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The kinetic processes responsible for the efficient oxidation of
dissolved vanadyl oxide species in the positive half-cell of a
vanadium flow battery are far from being understood. Despite
recent evidence that the reaction is most strongly favored at
hydrogen-terminated graphite edge sites, a mechanism involv-
ing oxygen-containing surface groups has still been frequently
reproduced to date. In this work, operando Raman spectroscopy
follows the reaction at the interface between graphite-based
model electrodes and vanadium-containing sulfuric acid as the
electrolyte. The potential-dependent growth of different vibra-

tional modes is related to the electrocatalytic activity of the
sample and allows to track the oxidation of the electrolyte
species. Moreover, the results express vanadium reaction
intermediates of dimeric origin only on the edge-exposed
surface of graphite, which exhibits significantly higher electro-
chemical activity. No interaction with surface oxygen postulated
before could be observed for the active electrodes at potentials
relevant to the reaction. Instead, a new growing graphite-
related feature shows direct electronic interactions between
vanadium ions and carbon atoms during charge transfer.

Introduction

Contemporary electrochemistry seeks to use analytical tools
that allow the dynamic examination of reaction processes on
an electrode using operando techniques.[1–3] The difficulty is to
apply techniques that not only detect the bulk of a material
but also allow monitoring of changes in the underlying surface
structure, resulting reaction intermediates, or sorption proc-
esses. Raman spectroscopy is particularly suitable because it
uses visible light, is applicable at elevated temperatures or
pressures,[3–5] and provides strong signals for typical catalytically
active sites, such as molecular metal� oxygen vibrations[6] or
covalent carbon bonds. It therefore enjoys great popularity for
many electrochemical systems and has been used to study the
oxygen evolution reaction in metal oxides,[7,8] lithiation[9] and
sodiation[10] into carbon-based electrodes, or carbon dioxide
reduction on copper.[11,12]

In contrast, only one very recent study examined the
reaction mechanism for the oxidation of VIVO2+ to VVO2

+ on
carbon paper,[13] which comprises the kinetic bottleneck in the
positive half-cell of a vanadium flow battery.[14] On highly

oxidized electrodes, the reaction was reported to proceed via
the formation of vanadium dimers on oxygen functionalized
surfaces, complementing the originally proposed reaction
mechanism through C� O� V intermediates,[15] which has been
widely reproduced to date for a variety of carbon-based
electrodes, such as fibers,[16,17] paper,[18] and graphene.[19]

However, our previous results paint a different picture, showing
that hydrogen-terminated defects on the surface of graphite
provide much faster and more reliable charge transfer kinetics
for the vanadium redox reactions than oxygen-containing
functional groups.[20,21] The operando study mentioned above[13]

demonstrated the interaction of vanadium with surface oxygen
species by analyzing a small wavenumber range with relatively
low intensity between 700 to 1100 cm� 1. However, the finger-
print region below, which comprises many relevant
vanadium� oxygen vibrations[22] and the higher wavenumber
region that contains the important carbon-related modes,[23]

was not resolved.
This article reveals the oxidation kinetics of dissolved

vanadium ions on graphite electrodes. Using the widely studied
model materials graphene and highly ordered pyrolytic graph-
ite (HOPG), the differences of reaction kinetics were explicitly
investigated based on the structural and electrocatalytic
properties of the electrode. Variation of laser excitation energy
showed that adsorbents and reaction intermediates are
sensitive to the wavelength used and can only be detected
under optimized analytical conditions. The specific use of
modified electrodes allowed the detection of the buildup of
vanadium complexes directly at the interface between electro-
lyte and edge-exposed graphite, including electrolyte products
and reaction intermediates.
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Results and Discussion

Raman spectra of electrolyte and electrodes

Prior to a meaningful analysis of the spectra recorded under
operando conditions, we studied the dissolved vanadium oxide
species separately in sulfuric acid. A systematic analysis of the
characteristic scattering pattern of each component allows the
assignment of new signals for the identification of reaction
intermediates and products. Figure 1(a and b) shows the
electrolyte used on the positive side of a vanadium flow battery
in the uncharged and charged/oxidized states compared to the
salt and sulfuric acid used to prepare the solutions; Table 1 lists
the observed modes and their assignment. Strong signals
correspond to the symmetric stretching of HSO4

