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Polymerized Riboflavin and Anthraquinone Derivatives for
Oxygen Reduction Reaction

Nadine Kleinbruckner, Elisabeth Leeb,* Dominik Wielend, Corina Schimanofsky,
Munise Cobet, Felix Mayr, Angelina Kerschbaumer, Cigdem Yumusak, Jan Richtar,
Markus Clark Scharber, Helmut Neugebauer, Mihai Irimia-Vladu, Jozef Krajcovic,
and Niyazi Serdar Sariciftci

Hydrogen peroxide (H2O2) is identified as a promising reagent for fuel cells,
reducing the dependency on carbon-based fuels. In this work,
electrochemically synthesized polymers are employed to improve the
efficiency of the oxygen (O2) reduction reaction, thus producing H2O2 in an
environmentally friendly way. Two aminoanthraquinones, as well as riboflavin
(vitamin B2), are successfully immobilized via oxidative electropolymerization
onto both glassy carbon and carbon paper. Of the investigated compounds,
polyriboflavin shows a high Faradaic efficiency toward O2 reduction, even at a
very low potential of only −0.1 V versus SHE. This catalytic effect is present in
neutral and alkaline conditions, using both glassy carbon and carbon paper,
but highly pronounced in neutral, aqueous solutions.

1. Introduction

In recent decades, much effort has been put into developing reli-
able energy storage systems for renewable energy sources such as
wind or solar energy.[1–3] Even though conventional energy stor-
age systems such as batteries and electrolyzers mainly employ
inorganic materials, organic materials have steadily gained atten-
tion in the scientific community as an environmentally friendly
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alternative.[4–10] Synthetic fuels have been
presented as a promising technology to
enable the full potential of renewable en-
ergy sources. Such chemicals can be eas-
ily transported and employed without a
complete change of our energy vectors
and their distribution networks. These
synthetic fuels can be regarded as stor-
ing renewable electrical energy in chem-
ical bonds.[11–14] If they can replace fossil
fuels on a large scale, the net carbon diox-
ide emission to the atmosphere could be
curbed.

Aside from carbon-based fuels, hydro-
gen peroxide (H2O2) has been identified
as a promising candidate as a synthetic

fuel for chemical energy storage.[15] Its only decomposition prod-
ucts are oxygen (O2) and water (H2O). Furthermore, it is a sta-
ble liquid that can easily be transported and stored.[16–19] H2O2
is mainly produced via the anthraquinone process on an indus-
trial scale, which involves organic solvents and extensive purifica-
tion steps.[17,18] Thus, alternative routes of production have been
explored. The oxygen reduction reaction (ORR) is an energy-
efficient and environmentally friendly production pathway of
H2O2. It involves the 2 e− reduction process of O2, which is,
however, competing with the 4 e− reduction pathway, producing
water.[20] The ORR can be performed in aqueous solutions un-
der ambient pressure, bypassing the need for organic solvents.
Both noble metal catalysts, such as Au nanostructures[21–23] or
carbon-coated metal nanoparticles,[24,25] and non-noble metal cat-
alysts, such as porous carbon structures,[26,27] doped carbon,[28–31]

organic conjugated systems,[32,33] conducting polymers[34–36] or
metal–organic complexes[37,38] have been identified as suitable
catalytic systems for the 2 e− reduction pathway to H2O2.

Quinones have been used in multiple modifications for
electrocatalysis.[39,40] Anthraquinones especially have been
employed for both ORR[41–44] as well as electrochemical
carbon dioxide capture.[45–49] The catalytic activity of flavin
derivatives has been studied in both homogeneous[50–52] and
heterogeneous[53–57] systems. The tendency of both synthetic
as well as naturally occurring flavines toward oxygen reduction
has been investigated by numerous groups.[58,59] Recently we
have reported the Faradaic efficiency of the naturally occurring
riboflavin (RF), also known as vitamin B2, concerning the
ORR in homogeneous solution.[44,60] Herein we found a strong
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Figure 1. CVs of electropolymerization of a) p-1-AAQ and b) p-1,5-AAQ in 6 M H2SO4 and c) pRF in 0.1 M H2SO4 on GC with the chemical structure
of the respective monomer. The first cycle (red) and the last cycle (blue) are indicated.

dependence on both pH and electrode material, with higher
productivity achieved under alkaline conditions.

