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High-performance bifunctional electrocatalysts for the oxygen
reduction (ORR) and oxygen evolution reaction (OER) are
essential components in energy conversion and storage tech-
nologies. Yet, their poor reversibility hinders their applicability.
A highly active ORR/OER catalyst, consisting of multiwalled
carbon nanotubes-supported MnFeNiOx nanoparticles, was
subjected to sequences of chronoamperometric steps alternat-
ing between the ORR, the OER and highly cathodic potentials
(Ec). Rotating ring disk electrode methods revealed that
applying Ec leads to a small increase in the current and peroxide

species yield during the ORR while enhancing substantially the
OER. X-ray absorption spectroscopy showed irreversible
changes in the chemical state of MnFeNiOx correlating with its
catalytic properties. The complexity of changes that a compo-
site catalyst may undergo under varying potentials, the
importance of monitoring product formation, and the conven-
ience of using dynamic electrochemical sequences for the
assessment of catalyst reversibility, as well as for the activation
and/or restoration of their catalytic properties, are highlighted.

Introduction

Bifunctional oxygen electrodes (BOEs) are electrocatalytic
materials that reversibly exhibit high performance towards the
oxygen evolution reaction (OER) and the oxygen reduction
reaction (ORR), and are essential components of energy
conversion and storage devices such as unitized fuel cell/
electrolyzers and rechargeable metal-air batteries.[1] Finding
suitable, low-cost electrocatalysts for reversible oxygen con-
version is crucial for the development and widespread
application of these environmentally friendly technologies.
BOEs typically comprise a combination of ORR and OER active

sites brought together into a composite material.[2] A wide
variety of highly active ORR/OER catalysts has been reported,[3]

including both precious metal-containing[4] and precious metal-
free materials,[5] very often comprising more than one metal
component as well as a conductive support, typically carbon-
based materials,[6] metal foams[7] or metal nanowires.[8] Hence,
high-performance ORR/OER catalysts reported to date consist of
complex composite materials[1] such as metal organic frame-
works and metal organic polymers,[9] metal oxide nanoparticles
supported onto or embedded within heteroatom-doped nano-
structured carbons,[10, 11] carbon-encapsulated metal alloys,[12]

aerogel-based hybrids,[13] among others, with their different
components contributing synergistically to their catalytic prop-
erties. However, it is frequently observed that highly active
BOEs exhibit poor stability at alternating ORR/OER conditions,
even if these catalysts are stable when the OER and the ORR are
conducted separately.[14,15] Such materials are unsuitable for
applications that require operation under dynamic ORR/OER
conditions as it is for reversible energy conversion and storage
devices.[16] Different strategies have been proposed with the
aim of preventing activity loss of BOEs at alternating ORR/OER
conditions, including the use of decoupled electrochemical cell
configurations where the ORR and OER electrode films are used
independently from each other,[10,17] the exploitation of syner-
gistic effects between metal components in the ORR and OER
active sites,[11,14,18] the fine control of size and distribution of
catalyst particles embedded within the catalyst support,[19,20]

and the incorporation of stability promoters into catalyst
composites.[21] Corrective strategies have also been explored
with the aim of restoring, at least partially, the catalytic
properties of oxygen electrocatalysts after operation. Examples
include the exploitation of self-repair mechanisms,[22] and the
deliberate variation of applied electrode potentials to allow for
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the diffusion of gas bubbles[23,24] and/or the regeneration of
active sites.[25, 26] The success of any of these different strategies,
however, depends largely on the nature of the catalyst and on
the specific cause of activity loss. Yet, identifying the deactiva-
tion mechanisms of multicomponent materials, such as carbon-
supported multi-metallic composites, remains a major challenge
in their investigation and further development due to their
complex nature.

