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A B S T R A C T   

The state-of-the-art procedure for investigating homogenous and heterogeneous electrocatalysts is cyclic vol-
tammetry (CV). However, this technique usually requires an inactive electrode material. One common problem 
arising e. g. in studying the oxygen reduction reaction (ORR) is the significant background contribution to the 
overall ORR current provided by many carbon-based and metal-based electrode materials. Furthermore, rotating 
ring-disc electrodes (RRDEs) made of common materials like glassy carbon/platinum (GC/Pt) can be affected by 
overlapping reduction potentials on the disc. Interference from overlapping reactions on the ring might also 
occur, particularly in connection with oxygen reduction and hydrogen peroxide oxidation in ORR studies. 

We present herein a novel subtraction method which allows a semi-quantitative description of homogeneous 
electrocatalysts and helps to overcome the overlapping problems described above using anthraquinone-2- 
sulfonate (AQS) as a “case study material” for the ORR.   

1. Introduction 

For decades it has been known that quinones, and especially an-
thraquinones, are suitable catalysts for the chemical as well as electro-
chemical production of hydrogen peroxide (H2O2) by the reduction of 
oxygen (O2) [1–3]. However, as well as the target 2-electron reaction 
(O2 to H2O2) the direct 4-electron reduction to water, or reduction of 
H2O2 to water, can occur as competing side-reactions [3]. Many metals, 
such as platinum, prefer the direct 4-electron reduction to water, 
whereas others, like gold and most carbon-based materials, show a 
strong tendency towards hydrogen peroxide production (HPP). The HPP 
behaviour of carbon electrodes has been known for a long time [4] and 
the explanation for this outcome is presumed to be that reduced quinone 
moieties on the electrode surface are oxidized by oxygen which is 
transformed into H2O2 [5–7]. 

In recent years, immobilized quinones have attracted increased 
attention for electrochemical H2O2 production [3,8,9]. Mechanistic 
studies of physically adsorbed or covalently attached anthraquinone 
moieties have been reported, proving the quinone–oxygen reduction 
and oxidation cycle [10–16]. Dissolved anthraquinones have also been 
reported as redox mediators in photoelectrochemical cells (PEC) for 

H2O2 production [17,18]. Furthermore, quinones are also widely used 
in other energy storage applications such as sodium batteries [19] or 
redox-flow batteries [20–22]. Apart from quinones, a number of other 
redox-active organic compounds have also been used for electro-
catalytic [23] and photocatalytic [24,25] HPP. 

In contrast to the above-mentioned studies on immobilized quinones, 
there have been only a limited number of reports dealing solely with the 
electrocatalytic ORR properties of homogeneously dissolved quinones 
[26–29]. As most conventional electrode materials themselves show 
some electrocatalytic ORR activity, studies examining the homogeneous 
electrocatalytic effect of quinones for the ORR require special electrode 
materials which have a kinetically hindered ORR. Examples of such 
electrode materials are boron-doped diamond (BDD) [26–28] or fully 
surface-modified electrodes [29]. These studies show that the reduced 
quinone species themselves reduce O2 to H2O2 by homogeneous electron 
transfer [17,29]. 

This challenge of overlapping electrochemical features, related on 
the one hand directly to the electrode material and on the other hand to 
the quinone electrocatalyst, was the motivation to develop a method for 
semi-quantitative examination of solely the electrocatalytic effect of 
homogenous catalysts, and to distinguish between the two overlapping 
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processes. We used the conventional rotating ring-disc electrode (RRDE) 
method, taking the well-studied compound anthraquinone-2-sulfonate 
(AQS) [26,28] as an example. 

2. Materials and methods 

The chemicals sodium anthraquinone-2-sulfonate monohydrate 
(AQS) (TCI Chemicals), sodium dihydrogen phosphate dihydrate (Sigma 
Aldrich), disodium hydrogen phosphate (Sigma Aldrich) and hydrogen 
peroxide (Merck, 30% solution) were used as received. Cyclic voltam-
metry (CV) experiments were performed using a 3 mm diameter glassy 
carbon (GC) disc electrode (PalmSens) as the working electrode (WE), a 
platinum sheet as the counter electrode (CE) and commercial Ag/AgCl 
(3 M KCl) (BASi) as the reference electrode, operated by a Jaissle 
potentiostat-galvanostat PGU10V-100 mA. RRDE experiments were 
performed with an IPS Jaissle PGU BI-1000 bipotentiostat-galvanostat 
linked to an IPS PI-ControllerTouch unit and an IPS Rotator 2016 
rotating unit. A GC disc (∅ = 5 mm) in polyether ether ketone with a Pt 
ring (∅m = 7 mm) was used as the WE, a platinum electrode as the CE 
and a commercial Ag/AgCl (3 M KCl) (Messtechnik Meinsberg) elec-
trode with a Luggin capillary as the RE. Linear sweep voltammetry (LSV) 
at a scan rate of 10 mV s− 1 was used in all RRDE experiments. 