Homogeneous catalytic systems suffer from poor stability
and elaborate catalyst recovery.[61,62] Moreover, most catalysts,
both organic and non-organic, offer only limited solubility, thus
further impeding their efficiency.[61] Immobilizing the catalyst on
the surface of the electrode improves longevity while simultane-
ously simplifying the recovery of the product.[40,63] Additionally,
the immobilization of the catalyst may facilitate the transfer of
electrons from the electrode to the catalyst.[64]

This work aims to demonstrate the electropolymerization of
the three electrocatalysts 1-aminoanthraquinone (1-AAQ), 1,5-
diaminoanthraquinone (1,5-AAQ), and riboflavin (RF). Two dif-
ferent carbon-based electrode materials, glassy carbon, and car-
bon paper, were chosen as substrates displaying different surface
areas and properties, which were studied in aqueous media at
various pH values. The catalytic activity of the electrodes towards
oxygen reduction was studied via H2O2 detection and Faradaic
efficiency (FE) calculation.

2. Results and Discussion

The CVs of the oxidative electropolymerization of the three poly-
mers are depicted in Figure 1, with the first and last cycles
marked. As shown in Figure 1a, the polymerization of 1-AAQ
first shows an anodic peak at Ep/2 of 0.91 V, with the peak current
decreasing throughout the first 10 cycles. This peak indicates oxi-
dation of the amino group to a radical cation (NH2

⋅.+) and the cor-
responding dication (NH2

2+),[65–68] followed by a rapid reaction
of the charged species forming oligomers. Thus, only a small re-
ductive peak can be observed, as most ionic species have reacted
previously. Furthermore, a reversible redox peak is growing after
the first cycles at an Ep/2 of 0.71 V, which is due to the formation
of the conductive polymer.[69]

The electropolymerization of 1,5-AAQ depicted in Figure 1b
follows a similar trend to the polymerization of 1-AAQ, with an
anodic peak at Ep/2 of 0.73 V and a second redox peak at 1.02 V,
resulting from the oxidation of the monomer to a radical cation
and dication. To ensure the sufficient formation of cations, the
oxidative vertex potential had to be increased compared to 1-AAQ
to a more anodic potential, as was reported previously.[68]

Similar to the previously discussed examples, the electropoly-
merization of RF depicted in Figure 1c shows a large oxidative
peak at an onset potential of 1.66 V. Interestingly, the current in-
creases during the second cycle as radicals are formed and then

decreases again as the radicals combine while forming the poly-
meric chain. This decrease in anodic peak current reverts after
≈10 cycles as a conducting film is formed on top of the electrode.
Furthermore, for the first cycles, the characteristic reduction fea-
ture of polyriboflavin below 0.2 V is very pronounced and sepa-
rated, becoming less defined with additional cycles as the poly-
mer is formed. In contrast to reports found in literature,[70] poly-
merization in sulfuric acidic solutions yielded the most favorable
results in our case. A clear film formation could be seen on top of
the glassy carbon electrode with a significant increase of the char-
acteristic redox peaks of RF seen in the CV. The polymerization
of RF in pH 7 and 13, which can be found in Figure S2 (Sup-
porting Information), showed a minor current increase with no
visible film formation.

All polymers have also been polymerized onto carbon pa-
per electrodes. The CVs for those polymerizations, found in
Figure S3 (Supporting Information), show similar trends with
sharper features compared to glassy carbon due to the difference
in the surface of the two electrode materials.

In Figure 2, SEM images of p-1-AAQ, p-1,5-AAQ, and pRF on
carbon paper can be seen.