In a previous work,[26] a corrective approach to recover the
catalytic capabilities of an Fe/NC-based ORR catalyst after
exposure to anodic potentials was presented. The approach
consisted of applying short highly-reductive potential pulses
with the aim of reverting the oxidation of the active sites that
may occur during the OER. We hypothesize that a similar
approach can be applied to revert the oxidative damage that
the BOE’s active sites undergo during OER operation. Further-
more, it has been shown that variation of the electrode
potential may also lead to changes in the structure and/or
surface state of OER catalysts that can be exploited as electro-
chemical activation procedures.[27–29] Thus, the study of BOEs
under conditions with dynamically changing electrode poten-
tials has an enormous potential of revealing ways to enhance,
in situ, the activity and also the much-needed bifunctional
stability of this type of catalytic materials.

Herein, we investigate a previously reported BOE,[10] here-
after denoted MnFeNiOx, which consists of metal oxide nano-
particles embedded in oxygen-functionalized multiwalled car-
bon nanotubes (MWCNTs). A thorough structural
characterization of this catalyst has been reported earlier[10] and
is summarized in Table S1. In brief, the total metal loading in
MnFeNiOx is 14.4 wt% (Mn=7.3 wt%, Fe=2.1 wt%, and Ni=
5.0 wt%) according to X-ray fluorescence (XRF). High resolution
transmission electron microscopy (HR-TEM) revealed that the
metal oxide nanoparticles distributed inside (56%) and outside
(44%) the MWCNTs have average particle sizes of 3.6�1.2 nm
and 10.5�5.9 nm, respectively. The crystal structure of the
metal oxide nanoparticles was investigated by X-ray diffraction
(XRD), revealing a highly defective, multiphasic structure. The
main phases identified included NaCl-type NiO, and spinel-type
Fe3O4, Mn3O4, MnFe2O4, NiFe2O4 and NiMn2O4. The main surface
species in the as-prepared MnFeNiOx material were identified
by X-ray photoelectron spectroscopy (XPS) and included Mn2+,
Mn3+, Ni2+ and Fe3+, in agreement with XRD results. Moreover,
the composite exhibited a specific surface area of 263 m2g� 1

and an average double layer capacitance of 7.6 mFcm� 2

determined by scan rate-dependent cyclic voltammetry. Evalua-
tion of the bifunctional ORR/OER activity of MnFeNiOx by
rotating disk electrode (RDE) voltammetry revealed that the
catalyst exhibited a ΔE value of 0.73 V, determined as the
difference between the potentials recorded at +10 mAcm� 2

and at � 1 mAcm� 2 for the OER and for the ORR, respectively,
which was comparable to the ΔE value calculated with RuOx for
OER (at +10 mAcm� 2) and Pt/C for ORR (at � 1 mAcm� 2)
measured under the same conditions.[10] Additionally, MnFeNiOx
displayed a stable OER performance during electrolysis con-
ducted alternatingly at +10 mAcm� 2 and a � 1 mAcm� 2 for a
total of 10 h,[10] as well as a favorable selectivity towards the

direct reduction from O2 to OH� via the 4-electron transfer
pathway in the presence of ~0.1 wt% Nafion as a binder.[30]

Nevertheless, a major obstacle to the applicability of this
catalyst is related to its stability, as it exhibited severe loss of
ORR activity under alternating ORR/OER operating conditions.[10]

Here, we propose that the observed decline in activity of
MnFeNiOx is due to oxidation of ORR active sites upon
exposure to the anodic potentials of the OER, in which case
applying short, highly cathodic potential pulses could poten-
tially lead to a recovery of its ORR catalytic capabilities.
MnFeNiOx is a particularly interesting material to conduct this
investigation since the deactivation of the ORR sites occurs fast
under alternating ORR/OER potentials, while the OER perform-
ance remains unchanged during stability tests, indicating also a
sufficient resistance of the MWCNTs to carbon corrosion under
the employed conditions.[10] Here, we use three different
electrochemical challenges during which the potentials are
dynamically changed with the purpose of exposing the catalyst
either to (i) ORR conditions, (ii) alternatingly to ORR and OER
conditions, and (iii) the latter including short highly cathodic
potential pulses before applying again the ORR potential within
the sequence. We investigate the changes in the bifunctional
ORR/OER activity and selectivity that the catalyst undergoes
upon its exposure to these sequences by means of electro-
chemical methods using a rotating ring disk electrode (RRDE)
setup to detect ORR and OER products. Furthermore, we
correlate these results to changes in the average chemical state
of Mn, Fe and Ni in the catalyst determined by X-ray absorption
spectroscopy. This work illustrates the complexity of changes
that a catalyst may undergo under dynamically changing
electrode potentials, and the wide ground for opportunity to
exploit these changes for enhancing the performance of BOEs
in situ.

