited higher peak currents and was shifted to lower
potentials, confirming the higher reactivity of these regions
compared to the basal plane. However, since edge sites have
both armchair and zigzag configuration in real electrodes, their
individual contribution cannot be assessed by this measure-
ment. Therefore, we modified graphene with PAHs that differ
in their orientation and number of conjugated rings. We chose
two PAHs with armchairs, phenanthrene (P-G) and chrysene
(C-G), and two with zigzag edges, anthracene (A-G) and
tetracene (T-G), with three and four rings, respectively, to
account for the edge type and size effect. The successful
modification was observed by redox signals in a potential
region where graphene otherwise shows no Faradaic current
response (Figure 4b).
The modified graphene powders were then used to evaluate

their electrocatalytic activity (Figure 4c,d). In the CV curves,
pure graphene shows two oxidation peaks. We assume that
these signals do either correspond to the basal plane (1.49 V)
and the more active edges (1.11 V) of its finite platelets similar
to the observations on pyrolytic graphite, or they arise due to
two edge-related carbon atoms: There could be an electro-
chemical difference between sp2- and sp3-bound carbon at the

edge of one C6 ring and between two conjugated rings. The
electrocatalytic activity increased for all PAH-modified electro-
des, evidenced by a shift of both oxidation signals to lower
potentials. However, differences were observed for the onset
and peak potential of the oxidation, as well as in the maximum
peak current. A larger π-conjugated system in the form of four
conjugated rings shows a more defined first signal (C-G and T-
G), while for the three-ring PAHs, the two peaks almost merge.
Comparing the armchair (C-G) to zigzag edges (T-G) with
four rings, the onset potential decreases from 0.84 to 0.81 V,
the first peak potential increases from 0.96 to 1.94 V, and its
peak current increases from 5.7 to 7.5 mA cm−2. These results
highlight two important findings: first, the role of edge
geometry, with zigzag edges being superior to armchair edges,
and second, the importance of π-conjugation, showing that
larger graphitic systems can use their edges more effectively.
We then investigated the structural and electronic properties

of the modified powders to find a descriptor for the differences
in activity. Raman spectroscopy revealed no discernible
differences between the samples (Figure S6), which can be
attributed to the strong signal contribution of the underlying
graphene. In contrast, due to the high surface sensitivity of
REELS and UPS, the changes in the electronic properties
could be well observed. To establish meaningful correlations,
the least and most reactive PAHs, P-G and T-G, were analyzed
in detail and compared with the original graphene. We first
made sure that the chemical composition of the surface
remained almost unchanged after modification. Only T-G
showed a slight increase in the oxygen content, which can be
attributed to the higher chemical reactivity of the zigzag edges
(Figure S7).38 However, as demonstrated, even the surface
oxygen contents of >4 at % did not significantly affect the
results of the electronic structure analysis. As for GF-H2,

Figure 4. Electrochemical characterization of carbon edge sites in the 0.1 M VIVO2+/2 M H2SO4 electrolyte. (a) Comparison of the basal and edge
plane of pyrolytic graphite; (b) current response in the double-layer region, and (c,d) electrocatalytic activity of (c) armchair and (d) zigzag-edge
site PAH-modified graphene.
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charge accumulation at the interface between graphene and
PAH is evidenced by a slight shift in the sp2 carbon peak in the
C 1s spectra (+0.2 eV), which could be attributed to the
electrically insulating property of the PAH. The π−π*
transition recorded by REELS was more pronounced in P-G
because a layer of fully π-conjugated electrons has been added
by the armchair ribbons (Figure 5a). In contrast, the transition
peak of T-G decreased due to the perturbation of the system,
forming π-radicals responsible for the higher chemical
reactivity of the zigzag edges.39

Graphene showed a strong contribution of 2s−σ electrons in
the UPS spectra, which was drastically reduced after
modification with nongraphitic PAH (Figure 5b). Again, the
WF and VBM were extracted from the UPS spectra by careful
examination of the cutoff energy at applied bias and the region
near the Fermi level (Figure 5c,d). In the band diagram in
Figure 5e, it is seen that the WF of graphene is the same as that
of cleaned HOPG (4.2 eV), but it is significantly reduced by
the attached PAHs. Charge accumulation at the interface of
graphene and PAH was again sketched as band bending
behavior. Armchair edges have a semiconducting, and zigzag
edges have a metallic character.40 This explains why the VBM
reduced for P-G (from 1.8 to 2.1 eV); however, it did not
further increase for T-G.40−42 Again, the electrocatalytic
activity of the materials corresponds well to their respective
WF levels, reconfirming the importance of this parameter
previously derived from the analysis of the modified GF
electrodes. The WF is reduced by the additional armchair
edges of the P-G (4.0 eV) but even more by the zigzag edges of
the highly active T-G (3.8 eV). In summary, our results show a
clear correlation between the electronic structure, micro-
structure, and electrocatalytic activity and prove that the
decrease of the work function, which can be achieved by the
introduction of (preferably zigzag) edge sites, effectively
increases the electrocatalytic activity of graphite.

