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When studying electrochemical oxygen reduction reactions in homogeneous media, special attention must

be given to the significant background activity present with conventional electrode materials. The intrinsic

electrocatalytic activity of different materials can be investigated using complementary methods, such as

the rotating ring-disc electrode (RRDE) technique and chronoamperometric electrolysis with product

quantification. This report presents a detailed investigation of the electrocatalytic ability of hydroxy

anthraquinone derivatives and riboflavin towards hydrogen peroxide (H2O2) production via a novel RRDE

subtraction method together with chronoamperometric electrolysis. Qualitative trends linking the two

methods were obtained, such as a higher excess current correlating with both higher productivity and

selectivity. As such, a valuable tool is provided to increase the understanding of the electrocatalytic ability

of homogeneous solutions toward improving the oxygen reduction reaction.

1. Introduction

During the last few years, great effort in renewable energy
supply (like solar energy or wind energy) has been observed,
increasing the demand for energy storage solutions of such
renewable electricity.1–4 Although nowadays mainly inorganic
materials are used in energy storage technologies such as
electrolysers or batteries, in the last few years, emerging organic
materials for energy storage applications have been steadily
growing in interest.5–8 Organic compounds like quinones are
renowned electrocatalysts already discovered decades ago,
especially in the field of electrochemical oxygen (O2) reduction
to hydrogen peroxide (H2O2),

9–11 which is a promising
compound to be used as chemical energy storage.12,13 However,
modifications of pure carbon like nanotubes14 or doped carbon

structures,15–18 molecular systems like quinacridone and
epindolidione,19 or trioxotriangulene20 and conductive
polymers21 like polyaniline,22–24 polypyrrole22,23 and poly(3,4-
ethylenedioxythiophene)25,26 are reported as electrocatalysts for
H2O2 production.

Numerous studies regarding covalently attached27,28 or
adsorbed quinones29 exist. However, these reports mainly report
purely kinetic data rather than catalytic parameters like
production rate or turnover numbers. It is well-known that the
type of immobilisation of the catalyst for heterogeneous
catalysis strongly affects the electrochemical performance.30–32

Furthermore, homogeneously dissolved quinones have also
been investigated for their electrocatalytic properties towards O2

reduction33,34 and reported as redox mediators for
photoelectrochemical H2O2 production cells.35,36

Bearing these issues in mind, this work aims to move one
step further in characterising quinones as electrocatalysts for
O2 towards H2O2 reduction. Firstly, we used differently
substituted quinones to gain insight into structure–property
relations. Secondly, in addition to mechanistic-kinetic data,
real quantification of H2O2 produced during electrolysis
operations is crucial for future technical applications.

However, the fact that nearly all conventional electrode
materials show an oxygen reduction reaction (ORR)
behaviour complicates homogeneous electrocatalytic
investigations. Many commonly used metal electrodes
possess a dominating tendency towards a four-electron
reduction of O2 to water. However, carbon-based electrodes

834 | Catal. Sci. Technol., 2023, 13, 834–843 This journal is © The Royal Society of Chemistry 2023

Linz Institute for Organic Solar Cells (LIOS), Institute of Physical Chemistry,

Johannes Kepler University Linz, Altenberger Straße 69, 4040 Linz, Austria.

E-mail: elisabeth.leeb@jku.at

† Electronic supplementary information (ESI) available: Determination of a
suitable ring potential, the Nexp calibration of the RRDE, H2O2 determination
and calibration curve, UV-vis graphs and pictures, additional CVs, additional
LSVs, additional excess current graphs, diffusion coefficients, excess efficiency
graphs, the interference of catalyst with a detection method, photos and graphs
of the degradation behaviour of 1,4-OH-AQ, FE and nH2O2

of electrolysis, and
comparison of mean FE with a maximum of the Iexcess. See DOI: https://doi.org/
10.1039/d2cy01744j

