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a b s t r a c t

In this work we analyze the applicability limits of the rotating ring-disk electrode (RRDE) technique for
quantifying the amount of oxygen produced during the oxygen evolution reaction (OER). We utilize a
state-of-the art IrO2 oxide as a carbon-free OER catalyst and La1�xSrxMn0.5Co0.5O3�d, x¼ 0.25 and 0.5
perovskites, which are studied in the presence of carbon. RRDE experiments are performed at different
IrO2 loadings under both potentiodynamic and potentiostatic modes. The experimental data allow us to
formulate the requirements to the experimental conditions necessary to avoid underestimation of the
oxygen yield.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Water electrolysis occupies an important place in the electro-
chemical energy conversion and storage [1]. The choice of active
and sufficiently stable electrode materials for the anodic OER is the
most complex problem of the water electrolysis [2e4]. For the
proton-exchangemembranewater electrolysis thematerials choice
is largely reduced to Ir-based anodes, other materials not being
capable of sustaining the acidic medium at high anodic potentials
[5]. Last decades have evidenced significant increase in the interest
towards water electrolysis in liquid and solid alkaline electrolysis
cells, whereby various transition metal oxides have been investi-
gated regarding their OER activity [1e3]. Many of transition metal
oxides are rather poor electron conductors urging their utilization
in combinationwith conductive binders, carbonmaterials currently
being the most widely employed [3,6e8]. At high anodic potentials
carbon corrosion is unavoidable and occurs simultaneously with
the OER. Thus, accurate measurements of the OER activities of ox-
ides studied in the presence of carbon additives require
mistry, Faculty of Chemistry,
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determination of the OER current efficiency [3].
Various techniques have been suggested for quantifying the

amount of the evolved oxygen, including fluorescence oxygen
sensors [9,10], differential and online mass spectrometry [11e16],
scanning electrochemical mass spectrometry [17,18]. The rotating
ring-disc electrode (RRDE), whereby oxygen evolved at a disk
electrode is detected at the ring, is characterized by a low detection
limit, does not require special cell development, and thus seems to
be a convenient method for determining the OER efficiency of ox-
ide/carbon composite electrodes. Surprisingly, the RRDE method is
rarely applied to studies of the OER. Even for carbon-free electrodes
the reported OER current efficiencies range from 100% [19,20] to
much lower values [21e24] suggesting possible instrumental
complications.

High catalyst loadings on the disc electrode appear to be one of
the current explanations for the apparent low OER efficiencies
whereby the pores of a catalytic layer might be blocked by oxygen
bubbles under the conditions of the oxygen evolution. However,
the loading effect seems to be a matter of controversy: some pub-
lications documented a decrease [20,25e29], while the other an
independence [27,30] or even an increase of the OER specific ac-
tivity with the loading [25].

The objective of this work is to explore the applicability and
eventual limitations of the RRDE as a quantitative method for the
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OER investigation. In order to do sowe apply a carbon-free IrO2 OER
catalyst, which is investigated in awide range of loadings (from 5 to
400 mg cm�2) both under potentiodynamic and under potentio-
static conditions. We then test two non-noble oxides (Co- and Mn-
containing perovskites La1�xSrxMn0.5Co0.5O3�d, x¼ 0.25, 0.5) with
a carbon binder to quantify the OER efficiency under the conditions
of the simultaneous oxygen evolution and carbon corrosion.
2. Experimental

2.1. Synthesis of the iridium oxide powder

IrO2 powder was obtained by thermal oxidation of unsupported
metallic Ir nanoparticles of ca. 2 nm diameter synthesized by direct
reduction of an anhydrous Ir salt in water-free conditions as
described in Ref. [31]. The oxidation was performed at 490 �C in a
furnace under air by using a heating rate of 5 �C min�1 and a dwell
time of 0.5 h as specified in Ref. [32]. This procedure resulted in the
formation of rod-shape IrO2 particles with a mean width of ca.
5.5 nm and a length of ca. 15.0 nm and rutile crystalline structure as
described in Ref. [33]. Specific surface area of the IrO2 sample was
estimated from TEM measurements neglecting particle agglomer-
ation as ca. 74m2 g�1.