� (590 cm� 1

and 1050 cm� 1), and the total symmetric stretching of SO4
2�

(985 cm� 1). The weak asymmetric stretching of HSO4
� and its

overtone are located at 895 and 1085 cm� 1, respectively.[24–26]

Solid vanadyl sulfate shows three intense signals related
to symmetric stretching of V=O (1000 cm� 1), and the
symmetric and asymmetric S� O stretching of SO4

2� tetrahe-
dra at 1025 and 1115 cm� 1, respectively (Figure 1a). The
region from 610 to 680 cm� 1 has weakly observable peaks
associated with hydrated vanadium sulfate ions; features at

475 and 270 cm� 1 belong to the bending vibrations of
O� S� O and O� V� O bonds.[27] In its dissolved state, a merged
signal of at least two peaks just below 1000 cm� 1 is visible.
The broadening of the signals and the shift in their position
can be attributed to the solvation of the ions, i. e., their new
coordination environment of water and sulfate species.[28]

The band at 990 cm� 1 arises from a stretching vibration of
the V=O bond in the vanadyl-aqua complex,[29,30] whereas the
sharper signal at 980 cm� 1 results from the symmetric
stretching of a sulfate ion in the second coordination sphere
of the hydrated complex.

V2O5 powder was used to resolve the structure of
undissociated pentavalent vanadium (Figure 1b). The stron-
gest signal at 995 cm� 1 corresponds to the symmetric
stretching of V=O bonds. A symmetric and asymmetric part
of a V� O� V vibration at 525 and 700 cm� 1 defines the
dimeric structure of V2O5.

[31] At 955 cm� 1 a second bridging
vibration, formed through another oxygen atom, is recog-
nized, which is weak due to its low polarizability. Stretching
and bending vibrations of V� O� V structures are noted at 480
and 400 cm� 1.[32] At 280 and 300 cm� 1 common modes of
parallel vanadium oxide chains are responsible for the
distortion and puckering of the so-called ladder.[22] The
interactions of ions with the aqueous solvation shell again

Figure 1. Raman spectra of solid and dissolved vanadium oxides and the carbon-based substrates used. a) Uncharged and b) charged positive electrolytes
compared to their corresponding salts and sulfuric acid. c) HOPG exposing the basal plane and after being scratched; d) pristine and tetracene modified
graphene (T� G).
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results in a broadening and shifting of spectral features for
the dissolved salt. Several intense features at 595, 900, 1050,
and 1090 cm� 1 can be associated with H2SO4, since a higher
concentration had to account for the low solubility of V2O5. A
strong peak at 935 cm� 1 corresponds to a symmetric V=O
vibration and at 1020 cm� 1, the vibration of VVO2

+ against
SO4

2� anions in its second coordination sphere is observed.[33]

Due to the complexity of the different signals, it is not always
easy to separate salt and solvent. At 895 cm� 1, e. g., an HSO4

�

stretching overlaps with the asymmetric stretching of the
VVO2

+ ion.[34]

To draw reliable conclusions about the processes that occur
at the solid� liquid interface, not only must the dissolved
electrolyte species but also the signals from the carbonaceous
electrode be known. We selected HOPG as a model system to
directly compare basal and edge planes of graphite, and,
according to our previous study, zigzag edge modified
graphene to specifically address the effect of highly active
edge sites.[35] The basal plane of HOPG reveals an intense G and
2D band at 1581 and 2665 cm� 1, along with weaker defect-
related features at 1330 and 1620 cm� 1 for the D and D’ bands
(Figure 1c). In contrast, for edge-plane exposed HOPG, the
signals originating from the latter are very strong. In addition, it
is possible to distinguish between zigzag and armchair geo-
metries for edge regions, as shown theoretically and
experimentally.[36] While up to 1200 cm� 1 signals from zigzag
edges are predominant, above that the orientation of the
armchair becomes apparent; both are present on the scratched
HOPG to a not quantifiable extent. The modification of
graphene by a monolayer of zigzag nanoribbons (T� G) is not
sufficient to make these features visible in the spectra (Fig-
ure 1d). Instead, the higher number of edges shows only a
slight increase in the relative intensity of the D compared to
that of the G band. The disruption of the graphene layer
stacking by the nanoribbon shifts the G band to lower and the
2D band, which shows peak splitting due to the additional
layer, to higher wavenumbers.