‡ Angelina Kerschbaumer and Dominik Wielend contributed equally to this
work.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 1
0:

42
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d2cy01744j&domain=pdf&date_stamp=2023-02-01
http://orcid.org/0000-0002-6805-9899
http://orcid.org/0000-0003-1330-9915
http://orcid.org/0000-0001-5561-1376
http://orcid.org/0000-0001-9289-4053
http://orcid.org/0000-0001-6962-9243
http://orcid.org/0000-0002-4022-0708
http://orcid.org/0000-0002-0721-498X
http://orcid.org/0000-0003-4727-1193
https://doi.org/10.1039/d2cy01744j
https://doi.org/10.1039/d2cy01744j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy01744j
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY013003


Catal. Sci. Technol., 2023, 13, 834–843 | 835This journal is © The Royal Society of Chemistry 2023

were identified to favour the two-electron pathway towards
H2O2, and are thus prime candidates for studying the
electrocatalytic ability of organic materials towards the
ORR.23,29,37,38 This tendency of carbon-based electrodes for
electrochemical H2O2 production has already been known
since the report of Berl39 in 1939 and later identified as
surface-carbonyl groups acting as active sites.40,41 Specifically,
this intrinsic electrocatalytic activity of the electrode material
might overlap with the potential range of organic materials
like quinones, which requires special consideration of this
background activity.42

As the development of the rotating ring-disc electrode
(RRDE) method has been closely related to ORR studies since
the beginning,43 currently, the RRDE method is still an
important tool in ORR research.10,18,44,45 However, overlapping
reduction and oxidation potentials of the catalysts, products
such as H2O2, and the properties of the electrode material itself
impede such RRDE investigations. A recent report by the group
of Marc Koper described an RRDE method for heterogeneous
carbon dioxide (CO2) reduction, how to distinguish
contributions of hydrogen formation and carbon monoxide
formation by electrode and potential modifications.46 Recently,
we have followed this subtraction approach, modified it for
homogeneous electrocatalytic studies for H2O2 production and
demonstrated its feasibility for a known material,
anthraquinone sulfonate (AQS).42 Following this strategy, the
present work aims at a comparative investigation of six
differently substituted anthraquinones with this RRDE
subtraction method. To better understand the subtraction
results, a direct comparison of this RRDE method with the
quantified catalytic electrolysis towards H2O2 is performed.

In addition to quinones, flavines are also reported as
promising electrocatalysts for O2 to H2O2 reduction both in
homogeneous solution47,48 and in heterogeneous catalysis.49–51

Recently, we have investigated the homogeneous ORR of the
naturally-occurring vitamin B2, riboflavin (RF), on various
carbon electrode materials and now included RF as a catalyst
molecule in this comparative study.52

This work aims to demonstrate the applicability of the
novel RRDE subtraction method for homogeneously
dissolved electrocatalysts for the ORR as a fast yet powerful
tool for electrocatalytic studies.

2. Experimental section
2.1 RRDE and RRDE-subtraction method

RRDE experiments were performed using an IPS Jaissle
Bipotentiostat-Galvanostat PGU BI-1000 equipped with an IPS
Rotator 2016 and an IPS PI-ControllerTouch. An RRDE
consisting of a GC disc (∅ = 5 mm) and a platinum (Pt) ring
(∅ = 7 mm) in polyether ether ketone was used as the
working electrode (WE). The GC/Pt-RRDE was polished using
deagglomerated alumina (Al2O3) pastes (Buehler Micropolish
II) with particle sizes of 1.0, 0.3 and 0.05 μm in decreasing
order. The electrode was sonicated in 18 MΩ water as well as
in isopropanol (VWR chemicals) between the polishing steps.