As shown in Figure 2b, p-1-AAQ has a sponge-like appearance,
partially coating the carbon paper strands, which has a similar
texture to that of pANI.[34] A similar appearance can be seen on a
glassy carbon electrode depicted in Figure S4 (Supporting Infor-
mation). In contrast, p-1,5-AAQ and pRF appear to form a much
thinner, less pronounced film that can be seen on top of the car-
bon paper. When comparing the images with bare, uncoated car-
bon paper, as shown in Figure 2a, a knob-like coating can be seen
on the carbon fibers. On glassy carbon, both p-1,5-AAQ and pRF
form a thin film on the electrode, which can be seen by the naked
eye as a black film in the case of p-1,5-AAQ and a reflective, iri-
descent film in the case of pRF. After electrolysis, the film can
be distinguished from the electrode in SEM images, as bubbles
form in the p-1,5-AAQ, and cracks and tendrils can be found on
the pRF, depicted in Figure 3.

ATR-FTIR spectra of the monomer and polymers are depicted
in Figure 4.

When comparing the IR spectra of the monomer and poly-
mer of the AQ-based polymers depicted in Figure 4a,b, in
both cases, the NH-stretching vibrations found at ≈3300 and
3420 cm−1 broaden and disappear upon the polymerization,
which is in accordance with literature.[68,71] The polymerization
occurs via NH-linkers. Additionally, the polymeric spectra display
much broader, less defined peaks than the monomers, further
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Figure 2. SEM images of a) uncoated CP as well as b) p-1-AAQ, c) p-1,5-
AAQ, and d) pRF on CP.

indicating a successful polymerization. This behavior is espe-
cially noticeable in Figure 4b, where the bands at 1605 and
1542 cm−1 broaden significantly.[68,72] Since p-1-AAQ possesses
the same backbone as the already well-studied polymer pANI,
the IR spectrum of pANI was studied as well and can be found
in Figure 4c, with the polymerization depicted in Figure S5
(Supporting Information). As can be seen, upon polymerization
pANI shows the same peak broadening at 1567 and 1485 cm−1,
while the NH-stretching vibrations at 3431 and 3350 cm−1

Figure 3. SEM images of a) p-1,5-AAQ and b) pRF on GC after electrolysis.

Figure 4. IR spectra of monomer and polymer for a) p-1-AAQ, b) p-1,5-
AAQ, and c) pANI.

disappear.[73–75] A table on the complete assignment of the IR
spectra can be found in Table S1 (Supporting Information). Fur-
thermore, the Raman spectra of 1-AAQ and p-1-AAQ can be
found in Figure S6 (Supporting Information). The bathochromic
shift of the carbonyl stretching vibration at 1658 and 1644 cm−1

is in accordance with literature reports.[76–78]

Due to the broad electrochemical range required for the poly-
merization of pRF, no polymerization on a non-carbon-based
electrode was achieved, and thus no IR spectra were measured.
However, both the CV as well as the visible film formation, fur-
ther supported by SEM images, provide suitable proof for the
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Figure 5. Contact angle measurement using 18 MΩ water on a) bare GC,
b) p-1-AAQ, c) p-1,5-AAQ, and d) pRF.

successful polymerization – in addition to literature reports. The
XPS spectra of the three investigated polymers are shown in
Figure S7 (Supporting Information). The N1s spectra of p-1-AAQ
and p-1,5-AAQ show signatures of substituted aromatic amine
moieties (399.4 and 399.3 eV, respectively), aromatic -NH2 groups
(401.0 and 400.5 eV, respectively) as well as protonated/positively
charged amine groups at higher binding energies. Compared to
p-1-AAQ and p-1,5-AAQ, pRF shows N1s XPS peaks at a lower
binding energy of 398.4 eV, which may be attributed to the imine
moieties in the aromatic rings. In addition to this peak, the ma-
terial displays peaks attributed to the substituted aromatic amine
and amide moieties (400.0 eV) and positively charged nitrogen
atoms (401.4 eV).