Electrocatalytic activity of the substrates

Cyclic voltammetry (CV) curves were recorded to investigate
the possible potential range in which different spectral changes
will be suspected in the operando measurements. An active
electrocatalyst reduces the overpotential required for VVO2

+/
VIVO2+ oxidation as close to the thermodynamic minimum as
possible. This can be demonstrated by comparing HOPG
exposed to the electrolyte before and after carving of the basal
plane. Only for the latter sample does the CV show a clear
oxidation wave before a steep current rise resulting from
carbon corrosion, while for the inactive basal plane, these two
signals blend into each other (Figure 2a). The edge-rich HOPG
also shows the dependence of the electrocatalytic activity for
vanadium oxidation on graphitic defects.

Both the pristine and modified graphene possess a
characteristic double-peak structure, resulting from varia-
tions in the activity of the basal plane and edge regions
(Figure 2b). It is found that the synthetic edges outperform
not only the natural activity of graphene by shifting both
oxidation waves to lower potentials, but also the HOPG
exposed at the edges. A detailed study of the surface
chemistry and electronic structure of graphene modified by
polycyclic aromatic hydrocarbons as well as pristine and
damaged HOPG can be found elsewhere.[35] Briefly explained,
increased activity was not related to a change in surface
oxygen content, but additional edge sites reduce the work
function of the electrode, which is beneficial for vanadyl
oxidation. The electrochemical measurements identified two
sample types diverging in electrocatalytic activity for each
material class, which thus allows meaningful comparison of
spectral differences under working conditions. The optical
characteristics in the following can finally be associated with
potential-dependent conversion products of electrolyte spe-
cies according to Figure 1a,b, intrinsic variances in the
electrode structure as shown in Figure 1(c and d), or
unknown surface reaction intermediates as a result of
electrocatalytic activity (Figure 2).

Table 1. Position and assignment of the peak in the Raman spectra in Figure 1 of sulfuric acid and vanadium sulfate and vanadium oxide, respectively, as
solid powder and dissolved in sulfuric acid. Peak values of solid samples are given in brackets.

H2SO4 VOSO4 in H2SO4 (solid) V2O5 in H2SO4 (solid)
Peak [cm� 1] Assignment Peak [cm� 1] Assignment Peak [cm� 1] Assignment

(270)/275 δ(O� S� O)/hydrated (280) δ(O� V� O)
(310) n/a (300) νs(V=O)

(400) δ(V� O� V)
430 δas(SO3) 440 δas(SO3) 430 δas(SO3)

(475) δ(O� S� O)/ δ(O� V� O) (480) νs(V� O� V)
(525) νs(V� O)

590 νs(HSO4
� ) 600 νs(HSO4

� ) near VIVO2+ 595 νs(HSO4
� ) near VVO2

+

(610-680) VOSO4 +H2O (700) νas(V� O� V)
890 νas(HSO4

� ) 900 νas(HSO4
� ) 895 νas(HSO4

� )/νas(V=O)
935 νs(V=O) in VVO2

+ 935 νs(V=O)
(955) νs(V� O� V)

985 νs(SO4
2� ) 980 νs(SO4

2� ) near VIVO2+ 985 νs(SO4
2� )

990 νs(V=O) (995) νs(V=O)
(1000) νs(V=O)