Results and Discussion

Variation of the ORR/OER activity of MnFeNiOx in terms of
current density over time was observed using three different
electrochemical sequences, namely (i) En/EORR, (ii) En/EORR/EOER
and (iii) En/EORR/EOER/Ec, each of them involving a different
sequence of chronoamperometric potential steps as depicted in
Scheme 1. The applied potentials were dynamically varied to
alternate between conditions at which neither the ORR nor the
OER takes place (En), and at which either the ORR (EORR) or the
OER (EOER) take place. In the case of the sequence (iii) En/EORR/
EOER/Ec, a step of short highly cathodic potential pulses (Ec) was
also applied alternatingly with En.

The potentials (vs RHE) selected for MnFeNiOx were En=

1.21 V (near open circuit potential, where neither the ORR, nor
the OER take place), EORR=0.84 V (corresponding to a current
density of about � 1 mAcm� 2), and EOER=1.53 V (corresponding
to a current density of about +1 mAcm� 2), determined from
previously reported ORR and OER polarization curves[10] (also
shown in Figure S1). With these relatively low current densities,
on the one hand, mainly kinetically-limited ORR currents are
observed,[31] and on the other hand, severe blocking of the
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surface due to O2 bubbles formed during the OER is avoided.
Additionally, stability issues due to vigorous bubble formation
(i. e., catalyst detachment) and carbon corrosion are also
avoided, facilitating thus the observation of effects related to
metal oxidation/reduction during the electrochemical tests.

In a previous work, an approach to mitigate the damage of
the catalytic sites in an Fe/NC-based ORR catalyst caused by
exposure to relatively high anodic potentials (1.8 V vs RHE) was
presented. The approach consisted of repeatedly applying short
cathodic pulses (2.3 s) between 0.50 and � 0.88 V vs RHE. It was
shown that the activity of this catalyst could be partially
restored upon optimization of these pulses (optimal value was
� 0.13 V vs RHE), thus prolonging its lifetime as an ORR
electrocatalyst.[26] Additionally, it was found that in most cases
the effect of applying the cathodic pulse could only be
observed after a few repetitions. Taking these findings as our
starting point, we fixed the duration of the Ec pulses to 1 s and
the number of repetitions to 10 for the Ec step for all
experiments performed here. Between each Ec pulse, En was
applied for 2 s to allow the species formed upon applying Ec to
be forcedly convected from the surface of the electrode upon
rotation at 1600 rpm. Only the last point measured during the
EORR and EOER potential steps was considered for the analysis to
minimize capacitive contributions.

A preliminary estimation of the optimal Ec value for
MnFeNiOx consisted in screening a wide range of Ec values in a
single experiment by using the sequence (iii) En/EORR/EOER/Ec and
varying the Ec values between 0.37 and � 0.53 V vs RHE. Each Ec
step was applied for a total of 5 cycles before increasing the
potential to the next (more cathodic) value in 100 mV steps. To
observe the effect of the Ec step, the sequences (i) En/EORR and
(ii) En/EORR/EOER were conducted repeatedly for a total number of

cycles that matched that of (iii) En/EORR/EOER/Ec to ensure that the
measurements have the same total duration, and thus, the
same exposure time to the ORR and OER conditions. As shown
in Figure 1a, most of the screened Ec values (indicated with
color bars in the figure) are more positive than the over-
potential region of the hydrogen evolution reaction (HER).
Namely, HER currents were only clearly distinguished from the
baseline at potentials more negative than � 0.3 V vs RHE. All
measurements were conducted at least three times using
freshly prepared electrodes to observe their reproducibility. The
net currents measured during each of the repetitions were
slightly different to each other, which can be attributed to
differences in the electrode films due to drop-casting, as well as
to variations in the uncompensated resistance (Ru=49–58 Ω).