Furthermore, a platinised counter electrode (CE) and a
commercial Ag/AgCl (3 M KCl) (Messtechnik Meinsberg)
reference electrode (RE) inside a Luggin capillary were used.
Before every RRDE measurement, the cell was purged with N2

and O2 for 1 h each.
For linear sweep voltammetry (LSV), a scan rate of

10 mV s−1 was used. The required ring potential was
determined to enable the detection of H2O2 through re-
oxidation while avoiding the oxidation of the electrocatalytic
compound, as can be seen in Fig. S1.† Unless stated
otherwise, a constant ring potential of 0.26 V vs. standard
hydrogen electrode (SHE) was applied.

As already reported,10,18 the difference in the
concentration of the electroactive species between the disc
and the ring electrode can be assessed using the collection
efficiency (Nmax). Nmax was determined through calibration
with K3[Fe(CN)6] (Merck) and calculated according to eqn (1)
using the limiting ring current (IR,lim) as well as the limiting
disc current (ID,lim). These currents are obtained once the
system is under steady-state conditions at potentials more
negative than −0.3 V vs. SHE.

Nmax ¼ IR; lim
ID; lim
�
�

�
�

(1)

The resulting calibration graph at various rotation speeds
can be found in Fig. S2.† Using Nmax, the faradaic efficiency
(FE) of RRDE experiments can be calculated from the ring
current (IR) and the disc current (ID) according to eqn (2).

FE %ð Þ ¼ IR=Nmax

IDj j ·100 (2)

The RRDE subtraction method used in this work has been
established by Wielend et al.42 and similarly reported by
Goyal et al.46 As the total current of the system (Icat/O2

)
consists of the reductive current of O2 (IGC/O2

) as well as the
reductive current of the catalyst (Icat/N2

), an excess current
defining the electrocatalytic capability of the catalyst towards
the ORR can be calculated according to eqn (3).

Iexcess = Icat/O2
− (IGC/O2

+ Icat/N2
) (3)

Using eqn (2), an excess efficiency can be calculated.

2.2 Electrochemical characterisation

1 × 4 cm glassy carbon (GC) plates (Alfa Aesar) with a
thickness of 2 mm were polished using the same Al2O3 pastes
as before, with decreasing particle sizes. Prior to the change
of polishing paste, the plates were rinsed and sonicated in
18 MΩ water and isopropanol for 10 minutes each. The
electrodes were electrochemically activated in 0.5 M sulfuric
acid (J. T. Baker) before being used in electrocatalytic
experiments. Thus, the potential was swept between 1.5 V
and −1.0 V vs. Ag/AgCl (3 M KCl) for 30 cycles at a scan rate
of 50 mV s−1 to ensure reproducible, electrochemically active
electrodes.
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Cyclic voltammetry (CV) and chronoamperometry were
performed using either an IPS Jaissle Potentiostat-
Galvanostat PGU 10 V–100 mA, an IPS Jaissle Potentiostat-
Galvanostat 1030 PC-T or an Ivium Vertex.One.EIS
potentiostat. While CV experiments were conducted in one-
compartment cells with a GC disc WE, electrolysis
experiments were performed in a two-compartment cell
separated by a Nafion membrane 117 (Alfa Aesar) using a GC
plate WE. For both measurement types, a Pt CE and an Ag/
AgCl RE were used. CV experiments in organic solvents were
performed using an Ag/AgCl quasi-reference electrode,
calibrated against ferrocene (Sigma Aldrich). In contrast,
electrochemical measurements in aqueous media were
conducted using a commercial Ag/AgCl (3 M KCl) (BASi)
reference electrode.

Onset potentials (Eonset) were determined using the
intersection between the baseline and the tangent in the
half-step of the signal current. Half-step potentials (Ep/2) were
determined as the potential at which the signal current
equals half of the baseline corrected peak current.