1050 νs(HSO4
� ) (1025) νs(SO4

2� ) 1020 νs(HSO4
� ) near VVO2

+

1085 νas(HSO4
� ) (1070) νas(SO4

2� )
(1115) νas(SO4

2� )
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Operando Raman spectra

Two different laser wavelengths were used to find a compro-
mise between signal intensity and spectral resolution of the
Raman features. Although the lower wavelength of green light
(532 nm) usually provides higher intensity for low cross-sec-
tional area modes, the red laser (633 nm) is often preferred for
carbon-based materials as it offers higher resolution of over-
lapping, especially defect-related peaks.[37] The concentration of
H2SO4 in our experiments was reduced from 2 molL� 1, which is
usually used in catalytic measurements and real cells, to 0.1. In
Figure 1, it was observed that the signals of sulfuric acid are
strong even at low concentrations, masking bands from
dissolved species. Because of the lowered concentration, the
pH of the electrolyte increases from 0 to 1. While this still has a
relatively low effect on the coordination of the vanadium ions
in solution, a further decrease to, e. g., 1 mM would shift the pH
to about 3, which dramatically influences the concentration of
H+, HSO4

� , and SO4
2� complexes in the electrolyte and thus

would not allow reliable extrapolation of our results towards
the processes in a battery cell.[38]

To investigate the kinetics at graphitic defects, we studied
freshly cleaved and scratched HOPG. Figure 3(a) presents the
Raman spectra for HOPG exposed in the basal plane, showing
the transition from symmetric stretching of the V=O bond in
VIVO2+ (981 cm� 1) to the double-peak structure formed by
symmetric and asymmetric stretching of the VVO2

+ ion (933
and 895 cm� 1) at a high potential of 1.3 V vs. Ag/AgCl. Spectra
below 500 cm� 1 cannot be evaluated due to high fluorescence,
overshadowing possible signals in that range (Figure S1). A
weak signal from the interaction of the pentavalent vanadium
ion with H2SO4 occurs at ~860 cm� 1. Residual characteristics, if
present, are of such low intensity that further interpretation is
not reliable, as it is shown in Figure S2. The new features that
appeared after prolonged amperometry at 1.3 V could be
attributed to the onset of substrate oxidation, which occurred
at lower potentials for basal plane exposed HOPG during CV

(compare Figure 2a). Small defects created by the oxidation
serve as active site for the vanadyl oxidation. Direct comparison
with the spectra of scratched HOPG in Figure 3(b) reveals two
increasing signals at 935 and 895 cm� 1 at only 1.0 V vs. Ag/
AgCl, consistent with the higher electrocatalytic activity (Fig-
ure 2a). The peak transition in this wavenumber range can
therefore be considered as an activity indicator that sets in at
the edges at earlier potentials than in the basal plane.

Due to fluorescence occurring below 500 cm� 1 and the
static carbon signals, the spectra of scratched HOPG were again
measured with a lower laser excitation energy (Figure 3c). From
0.9 V vs. Ag/AgCl, the symmetric (930 cm� 1), followed by the
asymmetric stretching of VVO2

+ (900 cm� 1) occurs at slightly
higher potentials. As a new weak feature between the
stretching of V=O in VIVO2+ (980 cm� 1) and HSO4

� , a newly
discovered band at 1020 cm� 1 is associated with the interaction
between VVO2

+ and SO4
2� anions.[34] Complementing the known

pentavalent vibrational modes, there is a feature at 707 cm� 1

that originates from the asymmetric stretching of the V� O� V
bonds. It is accompanied by a weak shoulder at ~670 cm� 1 and
its symmetric part at ~510 cm� 1, which cannot be related to
the V2O5 powder (Figure 1b).

The possibility that the energy input from the laser
exposure led to the precipitation of oxidized vanadium
compounds could be ruled out for three reasons: the observed
pattern could be (i) reliably reproduced at other locations on
the electrode that had not been previously illuminated, and (ii)
successfully reversed by lowering the potential at the same
location (Figure S3). At a reversal potential of 0.8 V, features of
both VIVO2+ and VVO2

+ were visible, but at 0.6 V vs. Ag/AgCl,
the modes originating from the uncharged electrolyte were
observed. (iii) In previous experiments, a green laser with
higher energy was used. Nevertheless, no signals indicative of
solid V2O5 were detected in these cases.