UV–vis spectroelectrochemistry was carried out in a spectroelec-
trochemical cell with a 1 mm path length (BASi) using a Pt mesh as the 
WE, a Pt wire as the CE and Ag/AgCl as a quasi-RE (determined to be 
+0.19 V vs. SHE). UV–vis absorption studies were performed on a 
Varian Cary 3G UV–visible spectrophotometer with a scan rate of 1515 
nm s− 1. 

The disc-type WEs were all polished prior to use for 30 s each with 
Buehler Micropolish II deagglomerated alumina with particle sizes 
decreasing from 1.0 to 0.05 µm. In between they were rinsed with 18 MΩ 
water (MQ water) and isopropanol (VWR Chemicals) to remove excess 
alumina. Before and during all electrochemical experiments, the cell was 
purged for 1 h with nitrogen (N2) or oxygen (O2) (Linde, 5.0). 

According to the literature [3,30], the following formulae are used to 
determine the faradaic efficiency (FE) of an RRDE process: 

FE(%) =
IR/N
|ID|

⋅100 (1)  

Nexp =
IR

|ID|
(2) 

The experimental determination of Nexp using K3[Fe(CN)6] as well as 
the FE of a bare GC have been reported recently [31]. 

3. Results and discussion 

The electrocatalytic activity of water-soluble AQS (structure in Fig. 1a) 
towards the ORR is well known [26,28]. It was therefore chosen as a “case 
study” compound for our studies in a 0.1 M phosphate buffer (PB) at pH = 7. 
Using a standard glassy carbon (GC) electrode, it can be clearly seen from 
Fig. 1 that the AQS reduction curve overlaps with the ORR curve of the bare 
GC (without any AQS added). Besides a broader curve (blue line) for a freshly 
polished (bare) GC under O2, the combination of AQS/GC under O2 is also 
slightly cathodically shifted compared to AQS/GC under N2. 

It can be seen from Fig. 1a that for AQS/GC under O2 the reductive 
peak appears to be composed of two merged peaks. This behaviour is 
more pronounced at the slower scan rates in Fig. 1b (for scan-rate 
dependent CV scans under N2 see Fig. S1) while at faster scan rates 
only one feature is observed. 

Fig. 2 shows the initial UV–vis absorption spectrum of AQS under N2 
(red dotted line, right-hand vertical axis). This figure also shows in situ 
spectroelectrochemistry of AQS, revealing decreasing absorption at 329 
nm while broad bands at 380 and 530 nm evolve upon reduction under 
N2. In contrast, the broad feature at 530 nm is not observed under O2 
(see Fig. S2 for full spectra). This behaviour is in good agreement with 

Fig. 1. (a) CV of 1 mM AQS in 0.1 M PB under N2/O2 saturated conditions 
compared with a bare GC under N2/O2 saturated conditions recorded at 20 mV s− 1. 
(b) CV scans of 1 mM AQS in 0.1 M PB under O2 saturated conditions at scan rates 
between 1 and 400 mV s− 1. 

Fig. 2. In situ spectroelectrochemistry of 1 mM AQS under N2 and under O2 
(differential spectra – left-hand vertical axis), where darker curves correspond 
to more cathodic potentials. The red dotted line shows the UV–vis absorbance 
of 1 mM AQS in 0.1 M PB under N2 (right-hand vertical axis). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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the literature, where the bands at 380 nm correspond to protonated 
species in this aqueous environment, whereas the active species for the 
ORR − AQS2− – is expected to absorb at 530 nm [17,32]. These obser-
vations indicate that upon addition of O2 the electrocatalytically active 
species AQS2− disappears and no stable catalyst–substrate complex is 
formed. 

Due to the overlap of the reduction features when using a GC elec-
trode, CV studies alone cannot provide a clear separation of the elec-
trocatalytic behaviour as the final currents of AQS/O2 seem to be the 
sum of AQS/N2 and GC/O2. In order to gain more insight into the pro-
cess, RRDE linear-sweep voltammetry (LSV) was performed. These ex-
periments revealed that the two reduction products on the disc (reduced 
AQS and H2O2) could not be selectively oxidized at the ring by varying 
the potential. This is because at potentials that are too cathodic (more 
negative than +0.23 V vs. SHE) the ORR at the Pt ring interferes, while a 
certain anodic potential (more positive than +0.44 V vs. SHE) would 
still be required to drive the H2O2 oxidation (see Fig. S3). To overcome 
these limitations and problems, a mathematical method was developed 
to distinguish between these re-oxidation processes. Moving in this di-
rection, the results in Fig. 3 were obtained at an anodic ring potential at 
which both reduced species are oxidized (+0.64 V vs. SHE): 

The LSV curves in Fig. 3 demonstrate even more clearly that the 
limiting current of the AQS/O2 system seems to be additively composed 
of the AQS/N2 and GC/O2 systems. It can be seen that at very cathodic 
potentials the current of AQS/O2 (orange curve) is nearly the sum of the 
current values for AQS/N2 (green curve) and GC/O2 (blue curve) in 
Fig. 3. Qualitatively, the significantly earlier onset of the ORR and the 
steeper slope (orange curve in Fig. 3) are indications of electrocatalysis 
by AQS. However, due to the above-mentioned overlap, a quantitative 
description is not straightforward. For heterogeneous RRDE experi-
ments, the faradaic efficiency for HPP can be calculated via Eq. (1). Here 
we propose a very similar approach for this model system with homo-
geneous catalysis (inspired by Fisher [33]) as here the AQS reduction 
and the ORR overlap. 