Additionally, EIS measurements have been used to determine
the conductivity of the polymer samples on glassy carbon. The
results and the equivalent circuit used to fit the data can be seen
in Figure S8 (Supporting Information). The equivalent circuit for
the fitting was chosen from the literature of Gasiorowski et al.[79]

due to the similarity of the investigated samples. Thus, resistance
values for R2 were used to characterize the polymeric layer on top
of the electrode. The conductivity could be calculated using the
film thicknesses of 1600 nm for p-1-AAQ, 65 nm for p-1,5-AAQ,
and 150 nm for pRF. This difference in film thicknesses between
the polymers is also clearly visible in the SEM images displayed in
Figure 2, where p-1-AAQ appears to be quite spongy and porous
compared to the thin films of p-1,5-AAQ and pRF. The lowest
conductivity was found for p-1,5-AAQ, with values ≈10−9 S cm− 1.
pRF displays a slightly higher conductivity of ≈5 × 10−9 S cm−1

and the highest values were reached for p-1-AAQ at 2 × 10−8 S
cm−1. These values are in the range of undoped pANI.[80,81]

Contact angle measurements were performed to further char-
acterize the aqueous wetting behavior of the polymeric film
on top of the electrode. The results of the measurements on
glassy carbon electrodes can be found in Figure 5. As shown in
Figure 5a, bare glassy carbon is highly hydrophilic with a con-
tact angle of 22.4°, which is due to the electrochemical activation
procedure. The contact angle measurement for bare, untreated
glassy carbon can be found in Figure S9 (Supporting Informa-
tion) and displays a contact angle at a mean value of 75.5°, which
is in accordance with literature values.[82] Interestingly, p-1-AAQ
exhibits high hydrophilicity at 14.3°, lowering the wettability of
the glassy carbon electrode. Furthermore, p-1,5-AAQ has a lower
hydrophilicity than its counterpart p-1-AAQ, at a contact angle of

Figure 6. CVs of a) p-1-AAQ, b) p-1,5-AAQ, and c) pRF in pH 7 on a GC
electrode at 20 mV s−1.

33.4°. pRF displays the lowest hydrophilicity at an angle of 46.3°,
which is, however, still less hydrophobic than bare glassy carbon
without any activation.

The electrochemical activity towards the ORR was studied for
all materials. The CVs of the polymer-coated glassy carbon elec-
trodes under neutral conditions can be found in Figure 6. As

Adv. Sustainable Syst. 2023, 2300352 2300352 (4 of 9) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsu.202300352 by Johannes K

epler U
niversität, W

iley O
nline L

ibrary on [04/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com


www.advancedsciencenews.com www.advsustainsys.com

Table 1. Moles of H2O2 produced and faraday efficiency (FE) of the chronoamperometric measurements at −0.1 V using the polymer-coated GC and CP
electrodes as well as reference measurements using uncoated electrodes.

pH value without polymer p-1-AAQ p-1,5-AAQ pRF

n / μmol FE / % n / μmol FE / % n / μmol FE / % n / μmol FE / %

Glassy Carbon

pH 7 12.6 57 5.7 72 21.7 61 26.0 90

pH 12 0.8 2 9.0 68 10.8 65 9.5 94

Carbon Paper

pH 7 0.4 16 16.2 55 6.4 18 70.1 85

pH 12 0.6 20 0.3 1 0.4 1 29.0 62

can be seen from Figure 6a, the oxygen reduction on a p-1-AAQ
modified glassy carbon electrode is shifted to a slightly more ca-
thodic potential at a decreased current density. The reduction of
p-1-AAQ itself, which is visible under N2 saturated conditions,
also slightly shifts in potential upon the presence of oxygen. In
contrast, p-1,5-AAQ found in Figure 6b slightly anodically shifts
the reduction of oxygen. Among the three different polymers in-
vestigated in this work, pRF is the only one that both boosts the
current density of the oxygen reduction compared to untreated
glassy carbon while in parallel also shifting the onset of the re-
duction to a more anodic potential, as seen in Figure 6c. A similar
trend is found under acidic and alkaline conditions, where pRF
is the only polymer increasing the current density and thus facil-
itating oxygen reduction. The CVs at pH 2 and 12 can be found
in Figure S10 (Supporting Information).