Scheme 1. Representation of three chronoamperometric sequences showing
the variation of applied potentials as a function of time. The sequences
involve a potential where no oxygen conversion (ORR or OER) takes place
(En), a potential at which selected current density values are achieved for the
ORR (EORR) and for the OER (EOER), and a highly cathodic potential (Ec).

Figure 1. (a) Linear sweep voltammetry of MnFeNiOx recorded in Ar-
saturated 0.1 M KOH at 5 mVs� 1 scan rate and 1600 rpm electrode rotation.
Potentials are shown as measured (black) and after iRU-drop compensation
(teal, RU=54 Ω). (b) Percentage of current density measured at the end of
every EORR step with respect to the current density measured at the end of
the first EORR step (jORR) recorded during the three chronoamperometric
sequences indicated in Scheme 1. Error bars represent the standard
deviation of 3 independent measurements. Tests were conducted in O2-
saturated 0.1 M KOH at 5 mVs� 1 scan rate and 1600 rpm electrode rotation.
Potentials (vs RHE) applied were En=1.20 V, EORR=0.83 V and EOER=1.52 V. Ec
was varied from 0.37 to � 0.53 V in 100 mV steps every 5 cycles, and its
values are indicated with bars of the same color in the two figures to
facilitate their visualization.
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The currents also differed from the target +1 mAcm� 2 (OER)
and � 1 mAcm� 2 (ORR), due to the aforementioned factors in
addition to small differences in the applied potentials with
respect to the reference voltammograms reported in our
previous work[10] when converting the selected E vs RHE values
to the reference electrode scale (the potentials applied with
respect to the reference electrode are summarized in Table S2).
Despite the differences in the applied electrode potentials and
the net currents measured, the trends observed were reprodu-
cible for all repeated experiments. To facilitate the comparison
between the different measurements, the current densities (j)
measured at the EORR and EOER steps during each of the
sequences were normalized with respect to their corresponding
current density values measured at the first cycle (ji), and were
expressed in terms of percentage (here denoted jORR and jOER,
respectively). A representative example is presented in Fig-
ure S2 showing j values recorded at the EORR step for a set of
four measurements (Figure S2a) and the corresponding jORR
values obtained after normalization (Figure S2b).

Figure 1b shows the average jORR values (the average of the
different repetitions) as a function of time corresponding to
each of the chronoamperometric sequences indicated in
Scheme 1 to highlight the stability trends.[32] Note that the color
bars indicated in Figure 1b correspond to those in Figure 1a
and represent the screened Ec values. Comparison between the
jORR values observed during (i) En/EORR (green) and (ii) En/EORR/EOER
(dark blue) clearly shows that the decline of activity was
substantially more severe in the case of the latter, displaying a
jORR of 50% after about 25 min, and retaining only about one
third of the initial current density after 80 min, whereas the
electrode exposed to the sequence (i) En/EORR (in which case the
catalyst was not exposed to the OER potential) exhibited a jORR
of ~78% after 80 min. In the case of the sequence (iii) En/EORR/
EOER/Ec, jORR values coincided within experimental error with
those observed with (ii) En/EORR/EOER during the first ~35 min,
which corresponds to scanned Ec values in the range between
0.37 and � 0.03 V vs RHE. These results suggest that, within this
potential range, the Ec step —using 10 repetitions and 1-
second-long cathodic pulses— does not have a substantial
effect on the ORR stability of MnFeNiOx at alternating ORR/OER
conditions. Meanwhile, using Ec values equal or more cathodic
than � 0.13 V vs RHE led to a clear increase in jORR. While this
could indicate that a partial recovery of the ORR activity is
taking place (according to our hypothesis), it is also possible
that the increase in current is due to an oxidation process
taking place during the EORR step after having applied the more
cathodic Ec potential pulse. In other words, it could be the case
that one or more of the metals in MnFeNiOx could have
undergone reduction due to Ec which was then reverted during
the EORR step, thus leading to an increase in current. Maximum
increase in jORR was achieved with Ec= � 0.23 V vs RHE,
observing a jORR of about 52% at t=50 min, whereas jORR was
~39% for the sequence (ii) En/EORR/EOER (with no Ec step) at the
same measuring time. Apparently, applying more cathodic Ec
values did not lead to further recovery of the measured current
density.