The observed low wavenumber pattern that develops at
potentials above 1.0 V vs. Ag/AgCl is best described by the
vibrational bands of β-V2O5 that can be generated by applying

Figure 2. Electrocatalytic activity of the graphite-based substrates used. a) Basal plane exposed and scratched HOPG. b) Pristine and tetracene modified
graphene.
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temperatures above 200 °C and high pressures up to 8 GPa to
α-V2O5.

[22,39] All V2O5 polymorphs can be considered as an
assembly of VOx polyhedral, but while the alpha phase consists
of VO5 structures, vanadium is coordinated 6-fold in the beta
phase. Crystallographic and theoretical data defined the latter
as parallel chains of V2O4, held together by weak interactions,
justifying its designation as V2O5.

[39] All features observed below
400 cm� 1 can be associated with the distortion of these V2O4

ladders.[22]

The double peak structure at 323 and 353 cm� 1 corre-
sponds to an in-plane stretching of a V=O bond (323 cm� 1) and
two oxygen atoms in the coordination sphere of a vanadium
center (353 cm� 1) as ladder breathing (Figure 3c).[39,40] The
vibration at 260 cm� 1 originates from an in-plane vibration of
an edge-shared oxygen (lit.: 243 to 253 cm� 1) or from an out-
of-plane motion of the V� O� V bond (lit.: 271 to 272 cm� 1).[39,40]

With similar uncertainty, the 220 cm� 1 mode can be associated
with in-plane stretching of V=O (lit.: 220 to 222 cm� 1) or
displacement of adjacent layers (lit.: 228 cm� 1).[39,40] Assignment
of such low-wavenumber modes is generally difficult, especially
since the instability of numerous V2O5 polymorphs under
ambient conditions complicates experimental characterization.
Intense ladder modes of atmospherically stable α-V2O5 are
found at lower wavenumbers of 285 and 305 cm� 1, which

excludes its presence and thus precipitation.[39] Additionally,
distinct features at 406, 483, and 528 cm� 1, which are character-
istic for α-V2O5, are absent.

The modes could also be described by γ’-V2O5, whose
structure is very similar to β-V2O5, but without the translational
equivalence of adjacent layers.[41] Its ladder modes lie at 350
and 333 cm� 1, originating from the in-plane vibration of
vanadium atoms, the distortion of vanadium along the chain at
~260 cm� 1, and the out-of-plane motion of oxygen in the
V� O� V bond at ~220 cm� 1.[41] Regardless of the final classifica-
tion, vanadium species are considered to be dimeric, i. e., they
consist of two VO2 ions connected by an oxygen bridge. From
the Pourbaix diagram of vanadium, it is clear that no covalently
bonded V2O4 species can exist at the applied potential within a
pH of <1. It is only because of their proximity at the electrode
that they appear as a ladder species, which is otherwise found
in crystalline V2O5.

Reaction intermediates of dimeric origin were previously
postulated, assuming that they occur at oxygen groups on the
electrode.[13] However, in our case, there were none of these
potential-dependent changes between 740 and 820 cm� 1

associated with the interaction of vanadium and surface
oxygen. In fact, at the start of the experiment several over-
lapping features at approximately 800 cm� 1 are visible, which

Figure 3. Stacked operando Raman spectra of HOPG. a) Basal plane exposed and b) scratched HOPG recorded with a laser wavelength of 532 nm; c) scratched
HOPG recorded with a wavelength of 633 nm. All potential values are given vs. Ag/AgCl.
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are not present for H2SO4 or vanadium oxide/vanadyl sulfate
(see Figure S4 and compare with Figure 1a and b). It can thus
be assumed that these features arise due to the interaction of
dissolved species with the graphite surface. However, as the
potential increases and the intermediates appear, the bands
vanish, revealing no pattern distinguishable from the back-
ground signal. Finally, only experiments that detect the
changing surface chemistry under an applied potential could
reveal the presence or absence of oxygen groups during the
electron transfer reaction. Our previous studies, which e.g.,
revealed indistinguishable oxygen content on differentially
active graphite electrodes after polarization in the positive half-
cell,[20] in conjunction with the Raman data proposed here,
suggest that charge transfer is more likely to occur at
unoxidized defect sites.