The electrolyte solution of 0.1 M NaOH with a pH of 13
was prepared by dissolution of the respective amount of
NaOH pellets (Merck) in 18 MΩ water. CV measurements in
organic media were performed using a 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPF6, Sigma
Aldrich) in acetonitrile (MeCN, Carl Roth). Before usage,
1-hydroxyanthraquinone (1-OH-AQ, TCI Chemicals),
2-hydroxyanthraquinone (2-OH-AQ, Activate Scientific),
1,2-dihydroxyanthraquinone (1,2-OH-AQ, Alfa Aesar) and
1,4-dihydroxyanthraquinone (1,4-OH-AQ, Sigma Aldrich) were
further purified by sublimation. Riboflavin (RF, Sigma
Aldrich), sodium anthraquinone-2-sulfonate monohydrate
(AQS, TCI Chemicals), Alizarin Red S sodium salt (ARS, Alfa
Aesar) and unsubstituted Anthraquinone (AQ, Sigma Aldrich)
were used as received.

Before each CV, the cells were purged with nitrogen (N2) for
1 h or O2 for 30 min to achieve saturated conditions. CV
experiments in organic media were performed in a glove box
under a nitrogen atmosphere. For all CV experiments, a scan
rate of 200 mV s−1 was applied. Prior to each
chronoamperometric measurement, both compartments were
flushed with N2 and O2 for 30 min, and CV results were
recorded to ensure saturated conditions. Electrolysis was
performed at a constant potential of −0.25 V vs. SHE for 6 h.
During the experiment, 100 μL aliquots were removed after 0, 1,
2, 4 and 6 h.

The amount of H2O2 produced during chronoamperometry
was quantified spectroscopically according to a method
reported by Apaydin et al.53 and Su et al.54 using
4-nitrobenzeneboronic acid (p-NBBA). Thus, a 4 mM solution of
p-NBBA (Alfa Aesar) in dimethyl sulfoxide (VWR) was prepared
and mixed in a volumetric ratio of 1 : 1 with a 150 mM
carbonate buffer NaHCO3/Na2CO3 (Fluka & Sigma Aldrich),
adjusted to a pH value of 9. The mixture was filtered through a
syringe filter (Chromafil RC-45/15 MS, Macherey-Nagel) and
subsequently added to the samples. After 36 min, the

absorption spectra were measured at a wavelength of 411 nm
using a Thermo Scientific Multiskan GO spectrometer. The
external calibration made from H2O2 standard solutions
(Merck), and the measured absorbance spectrum can be seen in
Fig. S3.†

Unless specified otherwise, all potentials stated in this
work refer to V vs. SHE.

2.3 UV-vis spectroscopy

A Varian Cary 3G UV-visible spectrophotometer was used to
record the UV-vis absorption spectra of the substances
dissolved in pure acetonitrile or 0.1 M NaOH. The UV-vis
spectra were measured in a quartz cuvette (path length of
10 mm) in a 250 to 800 nm wavelength range.

3. Results and discussion

The electrochemical properties of the target molecules were
investigated by CV in the organic, aprotic solvent MeCN as
depicted in Fig. 1.

Fig. 1 Cyclic voltammetry of the AQ molecules in 0.1 M TBAPF6 in
MeCN solutions at a scan rate of 200 mV s−1. All compounds were
investigated at a concentration of 1 mM, except for AQS (0.5 mM) and
RF (0.05 mM).
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With respect to the unsubstituted AQ, a clear effect of
positively shifted reduction potentials upon substitution with
hydroxy groups is observed in aprotic solution. Substitution
with a second OH-group even leads to a further positive shift
in reduction potentials, with the 1,4-substitution pattern
(para-position) possessing the strongest influence. This effect
is caused by intramolecular hydrogen bondings and is absent
in the case of alkoxy-substituents,55 and is already well-
described for aprotic solvents in previous experimental and
computational studies.56–58 In contrast to the AQ derivatives,
RF did not show remarkable redox features in organic,
aprotic solvents, mainly attributed to the low solubility of the
highly polar RF structure. As the electrocatalytic O2 to H2O2

reduction reaction is known to be most efficient for certain
material classes in alkaline solutions,40 homogeneous
solutions of the compounds shown in Fig. 1 were also
examined in 0.1 M NaOH for their electrocatalytic
performance. The choice of hydroxy-substituted AQs thereby
combines two benefits. In addition to the higher H2O2

catalysis performance under alkaline conditions,40 the
solubility of the hydroxy derivatives in aqueous, alkaline
solution is sufficient for electrochemical investigations. Due
to this reason, only hydroxy derivatives were chosen for this
study alongside RF, which is known to be a catalyst for the