La1�xSrxMn0.5Co0.5O3�d, x¼ 0.25 and 0.5 perovskites with 10.2
and 5.7m2 g�1 BET surface areas, respectively, were prepared by
modified Pechini method. In this method, for the preparation of 3 g
of samples, stoichiometric amounts of Mn(CH3COO)2$3.8H2O,
Co(NO3)2$5.38H2O and La(NO3)3$5.25H2O (all analytical grade,
exact water content of the salts was determined from thermogra-
vimetric analysis in air) were dissolved in 50ml of distilled water
where the solution prepared by dissolution of SrCO3 in a minimum
volume of concentrated HNO3 was added. The obtained solution
was transferred in a porcelain cup into which a solution of 24 g of
diammonium citrate in 30ml of water was added. Final pH of the
resulting solution was adjusted to 7 by the addition of HNO3 (conc)
or NH3 (aq) whereupon 5 g of acrylamide (Acros Organics, 98.5%)
and 1.02 g of N,N0-methylenebisacrylamide (Acros Organics, 96%)
were added. The solution was heated at a ceramic plate until a
transparent gel was formed. The resulting gel was first annealed in
air at 450 �C for 2 h, then at 800�С for 6 h, ground and finally
treated at 900 �C for 12 h. The phase purity of the prepared pe-
rovskites was checked by their X-ray powder diffraction (XRPD)
patterns (Fig. S1) recorded with a Huber G670 Image plate Guinier
diffractometer (CuKa1 radiation, curved Ge monochromator, image
plate detector). According to scanning electron microscopy (SEM)
images obtained with Carl Zeiss NVision 40 microscope operated at
1e20 kV, the samples contain sintered particles with the size
20e50 nm (Fig. S2).
2.2. Electrode preparation

For electrochemical measurements the IrO2 catalyst was
deposited from IrO2/water suspensions (0.03e2.6mgml�1

depending on the desired loading) onto a glassy carbon (GC) disk
electrode mirror-like polished using alumina/water pastes with the
1, 0.3 and 0.05 mm alumina particle size. IrO2 loadings per cm2 of
the geometric surface area ranged from 5 to 400 mg cm�2. For the
preparation of the 91 and 400 mg cm�2 loadings certain portions of
IrO2 were mixed with the calculated amounts of pure water
(18.2MU cm,<1 ppb TOC, Purelab) followed by the treatment in the
ultrasound bath (ca. 10 min). In case of 5, 15 and 45 mg cm�2 load-
ings the ink prepared for the 91 mg cm�2 loading was diluted with
calculated amounts of pure water. To obtain distributed and
reproducible catalyst layers, three 10 ml portions of the ink were
subsequently drop-cast onto the GC disk using a micropipette, with
and intermediate drying under a slow N2 gas stream. At the final
stage, 6 ml portion of an alkaline ionomer AS4 (Tokuyama Company)
aqueous solution was dropped onto the deposited catalyst layer
and dried under N2, to provide the ionomer content of 1.3 mg cm�2.
The electrochemical tests with bare (catalyst-free) GC disk elec-
trode were also performed in the presence of ionomer for the sake
of comparison.

La1�xSrxMn0.5Co0.5O3�d, x¼ 0.25 and 0.5 perovskites were
mixed (1:1 on the weight basis) with a pyrolytic carbon of the
Sibunit family [34] with 82m2 g�1 BET surface area. These mixtures
were used for preparing aqueous suspensions and deposited on the
GC disk electrode as specified in Ref. [35] to attain carbon and
perovskite loadings of 15 mg cm�2.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode Teflon cell with the upper part made of Pyrex glass. 1 M
NaOH solution was prepared from the 50wt% NaOH aqueous so-
lution (Sigma-Aldrich). The working electrode was a RRDE with a
GC disk (5mm diameter) and gold ring (7.5mm outer diameter and
6.5mm inner diameter) equipped with a MSR rotator system, both
from Pine Research Inst. The counter electrode was a smooth Pt
wire and the reference electrode was a Hg/HgO electrode filled
with 1M NaOH. All potentials reported below were recalculated
into the scale of the reversible hydrogen electrode (RHE):
ERHE¼ EHg/HgO/1M NaOH þ 0.930 V. Measurements were made using
an Autolab bipotentiostat-galvanostat PGSTAT302N equipped with
a linear scan generator module. The temperature of the cell was
kept at 25 �C using a water-cooled thermostatic bath. The cell
resistance was determined from a high-frequency intercept of
electrochemical impedance hodographs (see Fig. S3 in the Sup-
plementary information) recorded for all loadings at OER potentials
in the 0.1 Hz to 100 kHz frequency range with an amplitude of
5mV. The estimated resistance values ranged from 45 to 55 Ohm.