To determine the influence of the electrode material on the
electrochemical oxygen reduction, the CVs of polymer-coated car-
bon paper electrodes in the neutral phosphate buffer can be
found in Figure 7. Upon the use of carbon paper as electrode ma-
terial instead of glassy carbon, all polymers anodically shift the
onset of the ORR. Even though this shift facilitates the reduction
of oxygen, a higher current density is reached when using bare
carbon paper, especially at cathodic potentials, which is also the
case under acidic and alkaline conditions depicted in Figure S11
(Supporting Information).

The cyclic stability of the polymers was investigated at a scan
rate of 20 mV s−1 for 100 cycles under O2. The results can be
found in Figure S12 (Supporting Information), where p-1,5-AAQ
and pRF display remarkable cyclic stability, losing less than 25%
of the initial peak current density. In contrast, p-1-AAQ displays
more rapid degradation, especially on carbon paper, where, after
100 cycles, less than 45% of the initial current density can still
be detected in the CV. The morphology of the glassy carbon elec-
trodes was studied after repeated cycling, with the SEM images
depicted in Figure S13 (Supporting Information). As shown in
Figure S13a (Supporting Information), p-1-AAQ does not show
any visible degradation, as the morphology of the polymer ap-
pears to be unchanged above and below the electrolyte line visi-
ble in the image. In comparison, p-1,5-AAQ and pRF both show
the same degradation after repeated cycling as after chronoam-
perometric measurements depicted in Figure 3.

To study the applicability of these polymers as electrocatalysts
for the production of H2O2, chronoamperometric measurements
have been performed over 6 h at a potential of −0.1 V, where
catalytic effects from the polymers are observed from CV stud-

ies in Figure 6 and Figure 7. As this low potential is insuffi-
cient to facilitate oxygen reduction in acidic media, only neu-
tral and alkaline electrolyte solutions were chosen. The results
can be found in Table 1. The corresponding time versus cur-
rent transient curves for all chronoamperometric measurements
can be found in Figure S14 (Supporting Information). The de-
tailed results over time of the chronoamperometry can be found
in Figure S15 (Supporting Information) at pH 7 and Figure S16
(Supporting Information) at pH 12.

As seen in Table 1, at a constant potential of −0.1 V, the
bare electrodes have a very low intrinsic activity, with a low pro-
ductivity of below 15 μmol and a low selectivity for H2O2 at
FEs below 65%. When using glassy carbon electrodes coated
with p-1-AAQ or p-1,5-AAQ, a slight increase can be found in
selectivity, as efficiencies rise above 60% under all conditions.
However, the p-1-AAQ-coated glassy carbon electrode at pH 7
shows a lower productivity of 5.7 μmol H2O2 produced through-
out 6 h while still increasing the efficiency. It seems p-1-AAQ
acts as a peroxide directing layer rather than a true electrocat-
alyst similar to pANI in acidic media.[34] Here, p-1-AAQ pre-
vents the ORR via the 4 e− pathway, facilitating the reduction to
H2O2 and thus raising the FE. However, no increase in produc-
tion is found under these conditions, as active centers might be
inhibited.

When using coated carbon paper electrodes, under neutral
conditions efficiencies slightly increase to 55% for p-1-AAQ and
18% for p-1,5-AAQ. This behavior is not found under alkaline
conditions, as both p-1-AAQ and p-1,5-AAQ coated electrodes
show less activity toward oxygen reduction than the intrinsic ac-
tivity of the bare electrodes.

In contrast, pRF-coated electrodes improve both the selectiv-
ity and the productivity under all investigated conditions com-
pared to bare electrodes. Especially noticeable is the improved
productivity of H2O2 when using pRF, as the highest amount of
70.1 μmol over 6 h was reached when using a pRF-coated carbon
paper electrode under neutral conditions. This value is especially
remarkable due to the low potential used for these chronoamper-
ometric measurements. The results of the pRF-coated electrodes
can be found in Figure 8.

As can be seen, both the amount of H2O2 produced and the
FE increased upon using pRF-coated electrodes compared to un-
coated ones. This increase is independent of the electrode ma-
terial and pH of the electrolyte. An astounding increase in FE
can be seen when using a glassy carbon pRF-coated working
electrode in alkaline conditions, as the mean efficiency increases
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Figure 7. CVs of a) p-1-AAQ, b) p-1,5-AAQ, and c) pRF in pH 7 on a CP
electrode at 20 mV s−1.

from 2% to 94%. At the same time, the highest productivity is
reached using a carbon paper pRF-coated electrode in neutral
conditions at 70.1 μmol over the span of 6 h.