ORR.47,49,52 The colour appearance of the material in
solutions of 0.1 M NaOH and MeCN, as well as the respective
UV-vis absorption spectra, can be seen in Fig. S4.†

Fig. 2 depicts the CV curves of AQS, 1-OH-AQ, 1,4-OH-AQ
and RF in 0.1 M NaOH under N2 and O2 saturated conditions
together with O2 using a GC electrode in 0.1 M NaOH without
the addition of any catalyst. The blue CV curves of GC in
0.1 M NaOH under O2 saturated conditions in Fig. 2 show
the known electrocatalytic behaviour of GC, which overlaps
with all AQ and RF reduction peaks. In the case of AQS under
O2 in Fig. 2a, the resulting CV curve shows two close
reduction peaks at half-step potentials of −0.30 and −0.44 V
and no oxidation peak of AQS in the potential range
examined. In the case of 1-OH-AQ and 1,4-OH-AQ under O2,
Fig. 2b and c show reduction plateaus followed by reduction
peaks at Ep/2 of −0.56 V for 1-OH-AQ and −0.57 V for 1,4-OH-
AQ, which is at the potential of the respective AQ species
under N2 conditions. While 1-OH-AQ shows an oxidation
feature at the border of the potential range investigated at an
onset potential of 0.58 V, 1,4-OH-AQ possesses a clear and
distinct oxidation peak at an onset potential of 0.13 V, which
has an important influence on RRDE experiments to be
discussed later. RF possesses a similar electrochemical
behaviour to AQS with no oxidation peak. The CV graphs of

Fig. 2 CV studies of a) AQS, b) 1-OH-AQ, c) 1,4-OH-AQ, and d) RF in 0.1 M NaOH recorded with a GC disc electrode at 200 mV s−1. All materials
were studied in a concentration of 1 mM apart from 1-OH-AQ, which was studied in a 0.4 mM solution due to a lower solubility.
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2-OH-AQ, 1,2-OH-AQ and ARS can be found in Fig. S5.† Upon
comparing the CV curves, 2-OH-AQ behaves similarly to
1-OH-AQ while 1,2-OH-AQ and ARS behave similarly to
1,4-OH-AQ. The reduction potential values and oxidation
onset potentials of all the materials studied are summarised
in Table 1.

As can be seen, in all cases studied, the GC ORR
feature overlaps with the reduction peaks of the materials.
The red curves with the catalytic compounds and O2

present in Fig. 2 indicate a significant increase in the
electrocatalytic reductive current at potentials significantly

more positive than the reduction of the respective
compound under oxygen-free conditions. Using the
mathematical approach, we have recently reported for
RRDE studies of homogeneous solutions,42 we investigated
the comparative application of this method to solutions of
all the selected materials in the present study.

The LSV curves of AQS, 1-OH-AQ and 1,4-OH-AQ and RF
are depicted in Fig. 3. The LSV curves in Fig. 3 and S6† reveal
the electrocatalytic effect of the molecules even more plainly
than the CV graphs in Fig. 2. Up to a certain starting point
around −0.2 V, no effect is observed, as the line for O2

Table 1 Half step potentials Ep/2 and onset potentials for the oxidation of pristine GC and 1 mM AQ derivatives (except 0.4 mM solution of 1-OH-AQ) in
0.1 M NaOH