All cyclic voltammograms (CVs) of the disk electrode were
recorded at a 10mV s�1 scan rate. The RRDE collection efficiency
(24.9% at 900 rpm) was determined from the ring and disk current
ratios in 1 M NaOHþ 10mM K3[Fe(CN)6] solution (Fig. S4). The ring
potential (þ0.3 V vs. RHE) for RRDE studies of the OER was chosen
based on the oxygen reduction reaction (ORR) voltammograms
recorded on the Au ring in the O2-saturated 1M NaOH solution
(Fig. S5). Before RRDE measurements the gold surface of the ring
electrode was cleaned by applying 100 potential cycles in the in-
terval from 0.03 to 1.53 V at 200mV s�1.

3. Results and discussion

3.1. Electrochemical characterization of the IrO2 catalyst

To check whether the RRDE is applicable in a wide range of the
catalyst loadings it is important to first make sure that the catalyst
surface is fully accessible. Thus, CVs of the IrO2 catalyst were
recorded in a narrow potential window from 0.93 to 1.03 V (Fig. 1a)
where neither the OER nor the ORR interferes with the measure-
ments, and the electrode shows pseudo-capacitive currents. After
subtraction of the background GC current and normalization of CVs
to the catalyst loadings, the curves for various loadings merge
within the accuracy of 9% (Fig. S6), confirming the surface acces-
sibility in the interval of the catalyst loadings applied. The error is
the highest for the lowest loading in this series because the sub-
tracted GC background is comparable with the catalyst response.
The CV for the highest loading demonstrates a small ohmic
distortion. The anodic and cathodic charge values extracted from



Fig. 1. (a) CVs of GC-supported IrO2 catalyst in the interval 0.93e1.03 V at 10mV s�1 in
N2-saturated 1M NaOH for various catalyst loadings. (b) Average voltammetric charges
extracted from corresponding CVs at various IrO2 loadings after GC correction. The
inset represents this figure in the bilogarithmic scale.

Fig. 2. CVs of GC-supported IrO2 catalyst in the interval 0.43e1.43 V at 10mV s�1 in N2-
saturated 1M NaOH for various catalyst loadings acquired before (solid lines) and after
(dashed lines) the OER.

1 The ORR on the Au ring was shown to follow a two-electron pathway, see
discussion below and Fig. S5.
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this series of CVs (Fig. 1a) are collected in Table S1, and their average
absolute values are plotted in Fig. 1b. The latter demonstrate linear
dependence on the loading with the slope of ca. 2.1 C g�1 that
corresponds to mass-weighted capacity of 21 F g�1 and specific
capacity of 0.03mF cm�2

TEM. A comparable value (ca. 40e80 F g�1)
was observed for thermally prepared IrO2 in 1M NaOH in Ref. [36].
In contrast, much higher capacity of ca. 266 F g�1 or
0.82mF cm�2

BET was observed for IrO2 in 1M KOH in Ref. [20]. Note
that the capacity of thermally prepared IrO2 was shown to depend
on its degree of crystallinity [37].

Fig. 2 shows the CVs of the IrO2 catalyst with various loadings for
a wider (0.43e1.43 V) potential window, with the broad peaks
corresponding to the reversible Ir(III)/Ir(IV) redox transition
[20,36]. The shape of these CVs is in good agreement with the
literature data for thermally prepared IrO2 (which demonstrates
some differences as compared to an electrochemically formed IrO2)
[36,38,39]. Oxygen traces could not be removed completely from
the RRDE cell, and minor contribution of the ORR is noticeable at
potentials below 0.8 V. For the highest loading, when this trace
contribution is minimal, the background-corrected cathodic and
anodic charges are equal to 8.5 and 8.4mC cm�2 respectively, and
the mean polarization capacity corresponds to ca. 21 F g�1 in
agreement with the above-mentioned value.

The negligible difference of CVs registered after (dashed curves)
and before (solid curves) OER experiments (Fig. 3) confirms sta-
bility of IrO2 during the OER within the applied experimental
conditions.