This first Ec-scanning approach offers a fast estimation of
the potential range at which Ec could be effective in restoring,
at least partially, the currents measured during the EORR step.
This method is highly convenient compared to the time-
consuming approach of conducting multiple measurements at
a single Ec value (particularly if a wide range of Ec values needs
to be evaluated), and can be easily applied to other ORR/OER
materials to reveal, with a single experiment, whether applying
cathodic pulses could lead to an activity enhancement.
However, it is important to note that the most cathodic Ec
pulses were only applied at longer measuring times, and it is
likely that a higher recovery of jORR could be achieved with Ec
values different to the apparent optimal (Ec= � 0.23 V vs RHE) if
they had been applied from the beginning of the test. Thus,
MnFeNiOx was subjected to the chronoamperometric sequence
(iii) En/EORR/EOER/Ec using fixed Ec values (vs RHE) of 0.07 V
(300 mV less negative than the apparent optimal Ec value),
� 0.23 V (the apparent optimal Ec value), and � 0.53 V (300 mV
more negative than the apparent optimal Ec value). The
sequences were conducted continuously for a total duration of
100 min. The average jORR profiles obtained from at least two
measurements are shown in Figure 2, and are also compared to
those obtained during the sequences (i) En/EORR (green) and
(ii) En/EORR/EOER (dark blue). The average of the jORR values
obtained by the end of the experiments (at t=100 min) for
each of the sequences are summarized in Table S3.

As shown in Figure 2, using the least cathodic Ec value of
0.07 V vs RHE did not lead to a substantial difference in the jORR
profile with respect to that of the sequence (ii) En/EORR/EOER
where no Ec pulse was applied. Yet, mitigation of the current
loss was indeed observed with more negative Ec values.
Additionally, the retained relative current was slightly but
insignificantly higher using Ec= � 0.53 V vs RHE than it was with
Ec= � 0.23 V vs RHE, achieving average jORR values of 42% and

Figure 2. Current density measured at the end of the EORR step in each cycle
with respect to the current density measured at the end of the EORR step of
the first cycle (jORR) recorded during the two chronoamperometric sequences
indicated in Scheme 1. Error bars represent the standard error of at least
three independent measurements. Tests were conducted in O2-saturated
0.1 M KOH at 5 mVs� 1 scan rate and 1600 rpm electrode rotation. Potentials
(vs RHE) applied were En=1.20 V, EORR=0.83 V and EOER=1.52 V. Ec values
used for the sequence (iii) En/EORR/EOER/Ec are indicated in the figure.

Wiley VCH Freitag, 03.05.2024

2409 / 341032 [S. 223/232] 1

ChemCatChem 2024, 16, e202301174 (4 of 13) © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Research Article
doi.org/10.1002/cctc.202301174

 18673899, 2024, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202301174 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [29/11/2024]. 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