In order to ensure that this increase in activity toward the ORR
is indeed due to the presence of the polymer and not due to an
unintended activation procedure, a carbon paper electrode has

been pretreated in the same way akin to the polymerization of
RF. However, no monomer was added to the solution, with the
procedure otherwise performed as usual. The result can be seen
in Figure S17 (Supporting Information). Even though, due to this
pretreatment, the FE increased to a mean value of 64%, the pro-
ductivity of H2O2 only shows 8.4 μmol, compared to 70.1 μmol
when using a pRF-coated carbon paper electrode. This result fur-
ther confirms the potent electrocatalytic performance of pRF.

Furthermore, we investigated the stability of the materials by
elongating the chronoamperometric measurements up to a to-
tal duration of 20 h. The results for the cumulative amount of
H2O2 produced and the faradaic efficiency using a glassy carbon
electrode for this 20 h electrolysis can be found in Figure S18
and Table S2 (Supporting Information). It can be seen that even
after 20 h, pRF displays the highest productivity at a total of
18.4 μmol produced. Furthermore, during the first 14 h, pRF
retains a remarkable mean faradaic efficiency of 93%, exceed-
ing all other materials. This efficiency drops to a mean value
of 54% after 14 h, which still exceeds all other systems, as a
drop off in efficiency can even be seen for a blank glassy carbon
electrode.

This outstanding performance of pRF as an electrocatalyst for
ORR was achieved while applying a very low potential of only
−100 mV. Even though p-1-AAQ and p-1,5-AAQ improve the
ORR when using a glassy carbon electrode, this increase in pro-
ductivity or selectivity is less compared to when pRF is used,
apart from slightly higher productivity of p-1,5-AAQ under alka-
line conditions. However, when using carbon paper, the polymer-
ized anthraquinones seem to hinder the selectivity toward oxygen
reduction, compared to blank uncoated electrodes. At more neg-
ative potentials of −250 mV, all three polymers increase the elec-
trochemical production of H2O2 using a glassy carbon electrode,
as seen in Figure S19 (Supporting Information). However, at this
potential, no electrocatalytic effect can be seen concerning FE, as
uncoated glassy carbon performs equally as well in neutral con-
ditions and even better than p-1-AAQ and p-1,5-AAQ in alkaline
conditions.

Our previous study compared the electrocatalytic performance
of homogeneous anthraquinones and riboflavin toward ORR[44].
In homogeneous systems, we found hydroxy-substituted an-
thraquinones to outperform the electrocatalytic activity of ri-
boflavin. The exceptional activity of 1,8-dihydroxyanthraquinone
has been reported previously.[39] However, as demonstrated in
this work, heterogeneous pRF is evidently a superior electro-
catalyst to p-1-AAQ and p-1,5-AAQ, which differs from the re-
sults in the solution. Similarly structured electrocatalysts such as
quinacridone and epindolidione offer similar efficiencies as pRF
of 96%, however, these studies were performed in highly acidic
media.[33,83] Further product quantification has been performed
on perylene tetracarbonyl imide, which offers structural similar-
ities to anthraquinones. Here, an efficiency of 70% was reached,
which was rapidly degrading throughout the electrolysis.[84]

Comparing these previous studies to our results, pRF seems to
be a remarkably efficient as well as stable electrocatalyst for ORR.

Interestingly, while previous work on polymerized an-
thraquinones has found an increase in the catalytic activity
toward oxygen reduction with higher hydrophilicity,[85] in
this work, pRF displays the highest hydrophobicity at 46.3°

while obtaining the highest productivity and selectivity in
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Figure 8. Results of chronoamperometric measurements at −100 mV using pRF on GC and CP with a) amount of H2O2 produced and b) FE for 6 h.

chronoamperometric experiments. These results seem to indi-
cate an optimal wetting behavior of ≈45° to 50° to maximize the
efficiency of ORR. Additional studies on the correlation between
polymeric properties and efficient oxygen reduction are needed
to understand these effects further in detail.