3.2. RRDE investigation of the oxygen evolution on the IrO2 catalyst

iR-corrected RRDE curves in the potential interval of the OER are
shown in Fig. 3 for various IrO2 loadings and demonstrate a
seemingly synchronous increase of the disk and ring currents with
the disk potential. The transit time estimated following Ref. [40] is
ca. 40ms under our experimental conditions, so the expected delay
in the ring response at 10mV s�1 is below 1mV, being indistin-
guishable and playing no role in the further calculation of the ox-
ygen yield. The faradaic disc and ring currents corresponding to the
bare GC disk electrode (dashed curves in Fig. 3a and b) are negli-
gible as compared to those measured in the presence of IrO2 even
for the lowest loading of 5 mg cm�2. The contribution of the
capacitive current is essential for high catalyst loadings and, as
shown below, should be taken into account when the oxygen
faradaic efficiency is calculated.

Ring currents registered at a constant potential (þ0.3 V)
demonstrate hysteresis expanding with the catalyst loading. To
understand its origin, we integrated OER currents detected in the
anodic (QA) and cathodic (QC) scans on the disc and on the ring (see
Tables S2 and S3). Analysis of the obtained values (see Table S2 for
the rotation rate of 900 rpm) shows that for the positive-going
(anodic) scans the integrals of the current acquired at the ring
(and normalized to the collection efficiency and n¼ 21) are always
inferior of the integrals of the disc currents, while for the negative-
going (cathodic) scans one may observe an opposite behavior
(except of the highest loading of 400 mg cm�2), as if the lag of the
current in the anodic scan is compensated by its cathodic coun-
terpart. Such a behaviormight be attributed either to a contribution



Fig. 3. RRDE CVs of GC-supported IrO2 catalyst at 900 rpm and 10 mV s�1 in N2-
saturated 1M NaOH for various catalyst loadings: (a) disk currents; (b) ring currents at
ERing¼ 0.3 V. All ring currents are corrected for background ring currents (reduction of
oxygen traces).

2 Disc currents were capacity-corrected by averaging positive- and negative-
going currents at each potential.
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of a slow chemical step to the OER as discussed e.g. in Refs. [33,41],
or to complications caused by the gas evolution during the OER. In
order to check on that we performed RRDE measurements at a
higher rotation rate of 2500 rpm (see Table S3 and Fig. S7).
Shrinking the hysteresis with the increase of the rotation rate
(Fig. S7) accompanied by a diminution of the difference between
the integrals of QA and QC at the ring support the second hypoth-
esis. Probably O2 bubbles are formed in the pores of the catalyst,
fromwhich O2 slowly dissolves and diffuses, resulting in a decrease
of the O2 collection efficiency during the positive-going scan, while
O2 diffusion from the catalyst pores during the negative-going scan
leads to an increase in the O2 collection efficiency. Note that disc
currents (both in positive- and in negative-going scans) and ring
currents of the positive-going scans demonstrate negligible influ-
ence of the rotation rate and these were the anodic scans which we
used for the calculation of the oxygen faradaic efficiency. The latter
was calculated as (4/2) iRing/(N iDisk), where (4/2) is the ratio of the
number of electrons transferred in the OER at the disk electrode
and in the ORR at the ring electrode, iRing and iDisk are the ring and
disk currents respectively, and N is the ring collection efficiency.
Two-electron ORR on the gold ring electrode was concluded from
the ORR waves in the O2-saturated 1M NaOH solution at various
electrode rotation rates (Fig. S5). The same number of electrons was
reported earlier for polycrystalline gold in alkaline solutions
[42,43]. Dedicated experiments with a H2O2 solution (Fig. S5)
confirmed that it is not reduced at the gold ring electrode at the
applied potential of 0.3 V vs. RHE in 1M NaOH.

Fig. 4 shows faradaic efficiency (panel c) along with the mass-
normalized disc and ring currents acquired using the RRDE set-
up for various IrO2 loadings on the disc.2 Disk (Fig. 4a) as well as
ring currents (Fig. 4b) merge for all loadings under study within
12% accuracy. We can conclude that the OER mass activity is in-
dependent of the catalyst loading in the studied intervals of load-
ings and potentials. However this conclusion cannot be
straightforwardly extended to prolonged potentiostatic polariza-
tions. At longer times, higher loadings and more positive potentials
the OER currents may decrease due to the surface blocking by ox-
ygen bubbles [44].