38%, respectively, by the end of the test (t=100 min). This
suggests that the optimal Ec value identified from our initial Ec-
scanning approach (� 0.23 V vs RHE, Figure 1b) is different to
the optimal value identified when using an unchanging Ec value
throughout the experiment (� 0.53 V vs RHE, Figure 2). Likely,
by the time Ec= � 0.53 V vs RHE was applied in the experiment
shown in Figure 1b, a high degree of oxidative damage was
already done to MnFeNiOx compared to Ec= � 0.23 V vs RHE,
which was applied at an earlier time during the measurement.
This observation further suggests that the restoring effect of Ec
does not only depend on its value (and its duration[33]), but it is
also hysteretic, namely, its effectiveness depends on the history
of the electrode film. From the previous observation, it can be
assumed that an even more negative Ec pulse may lead to a
more substantial increase in jORR. To confirm if this is the case,
an additional set of measurements was conducted using an Ec
pulse of � 0.83 vs RHE (300 mV more negative than the most
cathodic Ec screened in Figure 1b). Interestingly, as observed in
the corresponding jORR profile in Figure 2, applying this more
negative Ec resulted in lower jORR values compared to both Ec
values � 0.23 and � 0.53 V vs RHE. Yet, it is important to
consider that hydrogen bubbles are formed vigorously at � 0.83
vs RHE (Figure 1a), which may lead to an apparently decreased
current due to substantial blocking of the electrode surface.[26]

From the set of experiments shown in Figure 2, � 0.53 V vs RHE
was identified as the optimal Ec value in terms of its
effectiveness to mitigate the current density loss after 100 min
measurement. Thus, Ec was fixed to this value for the
subsequent investigations. It is important to mention that
further optimization is still possible not only in terms of the
value of Ec but also in terms of its duration and the number of
repetitions of Ec within the sequence (iii) En/EORR/EOER/Ec.

To further investigate the impact that the different dynamic
potential sequences have on the ORR activity and selectivity of
MnFeNiOx, linear sweep voltammograms were collected before
and after subjecting the catalyst to each sequence for a total of
20 cycles (~30 min) using a rotating ring disk electrode (RRDE)
setup, which allows to monitor the formation of peroxide
species during the ORR. It is noteworthy that the chronoam-
perometric experiments shown earlier in Figure 2 and the
voltammetric experiments that are discussed in the following
are not directly comparable due to the large differences in both
their timescales and potential ranges. Linear sweep voltamme-
try is used here for observing the irreversible impact of the
three different chronoamperometric sequences on the catalytic
properties of MnFeNiOx towards the ORR. Figure 3a shows
overlapping polarization curves obtained with three MnFeNiOx
electrode films before subjecting them to either of the three
sequences, indicating a high reproducibility of the experiments
(including the electrode preparation method). Conversely, the
voltammograms recorded after the chronoamperometric tests
displayed major differences (Figure 3b). It is important to note,
however, that differences observed in the diffusion-control and
kinetic-control voltammetric regions may be different in nature.
For a clear visualization, Figure S3 shows a zoomed-in version
of Figure 3b that facilitates the comparison of the voltammo-
grams in the kinetic-control region. In agreement with the

observations made in relation to Figure 1 and 2, the catalytic
properties of MnFeNiOx were preserved the most when the
catalyst was not exposed to the anodic conditions of the OER,
that is, with the sequence (i) En/EORR. Meanwhile, in the case of
(ii) En/EORR/EOER, an increase in the overpotential (Figure S3) and
a decrease in the diffusion-limited current density towards
more positive values (Figure 3b) were observed. Interestingly, at
current densities up to about � 0.5 mAcm� 2, the ORR over-
potentials recorded after the sequence (iii) En/EORR/EOER/Ec re-
sembled those obtained after (i) En/EORR, while at higher (more
negative) current densities the overpotentials increased (Fig-
ure S3b). Furthermore, the change in the diffusion-limited
current was more substantial in the case of the sequence
involving Ec.

Changes in the shapes of the voltammograms after the
sequences (ii) En/EORR/EOER and (iii) En/EORR/EOER/Ec, particularly in
the potential range between 0.6 and 0.8 V vs RHE, were also
observed. The differences in the features of the ORR curves are
explained by the multi-site nature of MnFeNiOx, comprising not
only a variety of multiphase mono- and bimetallic highly
defective oxides according to XRD[10] but also the surface of the
mildly oxidized carbon nanotubes, which altogether contribute
to the ORR activity.[20] Thus, the differences in the voltammetric
responses after the three sequences are a result of a distribution
of different types of active sites, each with a different maximum
turnover,[34] which in addition are likely to be affected differently
by either or both the Ec and the EOER steps.