Instead, carbon-related vibrations reveal an altered shape at
oxidative potentials (Figure 3c): a shoulder above the G mode
at 1604 cm� 1, referred to as G*, occurs simultaneously with
electrolyte conversion. Its origin could theoretically have two
reasons: i) changes in the local electronic structure resulting
from the presence of charged species such as vanadium ions
lead to a shift in the G band, as it can also be observed in the
doping of graphene.[42–44] ii) Intercalation of ions, such as H2SO4,
between graphite layers, causing a splitting of the G band
because of an increased force constant of the graphite
lattice.[45–47] To clarify this conflict, graphene was employed as
an electrode since it provides multiple intercalation sites. For
the green laser, the transition of the electrolyte species above
1.2 V vs. Ag/AgCl is observed without additional changes in the
carbon components (Figure S5). The spectral change, however,
is accompanied by a growing G* band at ~1600 cm� 1 when the
sample is illuminated with red light (Figure S6). The wavelength
sensitivity of the feature can already be associated with a
surface process and not with intercalation, as the latter effect
does not depend on the excitation energy.[48] Further measure-
ments in H2SO4 only definitely exclude intercalation, since no

spectral changes were observed over the entire potential range
with the red laser (Figure S7). The growth of the G* band is
therefore interpreted as an electronic interaction between the
carbon atoms in the graphite structure and the vanadium ions
from the electrolyte.

Finally, to distinguish between oxidized electrolyte species
and reaction intermediates, the measurement in Figure 3(c)
was repeated at an edge-free location directly adjacent to the
previously characterized scratched sites. A transformation of
electrolyte species at 937 cm� 1 already occurs at about 1.0 V vs.
Ag/AgCl, as was the case for the edge-related spectra, but not
for the previously characterized basal plane (Figures 3a and S8).
Oxidized VVO2

+ ions thus diffuse from the active site at the
edge to the spot illuminated by the laser. No other vibrational
characteristics were detected and no potential-dependent
structural changes associated with carbon were visible, which
allowed two conclusions: (i) the ladder vibrations and possibly
the V� O� V mode at 707 cm� 1 belong to a reaction intermediate
formed during the oxidation of VIVO2+, and (ii) the growing G*
band demonstrates the interaction of vanadium ions with
graphite at graphitic edge sites only, which is crucial for charge
transfer.

Additional operando Raman spectra were recorded for
zigzag edge-modified graphene (T� G) to verify the conclusions
about edge-related reaction intermediates. In order to decrease
electrolyte-induced signals while improving the resolution of
intermediates, the concentration of dissolved species was
reduced from 1 to 0.1 m VOSO4 in 0.1 m H2SO4. Consequently,
the overall spectrum at low potentials is dominated by H2SO4

features (Figure 4a). At 1.1 V vs. Ag/AgCl, the stretching of
HSO4

� at 890 cm� 1 is accompanied by two asymmetric
stretching vibrations associated with VVO2

+ ions at 867 and
895 cm� 1, indicating electrolytic transformation by the oxida-
tion of VIVO2+. In comparison to scratched HOPG the signals of
pentavalent vanadium arise at higher potentials. Considering
the current onset at about 0.9 V vs. Ag/AgCl during CV