If iR-correction is not applied, one can mistakenly conclude that
the mass activity decreases with the loading because the Ohmic
drop increases with the current. One cannot exclude that some
loading dependences reported earlier originate from an insufficient
iR-correction. The OER activities and Tafel slopes determined in this
work are compared with the literature data in Table S4 and
demonstrate reasonable agreement with the data for IrO2 in alka-
line solutions, the activity being surely lower than that measured in
acid media. Since often the real surface area is not documented, we
considered activities normalized either to the catalyst mass or to
pseudocapacitance.

The oxygen faradaic efficiency can be calculated with a
reasonable accuracy for the potential interval from ca. 1.53e1.63 V
(Fig. 4c) and increases abruptly from 0 to ca. 50%, and then in-
creases more slowly up to ca. 60% for the highest loading and up to
ca. 80% for other loadings. Similar efficiency increase with the disk
potential was observed in Ref. [22]. Low apparent O2 efficiency
observed at the OER “onset” seems to have several origins. First of
all, at low OER currents, pseudocapacitive currents contribute
significantly to the measured currents (note that for electrochem-
ically fabricated Ir oxides pseudocapacitance is much higher than
for the thermal rutile-type IrO2). This is confirmed by comparing
faradaic efficiencies before and after capacity correction (Fig. S8). In
the absence of this correction the values of the OER efficiency ob-
tained under potentiodynamic conditions can be considered only
for sufficiently high potentials, like in Refs. [23] and [24]. The sec-
ond reason for the low OER efficiency at low OER currents is likely
to be related to the slow O2 removal from the catalyst layer dis-
cussed above. Mechanistic effects due to slow chemical step(s)
cannot be fully excluded but must be confirmed using non-porous
OER electrodes.

To avoid the pseudocapacity contribution we applied the RRDE
technique also under potentiostatic conditions. Chronoampero-
metric RRDE transients acquired following a potential step from
0.93 to 1.63 V s are shown in Fig. 5 for certain loadings. The ring was
held at þ0.3 V during the whole experiment (Fig. 5b). Under this
mode the iR-correction was not applied because its absence could
not affect the calculation of the oxygen faradaic efficiency. In
contrast to the data obtained under potentiodynamic conditions
the faradaic efficiency at a constant disc potential approaches ca.
95% for the lowest loading under study (Fig. 5c), but for higher
loadings the efficiency decreases with time, the higher the loading
the faster the efficiency decay. The efficiency fall is obviously due to
the decay of ring currents (Fig. 5b), which is faster than that of disc
currents (Fig. 5a) and most probably originates from the oxygen
bubble generation. At high loadings (i.e. at high disk currents) one



Fig. 4. RRDE CVs of GC-supported IrO2 catalyst at 900 rpm and 10 mV s�1 in N2-
saturated 1M NaOH normalized to the catalyst loadings after GC- and capacity
correction: (a) disk currents; (b) ring currents at ERing¼ 0.3 V; (c) oxygen faradaic
efficiency.

Fig. 5. RRDE transients of GC-supported IrO2 catalyst at 900 rpm in N2-saturated 1M
NaOH for various catalyst loadings following a potential step from 0.93 to 1.63 V (at
t¼ 5min): (a) disk currents; (b) ring currents at ERing¼ 0.3 V; (c) oxygen faradaic ef-
ficiency calculated before (solid lines) and after (dashed lines) GC-correction. Ring
currents are corrected to the background ring currents.
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can observe numerous small bubbles gathering in the vicinity of the
disk-ring gap. Apparently, these oxygen bubbles block transfer of
dissolved oxygen from the disk to the ring in agreement with what
has been assumed in Refs. [22e24]. To confirm this hypothesis, we
recorded the transients for the electrode with the highest oxide
loading with a number of manual interruptions: the electrode was
pulled out from time to time to remove oxygen bubbles mechani-
cally (Fig. 6). While the transient at the disc (Fig. 6a) slowly decays
after each interruption, the ring currents (Fig. 6b) increase and
approach their initial values. Oxygen faradaic efficiency drops
down sharply with time but increases again after each interruption
for the bubble removal.