Figure 3. Linear sweep voltammograms of MnFeNiOx recorded in the ORR
potential region (a) before and (b) after the three chronoamperometric
sequences indicated in Scheme 1, and their (c,d) corresponding yields of
peroxide species (HO2

� ) as a function of the electrode potential. Measure-
ments were conducted in O2-saturated 0.1 M KOH and 1600 rpm electrode
rotation. Voltammograms were recorded with 5 mVs� 1 scan rate, maintain-
ing a ring electrode potential of 1.37 V vs RHE for the detection of peroxide
species. Potentials (vs RHE) applied during the chronometric sequences were
En=1.20 V, EORR=0.83 V, EOER=1.52 V, and Ec= � 0.53 V.
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Changes in the diffusion-limited current suggest that the
different chronoamperometric sequences may have an impact
on the ORR selectivity of MnFeNiOx. To ascertain if this is the
case, and whether this is caused by EOER, by Ec or by both, the
yields of peroxide species (HO2

� ) produced during the ORR
scans were determined. As shown in Figure 3c, before conduct-
ing any of the three sequences, the three MnFeNiOx films
displayed reproducible profiles for HO2

� yield as function of the
applied potential, with a maximum yield of ~15%, indicating a
preferred 4-electron transfer pathway in agreement with our
previous report.[30] Interestingly, the HO2

� yield vs potential
profiles obtained after the sequences (i) En/EORR and (ii) En/EORR/
EOER displayed similar changes (Figure 3d), with an increase in
the maximum peroxide yield to ~20%. These results suggest
that, regardless of the observed differences in overpotentials
and diffusion-limited currents, MnFeNiOx retains its selectivity
towards the direct reduction of O2 to OH� after each of these
two sequences. It can be reasoned that applying the anodic
potentials of the OER (during the EOER step) results in more
sluggish kinetics and/or lower availability of the active sites in
MnFeNiOx, without a strong impact in their selectivity. Contrast-
ingly, substantially larger peroxide yields were observed after
the chronoamperometric sequence (iii) En/EORR/EOER/Ec, with a
maximum HO2

� yield of ~40% after the test, suggesting that Ec
induces a change in the ORR-active species that dominate the
ORR selectivity in MnFeNiOx.

At this point, it is also important to assess the impact that
the sequences (ii) En/EORR/EOER and (iii) En/EORR/EOER/Ec have on the
activity of MnFeNiOx towards the OER. Therefore, the jOER
profiles, corresponding to the relative currents measured at the
EOER steps duirng the two sequences are shown in Figure 4. The
average jOER values obtained after conducting the measure-
ments for 100 min are summarized in Table S3. Note that the
jOER profiles shown in Figure 4 are complementary to the jORR

profiles shown in Figure 2, as the two sets of data (the currents
from which the relative current densities jORR and jOER were
determined) were recorded during the same experiments. The
error bars shown in Figure 4 are larger than those in Figure 2,
which can be attributed to partial blockage of the electrode
surface during the OER due to the formation of micro and
macro-gas bubbles.[35]

In the case of the sequence (ii) En/EORR/EOER, the catalyst
displayed a decrease in jOER to ~76% during the first minutes,
after which it increased, reaching a jOER value of ~122% at t=
100 min. Interestingly, exposing MnFeNiOx to (iii) En/EORR/EOER/Ec
with Ec=0.07 or � 0.23 V vs RHE led to jOER vs time profiles
similar to that of (ii) En/EORR/EOER but with overall higher jOER
values. Meanwhile, for the sequences involving more negative
Ec values, the catalyst displayed no apparent decrease in jOER,
but rather an increase in its value since the first minutes.
Furthermore, in these cases, jOER was substantially higher by the
end of the measurement than it was during the first cycles. The
maximum increase in jOER was observed with Ec= � 0.53 V vs
RHE, reaching a jOER value of about 161% after 100 min. With
the most negative Ec (� 0.83 V vs RHE), the observed jOER profile
was “shakier” compared to less cathodic Ec values, likely due to
a considerably higher rate of H2 formation (HER) taking place at
that potential according to Figure 1a, which results in surface
blocking and/or catalyst detachment, leading thus to an
apparent lower increase in jOER compared to Ec= � 0.53 V vs
RHE.