3. CONCLUSIONS
Pristine, thermally activated, and deoxygenated GF electrodes
were studied to investigate the correlation between catalytic

activity and structural and electronic properties. Morphological
defects, such as edge sites, form the basis for successful charge
transfer in the vanadium oxidation occurring in flow batteries.
These defects were investigated by Raman spectroscopy and
SEM to establish a correlation between the catalytic activity
and the microstructure. By examining the electronic structure
using UPS, we found that the catalytic activity correlates with
the WF level of the material. Argon bombardment of HOPG
showed that point defects do not affect the WF but instead
increase the electron density near the Fermi level. PAHs
exhibiting armchair and zigzag edges were used to investigate
the importance of edge site configuration in catalytic activity
and the electronic structure. The zigzag edges, which required
the lowest overvoltage and provided the highest current
densities for the oxidation of VIVO2+ to VVO2

+, also showed the
lowest WF. These results clearly demonstrate the dependencies
between structural, electronic, and electrochemical properties.
Conflicting results in the literature on the role of surface
chemistry for carbon-based electrodes could be addressed in
the future by additional investigation of the electronic
structure.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. Sheets of pristine PAN-based

and thermally activated GF (SGL Carbon, GFD 4.6) were cut
and cleaned by sonication in isopropanol and ultrapure Milli-Q
water (18.2 MΩ cm−1) for 10 min each, followed by drying at
80 °C. For deoxygenation, a previously proposed method was
used.26 The felts were heated in a gas-tight sealed quartz glass
tube at 980 °C for 3 h under argon. After cooling, a hydrogen
gas flow saturates dangling bonds and prevents oxidation.
Defect-free graphene (Dasheng Co. Ltd., China) was used as

a substrate to prepare model catalysts with armchair and zigzag
edge sites. PAHs phenanthrene, anthracene, chrysene, and
tetracene (all with a purity ≥ 99%) were obtained from Sigma-
Aldrich and used according to the literature.25 PAHs and
graphene were dispersed in dimethyl sulfoxide (DMSO) under
ultrasound and stirred overnight. The product was filtered,
washed with Milli-Q several times to remove excess PAHs and

Figure 5. Electronic structure of natural vs armchair vs zigzag carbon edge sites. (a) π−π* transition in REELS; (b) electronic density below EF,
probed by UPS. (c) At an applied external bias, the cutoff energy of the valence electrons yields the WF. (d) Detailed investigation of the threshold
energies close to EF. (e) Model of the electronic band diagram.
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DMSO, and dried at 80 °C. To form a dispersion for
electrochemical measurements, 4 mg of the product was
dispersed in a mixture of 390 μL of isopropanol and 10 μL of
Nafion solution (5 wt %, Sigma-Aldrich).
4.2. X-ray and Electron Spectroscopy. XPS, UPS, and

REELS were performed using an ESCALAB 250Xi spectrom-
eter (Thermo Fisher Scientific). The integrity of the
spectrometer was confirmed by measuring fresh argon-
sputtered gold as the reference. The Au 4f7/2 transition at
84.0 eV and the Fermi level located at 0 eV were used for
calibration. Furthermore, the WF (φ = 5.1 ± 0.1 eV) was
verified at each applied bias.
For XPS, monochromatic Al-Kα radiation (E = 1486.6 eV)