Unavoidable oxygen bubble formation at high OER currents
restricts the RRDE applicability to quantify the oxygen evolution.
Bubbles can appear after saturation of solution with evolving oxy-
gen, but fortunately aqueous solutions tend to oxygen



I.S. Filimonenkov et al. / Electrochimica Acta 286 (2018) 304e312 309
supersaturation [45], and one can expect certain delay of the
bubble formation. Namely, 10e15-fold oxygen supersaturation was
observed in a 5.8M KOH solution [46] and 7e120-fold supersatu-
ration was reported for a 2M NaOH solution [47]. Moreover, the
supersaturation increases with the OER current density [47].
However it is hardly possible to use this information for any
quantitative estimates because of specific features of the local su-
persaturation for porous electrode layers. In any case low loadings
Fig. 6. RRDE transients for the GC-supported IrO2 catalyst with 400 mg cm�2
geo loading

at 900 rpm in N2-saturated 1M NaOH following a potential step from 0.93 to
1.63 V (t¼ 0min, polarization at 0.93 V is not shown here): (a) disk currents; (b) ring
currents at ERing¼ 0.3 V; (c) oxygen faradaic efficiency. The RRDE was removed from
the cell at t¼ 10 and 20min to remove bubbles (see text for details).
favor the applicability of RRDE in a wider interval of the OER
overpotentials (current densities). To determine oxygen efficiency
correctly, it is necessary to eliminate the capacitive current
contribution or (better) to study the OER with the RRDE under
potentiostatic conditions.

The critical disk current density at which the oxygen bubble
formation starts to affect the measured OER efficiency can be
estimated from Fig. 5 as ca. 0.45mA cm�2

geo. This critical current
density value likely depends on the microstructure and porosity of
the catalyst layer. Therefore, quantitative application of the RRDE
for the OER investigation requires determination of the critical
current value for each catalyst type as a function of the catalyst
loading.

3.3. RRDE investigation of the oxygen evolution on the perovskite/
carbon mixtures

La1�xSrxMn0.5Co0.5O3�d, x¼ 0.25 and 0.5 perovskites were used
as OER catalysts to check the oxygen faradaic efficiency in the
presence of a carbon binder. In this work we applied pyrolytic
carbon of the Sibunit family which is known for its high stability
against electrochemical corrosion [48]. To minimize the oxygen
bubble generation we applied a low perovskite/carbon loading (15/
15 mg cm�2). The pseudocapacitances of the
La0.5Sr0.5Mn0.5Co0.5O3�d and La0.75Sr0.25Mn0.5Co0.5O3�d estimated
from CVs in the 0.93e1.03 V potential window after correction for
the Sibunit carbon contribution were equal to ca. 8 and 15 F g�1

respectively.
Fig. 7 shows iR- and capacity-corrected RRDE CVs for the Sibunit

and perovskite/Sibunit mixtures. Anodic currents for the perov-
skite/Sibunit mixtures are much higher than those observed for
bare Sibunit carbon (Fig. 7a), and along with the oxygen evolution
may comprise contributions from the electrochemical corrosion of
both carbon and oxide components. Oxygen generation at the disc
is confirmed by the appearance of oxygen reduction current at the
ring (Fig. 7b). The oxygen faradaic efficiency (Fig. 7c) for perovskite/
carbon mixtures obtained under galvanodynamic mode is similar
to the efficiency observed for carbon-free IrO2 catalysts with not too
high loadings (ca. 70%).

The oxygen faradaic efficiency for bare Sibunit carbon is also
high (ca. 70%), which is not surprising for alkaline solutions. Indeed,
according to Ref. [49] anodic polarization of a graphite electrode in
acid electrolytes at 20 �C mostly results in its oxidation giving rise
to 90e95% of CO2, 4% of CO and 1e6% of O2 at pH 0.85e10 and
1.4e2 V vs. NHE, whereas in alkaline electrolytes the same graphite
anode gives rise to 10% of CO2, 1% of CO and 89% of O2 at pH 13e14
and 1.1e1.3 V vs. NHE. With an increase of the anodic polarization
to 1.6 V vs. NHE (ca. 2.4 V vs. RHE) the amount of O2 decreases to
60%. The oxygen faradaic efficiency on carbon strongly depends on
the carbon nature. Thus Zagudaeva et al. [50] applied a RRDE to
investigate the OER efficiency on the so-called “anisotropic” pyro-
lytic carbon with high degree of graphitization and on the
“isotropic” disordered carbon. The former demonstrated the OER
efficiency of ca. 50% in 0.1M KOH, while for the latter this quantity
was ca. 5%. In 0.05MH2SO4 solution no oxygen reduction current
was observed for both of these carbon materials at the ring of the
RRDE suggesting close to zero OER efficiency.