Figure 4. Vanadyl oxidation at graphitic zigzag edge sites. a) Stacked operando Raman spectra of T� G recorded with a laser wavelength of 633 nm; b) reaction
mechanism of dimeric vanadyl species for the formation of pentavalent vanadium oxide.
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(Figure 3b), this can be related to the lower concentration of
vanadium species, whose signal is buried beneath the H2SO4

pattern. Furthermore, the V� O� V and V� O vibrations at about
500 cm� 1 cannot be observed due to their overlap with the
VO� SO stretching of the educt. The asymmetric V� O� V bridge
stretching and its shoulder at about 700 cm� 1 cannot be
addressed with certainty as well. Apart from that, a pronounced
double-peak structure associated with the V2O4 ladder modes
at 324 and 346 cm� 1 is a strong indicator for the presence of
adsorbed dimeric species at edge sites during the reaction.
Again, no additional spectral features associated with the
interaction of vanadium ions with surface oxygen were
observed. Instead, a growing G* band at ~1600 cm� 1 at higher
potentials proves the direct interaction of vanadium with the
edges of the electrode. It can further be seen that the G* band
exists independent of the defect-related D’ band, which can be
found at about 1620 cm� 1.

Based on our results for HOPG and zigzag edge modified
graphene, we propose a kinetic mechanism for vanadyl
oxidation in sulfuric acid (Figure 4b). We previously found that
a larger π-conjugated system improves the edge site related
oxidation kinetics of the reaction. The operando Raman data
suggest that this corresponds to the presence of vanadium
dimers, which need sufficient space to adsorb and react at
graphite. After the adsorption of two neighboring VO2+

complexes, two OH groups covalently bond to the adsorbed
vanadium ions under the release of two protons from
surrounding H2O molecules in the coordination sphere. Due to
electron transfer towards the substrate, two outstanding H+

desorb, forming two close VO2
+ species, which then desorb to

free the reaction site. We acknowledge that our scheme
represents a simplified version of the actual occurrences at the
electrode. It is clear that the proposed transfer of two OH
groups, the release of two protons, the transfer of two
electrons, and the desorption of two more protons do not
occur in just two steps. However, to avoid a complex eight-step
reaction scheme, we have grouped these processes.

Conclusion

In this work, operando Raman spectroscopy was used to follow
the electrocatalytic oxidation from VIVO2+ to VVO2

+, which is
considered one of the kinetic bottlenecks in vanadium flow
batteries. By a systematic analysis of all solid and dissolved
compounds involved, the resulting signals and potential-
dependent structural changes were successfully separated and
related to the oxidation of the electrolyte, the reaction
intermediates, and the interactions of vanadium ions and
carbon atoms. The oxidation of dissolved vanadium species can
be followed by a transition of vibrational bands associated with
VVO2

+ instead of VIVO2+ complexes just below 1000 cm� 1,
whose starting potential corresponds to the electrocatalytic
activity of the electrode. Furthermore, several vibrations were
observed in the active edge regions below 500 cm� 1, related to
the ladder modes of the V2O4 structures, suggesting reaction
intermediates of dimeric origin. No previously ascribed inter-

action with surface oxygen was observed for active electrodes.
Instead, an additional signal was visible above the graphite-
related G band at ~1600 cm� 1, corresponding to the direct
electronic interaction of carbon atoms from the substrate and
vanadium ions in the electrolyte. In summary, vanadium ions
primarily react directly at nonfunctionalized zigzag carbon
edge sites of sufficient size as dimeric species.

Experimental Section

Sample preparation

The basal plane of HOPG was prepared by cleaving the topmost
layer using a conventional tape. Edge planes were introduced by
carefully scratching the surface of freshly cleaved HOPG with few
parallel lines using a scalpel (Figure S9). Defect-free graphene
(Dasheng graphene Co. Ltd., China) was used as a substrate to
produce a model catalyst with zigzag edge sites using tetracene
(Sigma Aldrich, �99% purity) according to the literature.[49]

Tetracene and graphene were dispersed in dimethyl sulfoxide
under ultrasound and stirred overnight. The product was filtered,
washed with Milli-Q several times to remove excess hydrocarbons
and solvent, and dried at 80 °C. To prepare a dispersion for
electrochemical measurements, 4 mg of the product were ultra-
sonicated in a mixture of 390 μL IPA and 10 μL Nafion (5 wt%,
Sigma-Aldrich).