at a spot size of ∼650 μm was used. Survey spectra were
recorded with a pass energy of 200 eV and high-resolution
spectra with 50 eV. Two spots were measured on every sample
to rule out deviation. The Avantage software was used for data
acquisition and spectra deconvolution, applying Shirley
background correction by the implemented smart background
function. Single species were deconvoluted by Voigt profiles.
The asymmetry of sp2-hybridized carbon was assessed with a
tail mix of 80 to 90% and a tail exponent of 0.03 to 0.4. The
position of the residual components in the C 1s region was
restricted to the position of sp2 carbon and the full width at
half-maximum (fwhm) values to the sp3 carbon signal with a
tolerance of ±0.1 eV. The O 1s region was deconvoluted by
multiple peaks with 1 ± 0.1 eV distance, restricting the fwhm
by ±0.1 eV for all oxygen groups. For the investigation of the
D-parameter, the C KLL Auger region was scanned 100 times
with a pass energy of 100 eV and a step size of 0.5 eV. The D-
parameter was then determined by the distance between the
intensity maximum and minimum in a first-derivative plot. The
samples were treated inside the UHV by argon ion
bombardment. Mild surface cleaning was achieved by argon
clusters consisting of 300 atoms with an energy of 4 keV (∼13
eV/atom) for 60 s. Ion etching was conducted by monoatomic
sputtering at 3 keV for 60 s.
For UPS, a helium gas discharge lamp (E = 21.22 eV) was

used to generate photoelectrons in the valence band with high
resolution. The spectra were recorded with a pass energy of 2
eV and a step size of 0.1 eV. To determine the WF, a bias
voltage of 4 to 6 V was applied. By fitting the threshold close to
EF and the cutoff energy, the valence band maxima and the WF
were determined, respectively.
REELS was carried out at an electron source energy of 1

keV, scanning the elastic and the inelastic peaks with a pass
energy of 5 and 10 eV, respectively, at a step size of 0.02 eV.
To compare the pattern of multiple samples, the inelastic
signals were normalized to the intensity of the corresponding
elastic.
4.3. Raman Spectroscopy. The degree of disorder was

investigated by Raman spectroscopy, using a LabRAM HR
Evolution spectrometer (HORIBA scientific), equipped with a
HeNe laser (λ = 632.8 nm, E = 1.9876 eV). A 600 grooves
mm−1 grating along with a 50× magnification objective was
employed. On each sample, at least five spectra were averaged.
The CasaXPS software was used to apply a cubic spline
background and for spectra deconvolution. Absolute Lor-
entzian peak shapes were used for the D, G, and D′ band and
mixed Gaussian−Lorentzian for the residual features.
4.4. Scanning Electron Microscopy. The morphology of

the samples was investigated by field emission scanning

electron microscopy (FE-SEM, Merlin, Carl Zeiss) at an
acceleration voltage of 5 kV and a probe current of 250 pA.

4.5. Electrochemistry. As the electrolyte, 0.1 M VIVO2+

was prepared by dissolving VOSO4 powder (Alfa Aesar) in 2
M H2SO4 (Emsure). The electrocatalytic activity of the GF
was studied by CV and EIS in a custom-built three-electrode
cell connected to a potentiostat (VSP, BioLogic). Another GF
of at least 5 times the size was used as the counter electrode,
and Ag/AgCl stored in 3 M KCl (EAg/AgCl = 0.210 V vs the
reversible hydrogen electrode) as the reference electrode. Prior
to the experiments, the samples were centrifuged in the
electrolyte for 5 min at 800 rpm.
10 μL of the model catalyst dispersion was drop-coated on

PEEK-encased glassy carbon (ALS) and measured in a glass
vessel using the same reference specified above and a graphite
rod (redox.me) as the counter electrode. Prior to the coating,
the glassy carbon was polished on a cloth using an aluminum
suspension (Buehler, 0.5 μm) before being ultrasonically
cleaned in isopropanol and Milli-Q. Basal and edge plane-
exposed PEEK-encased pyrolytic graphite electrodes (ALS)
were further used. To ensure a fresh basal plane, the upper
layers were removed using conventional tape. The edge plane
was prepared by polishing.
Electrolyte-filled cells were freed from gas with argon. An

electrochemical surface conditioning step was performed to
remove loose surface adsorbates by scanning 20 times from 0
to 0.5 V vs Ag/AgCl with 100 mV s−1. CV measurements were
conducted at a scan rate of 1 mV s−1 for the GF and 10 mV s−1

for the model catalyst. The data of the GF was iR-corrected
according to the resistance of the electrolyte by performing EIS
at the open-circuit potential (Figure S8). Impedance spectra at
an applied potential (0.9 V vs Ag/AgCl) were recorded with a
voltage amplitude of 10 mV to assess the charge-transfer
resistance (RCT). Spectra were evaluated by the RelaxIS 3
software (rhd instruments), using the equivalent circuit
diagram displayed in Figure 2b. Two semicircles can be seen
in the impedance spectra, the small first one corresponding to
the interface between GF and the glassy carbon current
collector and the large second one corresponding to the
interface between the GF and the electrolyte, that is , the
charge transfer.
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