3. Conclusion

This work investigated electrochemically polymerized riboflavin
and anthraquinone derivatives and their electrocatalytic ability to-
ward oxygen reduction. The successful polymerization was vali-
dated using IR spectroscopy and SEM images. While p-1-AAQ
formed sponge-like structures on top of the electrodes, similar
to the already known electropolymerized pANI, p-1,5-AAQ and
pRF formed a very thin and hardly observable film on top of the
surface of both glassy carbon and carbon paper.

Electrochemical studies of the polymer-coated electrodes
showed improved efficiency for pRF under both neutral and alka-
line conditions. These efficiencies were obtained while employ-
ing a relatively low potential of −0.1 V, while reaching a maxi-
mum amount of 70.1 μmol of H2O2. Nevertheless, this amounts
to an astounding eightfold increase in productivity compared to
bare, uncoated electrodes.

4. Experimental Section
Electrochemical Polymerization: Prior to any polymerization, glassy

carbon (GC) plate electrodes (1 × 4 cm, 2 mm, Alfa Aesar) were polished
using Al2O3 pastes (Buehler Micropolish II deagglomerated) with particle
sizes of 1.0, 0.3, and 0.05 μm. The electrodes were sonicated in 18 MΩ
water and isopropanol between each polishing step. An activation proce-
dure was performed before the electrodes were used, which consisted of
sweeping the potential between 0.85 and 1.65 V at a scan rate of 50 mV
s−1 for 30 cycles in an electrolyte solution of 0.5 M H2SO4.

Carbon paper (CP, TGP-H 60, Alfa Aesar) electrodes were cut to size
and contacted using a copper wire. For spectroscopic analysis, Cr / Au-
coated electrodes were prepared by cutting glass substrates to a size of
0.7 cm× 6 cm and thoroughly cleaning them with various organic solvents.
The glass slides were treated in a plasma oven (Plasma ETCH P25 plasma,
O2, 2 min), after which 5 nm of Cr were evaporated with 1.5 A and a rate of
0.04 nm s−1, followed by the evaporation of 100 nm of Au at ≈106 mbar.

The standard procedure for electrochemical polymerization of both an-
thraquinone derivatives was performed in 6 M H2SO4 using a saturated
calomel electrode as a reference electrode and a platinum foil (Pt) as
counter electrode. Both monomers were purified by train sublimation be-
fore being used. The polymerization of 1-aminoanthraquinone (1-AAQ,
Alfa Aesar) was performed according to a procedure by Badawy et al.[65] A
5 mM solution of 1-AAQ was purged with N2 for 30 min, after which the
potential was swept from 0.16 to 1.46 V at a scan rate of 100 mV s−1 for 30
cycles to yield p-1-AAQ. To produce p-1,5-AAQ, the procedure was slightly
modified by using a solution of 2.5 mM 1,5-AAQ (Alfa Aesar), increasing
the oxidative vertex to 1.76 V and decreasing the scan rate to 50 mV s−1.
The polymerization of aniline (Sigma–Aldrich) was performed according
to literature.[34,86–88]

The standard procedure of the oxidative electropolymerization of ri-
boflavin (RF, Sigma–Aldrich) was based on a procedure by Ivanova et al.[89]

and Radzevic et al.[70] and further optimized. A 1 mM solution of RF in
0.1 M H2SO4 was purged with N2 for 30 min. A commercial Ag/AgCl (3
M KCl) reference electrode and a Pt foil counter electrode were used, and
the potential was swept from −0.55 to 1.95 V for 60 cycles at a scan rate
of 50 mV s−1.

Standard procedures were used for all polymerizations if not otherwise
indicated.

Electrochemical Experiments: If not indicated otherwise, all potentials
throughout this work were recalculated and stated versus SHE.