Compound

Ep/2 reduction/V vs. SHE Eonset oxidation/V vs. SHE

N2 O2 N2 O2

— — −0.31 — —
1-OH-AQ −0.54 −0.29 and −0.56 0.58 0.50
2-OH-AQ −0.59 −0.28, −0.49 and −0.64 0.78 0.66
1,2-OH-AQ −0.54 and −0.71 −0.24, −0.56 and −0.70 0.21 and 0.87 0.20 and 0.83
1,4-OH-AQ −0.56 −0.29 and −0.57 0.14 0.13
AQS −0.42 −0.30 and −0.44 — —
ARS −0.53 and −0.72 −0.28, −0.56 and −0.74 0.29 0.29
RF −0.53 −0.33 and −0.52 — —

Fig. 3 LSV graphs with ring (dashed line) and disc (solid line) currents of the 0.4 mM solutions of a) AQS, b) 1-OH-AQ, c) 1,4-OH-AQ, and d) RF in
0.1 M NaOH recorded with a GC/Pt RRDE electrode at 10 mV s−1. The graphs shown were recorded at 900 rpm and a ring potential of 0.26 V
unless stated elsewise.
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saturated conditions without any catalyst (blue) is identical
to the line with the catalyst (red). Also, at very negative
potentials, the molecule under O2 shows current values of
the sum of 0.1 M NaOH under O2 (blue) and the
compound dissolved in 0.1 M NaOH under N2 (green).
However, in between those extrema, areas with significantly
increased current going beyond the sum of the individual
components are observed, especially close to the onset of
the reduction.

With the help of eqn (3), for each catalyst material
studied, excess currents for the ring and disc were calculated
at all rotation speeds. Only for the two compounds exhibiting
a very negative oxidation potential for the ring analyses,
namely 1,2-OH-AQ and 1,4-OH-AQ, the excess currents were
only determined for the disc. These excess currents are
depicted in Fig. 4.

The excess current curves of AQS in Fig. 4a show a steep
reductive current increase at around −0.4 V, which is
qualitatively the potential range observed in Fig. 3a, where
the AQS/O2 curve shows more current than the GC/O2

conditions. With a slight cathodic delay, the excess ring
currents also show a less pronounced but similar peak
behaviour, which is in accordance with the previous study.42

In contrast to AQS, 1-OH-AQ in Fig. 4b shows not only one

reductive peak in the disc excess current curves but two
peaks. While the first reductive peak also has a
corresponding oxidative peak in the ring excess current
curves, the second reductive peak lacks any feature in the
ring currents. Comparing Fig. 4a and b with the onsets of
the AQ/N2 reduction features in the LSV curves in
Fig. 3a and b suggests that the second reductive peak
corresponds to the reduction of 1-OH-AQ. As this feature is
strongly pronounced in the disc excess currents, these
results suggest an increased amount of electrochemically
active 1-OH-AQ species in the vicinity of the electrode, most
likely due to the electrocatalytic cycling within the time
frame of the measurement.

Interestingly at first glance, RF in Fig. 4d shows a similar
behaviour to AQS. However, an oxidative excess current peak
is observed prior to the strong reductive currents in the disc
excess currents. This anti-catalytic behaviour may be
attributed to an activation pathway prior to the actual
electrocatalytic process. Further excess current plots can be
found in Fig. S7.† Thereby, examples of two or more reductive
disc current peaks, as well as ARS with two reductive and two
corresponding oxidative peaks, are illustrated. Based on the
formula in eqn (2) for expressing the ratio of disc and ring
currents with an efficiency, according to Wielend et al.42

Fig. 4 Excess current graphs of the 0.4 mM solutions of a) AQS, b) 1-OH-AQ, c) 1,4-OH-AQ, and d) RF in 0.1 M NaOH recorded with a GC/Pt
RRDE electrode at 10 mV s−1.
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excess efficiencies were calculated, as depicted in Fig. S8.†
In addition, the diffusion coefficients of the compounds
determined from CV studies are listed in Table S1.† The
interpretation of these data is the focus of ongoing
research.