Electrochemical measurements

As an electrolyte to collect electrocatalytic data via cyclic
voltammetry (ν=20 mVs� 1), 0.1 m VIVO2+ was prepared by dissolv-
ing VOSO4 powder (Alfa Aesar) in 2 m H2SO4 (Emsure). Graphite felt
was used as counter, and Ag/AgCl stored in 3 m KCl (EAg/AgCl =

0.210 V vs. RHE) as reference electrode. A custom-built sample
holder was used to acquire the electrochemical data of thin HOPG
plates, exposing either the freshly cleaved basal or the scratched
edge plane to the electrolyte with a PTFE mask. 10 μL of the model
catalyst 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 counter electrode. Before
coating, the glassy carbon was polished on a cloth using aluminum
suspension (Buehler, 0.5 μm), before being ultrasonically cleaned in
IPA and Milli-Q. An iR drop of 3 to 4 Ω was assessed by impedance
spectroscopy at the open circuit potential and used to correct
electrochemical measurements.

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) and a
532 nm Nd:YAG laser (Elaser =2.33 eV). A 600 grooves mm� 1 grating
along with a 50× magnification (NA=0.5) objective was employed,
resulting in a spot size of about 2 μm. The Raman spectra of the
electrolytes were measured by placing a drop of the solution
(background: 2 m H2SO4, electrolyte: 1 m VO2+ in 0.1 m H2SO4,
oxidized electrolyte: sat. VO2

+ in 0.1 m H2SO4) on a microscope
slide. The samples were irradiated for acquisition times of 20 to
60 s, accumulating 3 spectra. All spectra were background
corrected with a spline baseline using the software CasaXPS.
However, no deconvolution or line smoothing was undertaken to
omit falsification of the results. Therefore, we consciously neglected
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the peak pitting of our data to not over-eagerly analyze features
below the clear visibility of the naked eye.

Operando spectra were monitored using a commercial Raman cell
(TSC Raman, rhd instruments, scheme in Figure S10). A gold-coated
copper ring is used as counter, Ag/AgCl (3 m KCl) as reference
electrode. As electrolyte, 1 m VO2+ in 0.1 m H2SO4 was used if not
mentioned otherwise. The design of the cell theoretically allows a
monolayer of electrolyte to form between the electrode and the
glass slide due to capillary forces. At the beginning of a measure-
ment, several points on the sample were tested with respect to the
signal intensity ratio between carbon (D, G) and electrolyte-related
signals to find the optimum height and focus on the electrode–
electrolyte interface. Subsequently, a potential of 0.6 V vs. Ag/AgCl
was applied for about 10 min. Afterwards, the potential was
increased from 0.8 to 1.4 V vs. Ag/AgCl in steps of 0.1 V.
Chronoamperometry curves were recorded to trace the stabiliza-
tion of the current response (Figure S11). After about 60 s, a Raman
spectrum was acquired, accumulating three measurements of
about 20 to 30 s. In this manner, it can be assured that a stable
system is investigated and no or only minor changes of the
material occur. Furthermore, the diffusion of ionic species towards/
away from the surface are constant, thus not altering Raman
signals due to a changing concentration of vanadium species. At a
stabilized current, a reproducible Raman pattern can be recorded
multiple times.

A gold coin (Schiefer Co., 99.9% purity) was used as a substrate
and current collector during the measurements. Cleaved and
scratched HOPG (5×5 mm) was placed on top of the gold coin. To
guarantee wetting of these defects, electrolyte was dropped onto
HOPG and pressed into the channels with a glass plate before the
sample was assembled. Carbon dispersions were evaluated by
dropping them onto gold coins using a spin coater (Raman
baseline of gold in Figure S12). 10 μL of the dispersion was added
onto the rotating gold disk before it was dried for several hours at
room temperature. Only tiny particles invisible to the human eye
remained on the substrate. Therefore, changes in electrolyte
concentration are not expected to dramatically affect the spectra.
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