Cyclic voltammetry (CV), as well as electrolysis experiments, were per-
formed in a two-compartment cell separated by a Nafion membrane (117,
Alfa Aesar). The respective, modified electrode was used as the working
electrode (WE), while a Pt foil was used as the counter electrode (CE), and
a commercial Ag/AgCl (3 M KCl) electrode (BASi) was used as the refer-
ence electrode (RE). Half-step potentials (Ep/2) were obtained by reading
the potential of the CV at half of the peak signal current. For the elec-
trolyte solutions, a 0.1 M phosphate buffer was prepared from H3PO4
(Sigma–Aldrich) and NaH2PO4 (Sigma–Aldrich) at pH 2, from NaH2PO4
and Na2HPO4 (Sigma–Aldrich) at pH 7 and from Na2HPO4 and Na3PO4
(Thermo Scientific) at pH 12. All electrochemical experiments were per-
formed either on an IPS Jaissle Potentiostat / Galvanostat PGU 10 V –
100 mA or a Jaissle Potentiostat / Galvanostat 1030 PC.

Prior to any experiments, both compartments were flushed with N2 or
O2 for 30 min. During the electrolysis, a potential of −0.1 V was applied for
6 h. An aliquot of 100 μL was removed from both compartments before the
experiments as well as after 1, 2, 4, and 6 h. Longtime experiments were
performed in 8, 6 and 6 h increments on consecutive days.

The spectroscopic quantification of the H2O2 produced throughout
the electrolysis experiments was performed according to a method
published by Apaydin et al.,[90] and Su et al.[91] A solution of 4 mM
p-nitrobenzeneboronic acid (Alfa Aesar) in dimethyl sulfoxide (DMSO)
was combined in a 1:1 volumetric ratio with a 150 mM carbonate buffer,
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prepared from Na2CO3 (Fluka) and NaHCO3 (Sigma–Aldrich) at pH
9. The resulting mixture was filtered using a syringe filter (Chromafil
RC-45/15 MS, Macherey-Nagel) and added to the analyte solution. After
36 min, during which the solution was stored in the dark, the UV–vis
absorbance was measured at 411 nm using a Thermo Fischer Multiskan
Go Microplate Spectrophotometer. The external calibration curve can
be found in Figure S1 (Supporting Information), measured from several
standard solutions of H2O2 (Merck).

Electrochemical impedance spectroscopy (EIS) was performed using
an Ivium Vertex One.EIS potentiostat in a pH 7 phosphate buffer. The
measurements were performed at the open circuit potential, which was
determined for 300 s. The frequency was varied from 100 kHz to 100 mHz.
Spectra were fitted using ZView software (Scribner Associated). The film
thickness was determined using a Bruker DekTakXT stylus profilometer.

Characterization Methods: Infrared spectroscopy of the polymer-
coated electrodes was performed using a Bruker VERTEX 80-ATR spec-
trometer in the spectral range of 4000–400 cm−1, averaging 64 scans at a
resolution of 4 cm−1. Raman spectra were acquired using a Bruker Multi-
RAM at an excitation wavelength of 1064 nm in a spectral shift range be-
tween 3600 and 5 cm−1. Morphology changes of the electrodes were mon-
itored using a JEOL JSM-6360LV scanning electron microscope, operated
under a high vacuum at an acceleration voltage of 7.0 kV. The contact angle
measurements were performed on an Ossila Contact Angle Goniometer
at room temperature using 18 mΩ of water. XPS measurements were per-
formed on a Theta Probe XPS-system (Thermo Fisher), using a monochro-
mated Al-K𝛼 X-ray source with an energy of 1486.6 eV. The spot diameter
on the sample surface was 400 μm. For high-resolution scans, the hemi-
spherical analyzer was set to a pass energy of 20 eV at an energy step size
of 0.05 eV. The system implements a dual flood gun, providing electrons
and Ar+ ions with low kinetic energy for charge compensation. Data ac-
quisition and evaluation were performed via Avantage software (Thermo
Fisher). For background correction, the smart background correction was
used, based on a Shirley background modified by the constraint that the
background values could not be at a higher intensity than the measured
data. To correct charging, the binding energies of all spectra were refer-
enced to the values of the typical C1s binding energy of aromatic C═C
groups at 284.6 eV.[92]
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