From the excess current curves, important catalytic values
were extracted for all materials investigated and are depicted
in Table 2. In order to draw conclusions from the
electrocatalytic values in Table 2 to establish electrocatalytic
parameters like productivity and selectivity,
chronoamperometric electrolysis of 0.3 mM solutions of the
compounds was performed over 6 h in 0.1 M NaOH, and the
amount of H2O2 produced was quantified. As this
colorimetric H2O2 detection method is based on the colour
change of 4-nitrophenyl boronic acid, as demonstrated in
Fig. S3,† possible interferences of the homogeneously
dissolved electrocatalysts had to be considered. As illustrated
in Fig. S9,† no distracting absorption peaks originating from
the catalysts were observed during the H2O2 quantification,
as also recently demonstrated,52 except for 1,4-OH-AQ.
Hereby, the H2O2 quantification was not altered. Still, a
steady decrease in absorption around 560 and 590 nm was
observed, which was identified using Fig. S4† as the
characteristic bands of the deprotonated 1,4-OH-AQ species.
Furthermore, during the electrolysis of 1,4-OH-AQ, a colour
change of the electrolyte solution was observed from dark
violet to a paler colour. The same trend from a violet colour
to a pale pink colour transition was even observed without
applying any potential over two weeks under ambient
conditions. A controlled investigation of this colour change
depicted in Fig. S10† proved a steady degradation of 1,4-OH-
AQ with air, which is already reported in the literature.59

Fig. 5 depicts the moles of H2O2 produced via O2 reduction
and the respective FE of the electrocatalytic processes. The
chronoamperometric current vs. time plots for all molecules
can be found in Fig. S11.†

One important conclusion from Fig. 5 is that also a bare
GC electrode in 0.1 M NaOH solution (black dotted line)
produces mentionable amounts of H2O2 at moderate average
FEs of around 55%. Due to this fact, this significant
background electrocatalytic activity has to be carefully
considered when discussing molecular electrocatalytic
activities, as we have recently demonstrated and
emphasised.23,52,55 This electroactivity of pristine GC for O2

reduction is also present in the CV and LSV studies already

discussed in Fig. 2 and 3. The exact values for the amount of
H2O2 produced and mean FE can be found in Table 3.

Despite this background activity, Table 3 demonstrates an
increased electrocatalytic effect upon addition of all AQ
derivatives and RF by larger quantities of H2O2 produced at
strongly elevated FEs. Thus, all compounds show an increase
in both productivity and selectivity. The fact that hydroxy-AQ
derivatives show an enhanced electrocatalytic ORR activity
was already demonstrated in 1997 in aprotic solvents.60

Interestingly, AQ derivatives carrying a sulfonate group show
the highest productivity, at 98.2 μmol (AQS) and 93.1 μmol

Table 2 Summary of the determined maxima of the excess currents (Iexcess,max) with the corresponding potentials (E(Iexcess,max)), the onset potentials of
the catalytic regions (Eonset(Iexcess)), the potentials at the efficiency maxima (E(Efficiencymax)) and the excess charges (Qmax)

Compound Iexcess,max/μA E(Iexcess,max)/V vs. SHE Eonset(Iexcess)/V vs. SHE E(Efficiencymax)/V vs. SHE Qexcess/mC

1-OH-AQ −283 and −277 −0.51 and −0.60 −0.31 −0.53 −10.8
2-OH-AQ −296 and −275 −0.56 and −0.69 −0.34 −0.69 −11.3
1,2-OH-AQ −129 and −132 −0.59 and −0.81 −0.17 — −6.0
1,4-OH-AQ −169 −0.52 −0.37 — −2.4
AQS −491 −0.47 −0.31 −0.42 −16.9
ARS −265 −0.47 −0.30 — −6.2
RF −266 −0.55 −0.37 −0.53 −7.0