RRDE transients for Sibunit carbon and perovskite/Sibunit
mixtures are shown in Fig. 8. Like for the IrO2 catalyst, the ring
current (Fig. 8b) for the mixture with the highest activity
(La0.75Sr0.25Mn0.5Co0.5O3�d) decreases faster than the disk current
(Fig. 8a), with corresponding decrease of the oxygen faradaic effi-
ciency (Fig. 8c) with time due to the formation of oxygen bubbles.
The faradaic efficiency for the less active La0.5Sr0.5Mn0.5Co0.5O3�d

remains constant and equal to 100± 5%. Currents originating from



Fig. 7. RRDE CVs of GC-supported Sibunit carbon and mixtures of La0.5Sr0.5Mn0.5-

Co0.5O3/Sibunit and La0.75Sr0.25Mn0.5Co0.5O3/Sibunit at 1600 rpm and 10 mV s�1 in N2-
saturated 1M NaOH with Sibunit and catalyst loadings of 15 mg cm�2

geo: (a) disk
currents; (b) ring currents at ERing¼ 0.3 V. All ring currents were corrected for the
background ring currents (oxygen traces reduction).

Fig. 8. RRDE transients of GC-supported Sibunit carbon and mixtures of
La0.5Sr0.5Mn0.5Co0.5O3/Sibunit and La0.75Sr0.25Mn0.5Co0.5O3/Sibunit at 1600 rpm in N2-
saturated 1M NaOH with Sibunit and catalyst loadings of 15 mg cm�2

geo following a
potential step from 0.93 to 1.63 V (at t¼ 5min): (a) disk currents; (b) ring currents at
ERing¼ 0.3 V; (c) oxygen faradaic efficiency calculated before (solid lines) and after
(dashed lines) GC-correction. Ring currents are corrected to the background ring
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the GC substrate also contribute to the uncertainty since at low
catalyst loadings the GC surface may be partially exposed to the
electrolyte. Correction of the disc current to the GC contribution
results in an overestimation of the faradaic efficiency (102%), while
without correction the latter is equal to ca. 97%.

Thus, using the RRDE method under conditions of its applica-
bility for gas evolving reactions, we observed very high oxygen
faradaic efficiencies for the perovskite oxide/Sibunit mixtures
suggesting that the contribution of the electrode (either carbon or
metal oxide) corrosion under our experimental conditions hardly
exceeds the experimental error. The upper bound of the rate of
corrosion of the Sibunit binder was estimated as ca. 0.6± 0.2 A g�1

or 0.7± 0.3 mA cm�2
BET (at room temperature and t¼ 15min) and
currents.
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does not seem to be enhanced by the presence of the metal oxide.
The observed stability of the Sibunit carbon at high anodic poten-
tials in alkaline medium makes it a promising conductive support
for the alkaline OER catalysis.

Carbon-corrected OER activity of the perovskites can be deter-
mined using Fig. 8 and at 1.6 V is equal to ca. 9.8 A g�1 or
96 mA cm�2

BET for La0.75Sr0.25Mn0.5Co0.5O3�d and ca. 3.4 A g�1 or
60 mA cm�2

BET for La0.5Sr0.5Mn0.5Co0.5O3�d. These values are com-
parable with the OER activities of MnxCo3�xO4 spinels and are
much higher than the OER activities of some Mn,Co-based perov-
skites (Table S5).

4. Conclusions

We tested the applicability of the RRDE for the quantitative
determination of the oxygen evolution efficiency and activity using
model IrO2 system. The necessary steps of the procedure are iR-
correction, correction for capacitive contribution, and examination
of the current limit which allows to avoid bubble formation. The
RRDE technique can be applied in awider interval of overvoltages if
one uses lower catalyst loadings. However, for low loadings the
accuracy starts to decrease because of the uncertainties related to
the correction for the support contribution.

We applied the RRDE to quantify the oxygen efficiency for
La0.5Sr0.5Mn0.5Co0.5O3�d and La0.75Sr0.25Mn0.5Co0.5O3�d perovskites.
Both were studied with the addition of pyrolytic carbon of the
Sibunit family [34] in 1:1 ratio (on the weight basis). We conclude
that under the conditions of the RRDE applicability the OER faradaic
efficiency is close to 100% suggesting that carbons of the Sibunit
family are relatively stable to corrosion in alkaline electrolytes, at
least at room temperature and short electrolysis times. Contribu-
tion of Sibunit corrosion to the overall current seems to be within
the accuracy of the RRDE method.
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