Since the AQS/O2 system is linearly composed of the GC/O2 and 
AQS/N2 systems, the difference between this sum and the actual AQS/ 
O2 data corresponds to an electrocatalytic excess current: 

Iexcess = IAQS/O2 −
(
IGC/O2 + IAQS/N2

)
(3) 

According to this excess current in Eq. (3) we are able to calculate the 
currents for the disc as well as the ring for all rotation speeds. These 
excess currents are used to calculate the excess efficiency according to 
Eq. (1), which is illustrated in Fig. 4. 

As can be seen from Fig. 4a, as well as from Fig. 3, especially at low 
overpotentials η, high excess currents are observed which possess a 

maximum current which then tails off towards zero as soon as the full 
ORR of the bare GC is established (see Fig. S4 for all plots). According to 
Fig. 4b, the maximum current peak potentials shift cathodically with 
increasing ω by roughly 150 mV following a nearly linear trend versus 
ω0.5, which is usually observed and expected for the current in Levich 
plots [34]. The origin of the two merged peak behaviour observed for ID 
and IR in some cases is not yet fully understood. As well as the above- 
mentioned shift in the current maxima, a similar trend is observed in Fig. 3. RRDE-LSV curves of 1 mM AQS in 0.1 M PB at 900 rpm using a scan rate 

of 10 mV s− 1 (Ring @ +0.64 V vs. SHE). 

Fig. 4. (a) Calculated excess currents ID and IR at 100 and 3600 rpm. (b) Po-
tentials of the maximum current points of ID and IR at various rotation speeds 
versus ω0.5. (c) Calculated excess efficiencies for all rotation speeds between 
100 and 3600 rpm. 
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Fig. 4c for the excess efficiencies. At all rotation speeds, the efficiencies 
tail off towards high values, which can be even greater than 100%, 
largely caused by mathematical errors due to the relatively low excess 
current values at those cathodic potentials. Again, the onset of this tail is 
cathodically shifted by increasing ω. The shifts and excess current peaks 
observed on increased convection can be understood by means of the 
residence time of the AQS molecules in the vicinity of the electrode and 
the delayed onset of the plain GC ORR, causing flattening of the excess 
current curves. One unexpected feature in Fig. 4c is the minimum of the 
excess efficiency at a constant value of 0.32 V, which is not affected by 
convection. Referring to Fig. 3, this might be the starting potential of 
AQS reduction without O2, which is slightly cathodically shifted 
compared to AQS reduction with O2 present. 

The simple mathematical subtraction method (Eqs. (1) & (3)) 
described here offers an illustrative insight into the electrocatalytic 
behaviour of a homogeneous electrocatalyst (here for O2 to H2O2 
reduction) in addition to information obtained with classical CV 
(Fig. 1a) and LSV (Fig. 2). Using these results, a trend of delayed cata-
lytic current and efficiency upon increased convection was demon-
strated, in accordance with the well-known Levich equation. The 
findings illustrated in this work are in agreement with the decreasing 
residence time of the catalyst in the vicinity of the (disc) electrode at 
higher rotation speeds. 

4. Conclusions 

In this work, we investigated the electrocatalytic behaviour of 
homogenously dissolved anthraquinone sulfonate (AQS) towards “oxy-
gen to hydrogen peroxide” reduction. Usually, when using conventional 
electrode materials such as glassy carbon (GC) or noble metals, the 
electrode’s ORR (occurring in a non-catalysed way directly at the GC 
electrode surface) overlaps with the anthraquinone reduction reaction 
and its electrocatalytic oxygen reduction. To the best of our knowledge, 
this is the first time that a mathematical subtraction approach has been 
proposed for the separation of the different current contributions based 
on RRDE-LSV experimental data and further calculations. Excess cur-
rents can be calculated in connection with the electrocatalytic behav-
iour. It was observed that the maximum excess current potentials are 
cathodically shifted by increasing the rotation speed. Excess efficiencies 
close to unity are obtained, cathodically delayed at higher rotation 
speeds. 

Our method provides fast and easy access to parameters that would 
otherwise be hidden in overlapping contributions and yields results 
which are in good agreement with literature reports on the use of AQS as 
a redox mediator for H2O2 production under unstirred conditions [17]. 
Here we have simply demonstrated this method using the well-known 
electrocatalyst AQS, but we are convinced that this approach could be 
adopted for routine examination of many other possible homogenous 
electrocatalytic systems with overlapping redox potentials, without the 
need to develop specialized electrodes [26,29]. 
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