Fig. 5 a) Comparison of moles of H2O2 produced using 0.3 mM
homogeneously dissolved AQ molecules and RF. b) Comparison of
faradaic efficiencies (FE) of the AQ derivatives and RF.
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(ARS) of H2O2 produced. However, 2-hydroxy derivatives
show the highest selectivity, with FE values of 96% (2-OH-
AQ) and 95% (1,2-OH-AQ). Overall, ARS, which carries both
sulfonate- and hydroxy-groups, demonstrates a high
productivity and selectivity.

A comparison of the characteristic electrocatalytic values
of the RRDE with the chronoamperometric electrolysis
method can be found in Fig. 6. As seen in Fig. 6, no ultimate
quantitative correlation can be found. However, certain
qualitative behaviour can be observed. A lower onset
potential of the excess current correlates with a higher FE in
electrolysis experiments, which can be seen in Fig. 6a.
Furthermore, as depicted in Fig. 6b, a lower excess charge
coincides with a lower FE. A clear trend can be found when
comparing the total amount of H2O2 produced over 6 h with
the excess charge found using the RRDE, as depicted in
Fig. 6c. Here, a decrease in the excess current is accompanied
by a decrease in the production of H2O2, which can be
understood by the fact that both quantities are closely related
to the O2 to H2O2 reduction reaction productivity.

Moreover, all comparisons show the poor performance
of 1,4-OH-AQ, which may be linked to the decomposition
of the compound during the electrolysis experiment and
upon prolonged O2 exposure. This strong dependence of
the position of the hydroxy groups on the electrocatalytic
behaviour was also already observed earlier by the group of
Richard Compton, where also 1,4-OH-AQ was identified as
a less active catalyst.61 A comparison of the mean FE with
the maximum excess current can be found in Fig. S12,†
which shows a worse correlation than the excess charge in
Fig. 6c.

4. Conclusions

In this study, homogeneously dissolved anthraquinone
derivatives and riboflavin were investigated for their
electrocatalytic capacity for O2 reduction using a new RRDE
subtraction method. This method was compared with
established chronoamperometric electrolysis experiments
using a quantitative spectroscopic detection method for
H2O2. Upon the addition of the electrocatalyst, a significant
increase in the reductive current at more positive potentials
was found. This increase in the reductive current and, thus,
electrocatalytic activity was further visualised through the
calculation of the excess current from the RRDE experiments.

The steep increase of the excess current was found around
the potential of the reduction of the catalytic compound
itself, mirrored by a ring current with a slight catalytic delay.
However, the ring current could not be determined for
compounds with a very negative oxidation potential, as they
are interfering with the oxidation of H2O2 at the ring.

Chronoamperometric measurements reaffirmed the
catalytic activity of all compounds investigated, showing an
increase in both productivity and selectivity towards H2O2. A
comparison of both methods yields qualitative trends, with

Table 3 Mean FE and total amount of H2O2 produced during electrolysis

Compound FEmean/% nH2O2
/μmol

— 62 66.0
1-OH-AQ 89 86.1
2-OH-AQ 96 77.1
1,2-OH-AQ 95 80.8
1,4-OH-AQ 70 79.8
AQS 91 98.2
ARS 98 93.1
RF 84 82.3

Fig. 6 Comparison of the mean FE with the a) onset potential of the
excess current (Eonset(Iexcess)) and b) excess charge (Qexcess) as well as
c) comparison of the amount of substance of H2O2 produced during
the electrolysis (nH2O2

) with the Qexcess of AQs and RF.
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an increase in the excess current correlating to an increased
FE as well as a higher amount of H2O2 produced.

These results demonstrate the RRDE subtraction method
as a valuable tool, complementary to chronoamperometric
electrolysis, for comparing the electrocatalytic ability of
various compounds in a fast and simple way.
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