The observed increases in the relative OER current density
(jOER) over time could be explained by an increase in the OER
rate, by (re)oxidation of the components in MnFeNiOx, or both.
In the first case, higher currents may be due to electrochemi-
cally-induced phase transitions of the metal oxide components
in MnFeNiOx and/or the formation of more active species.[36, 37]

Potential-dependent activation processes have been discussed
in detail for hydrous Ni[38] and Fe[39] surfaces in reports by Lyons
et al., where it was shown that the potential window during
continuous cycling, as well as the scan rate and number of
cycles, play an important role in the formation and extent of
growth of certain phases. Meanwhile, Radinger et al. reported
that, by including a chronoamperometric step at 0.8 V vs RHE
during the activation procedure of different MnOx films, an
enhancement of the OER activity was achieved, which was
ascribed to the formation of a highly amorphous mixed-valence
oxide.[40] Yet, it is also plausible that the highly reductive Ec
pulses lead to the formation of oxygen vacancies, which have
been shown to enhance the OER performance of metal oxides
via electronic effects that beneficially tune their adsorption
properties, electronic conductivity and/or rate limiting step.[41, 42]

Therefore, it is likely that alternating between the anodic
potentials of the EOER step and the cathodic potentials of the
EORR, and additionally applying Ec, leads to changes in MnFeNiOx
that ultimately result in the formation of more active species.
For the second case, it is important to consider that the metal
components in MnFeNiOx are likely to undergo reduction at
the highly cathodic potentials of Ec,

[36] in which case a re-
oxidization process could take place during the EOER step and
contribute (alongside the OER) to the net currents measured.

Figure 4. Current density measured at the end of the EOER step in each cycle
with respect to the current density measured at the end of the EOER step of
the first cycle (jOER) recorded during the sequences (ii) En/EORR/EOER and (iii) En/
EORR/EOER/Ec indicated in Scheme 1. Error bars represent the standard error of
at least two independent measurements. Tests were conducted in O2-
saturated 0.1 M KOH at 5 mVs� 1 scan rate and 1600 rpm electrode rotation.
Potentials (vs RHE) applied were En=1.20 V, EORR=0.83 V and EOER=1.52 V. Ec
values used for sequence (iii) En/EORR/EOER/Ec are indicated in the figure.
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For that reason, it is necessary to establish whether the increase
in jOER (which is determined from the net current measured
during the EOER step) is related to an enhancement of the OER
rate, to the oxidation of metal species, particularly those formed
while applying Ec, or to both. For this purpose, the catalyst was
subjected to the sequences (ii) En/EORR/EOER and (iii) En/EORR/EOER/
Ec in an Ar-saturated electrolyte using an RRDE setup, which
allows monitoring the formation of O2 during the experiment.
Namely, the O2 produced at the catalyst-modified disk electrode
can be reduced (thus detected) at the Pt ring electrode. For a
clear visualization of the background currents at both the disk
and ring electrodes, En was applied for 150 s before and for
150 s after conducting for 20 cycles the corresponding chro-
noamperometric sequence. The absolute disk (j jdisk j) and ring (j
jring j) current densities recorded during the experiments were
plotted as a function of time and are shown in Figure 5a and
5b, respectively. Note that even though the EORR step is part of
the two sequences, oxygen reduction does not actually take
place in these experiments since the electrolyte used was
oxygen-free.

In the case of the sequence (ii) En/EORR/EOER, the observed j
jdisk j (Figure 5a, dark blue) decreased during the first minutes
and then slightly increased again as the measurement con-
tinued, suggesting a similar profile to that of jOER in Figure 4.
Meanwhile, the corresponding j jring j vs time profile (Figure 5b,
dark blue), which was clearly distinguishable from the back-
ground current, suggested a rather steady current throughout
the measurement. The fact that j jdisk j exhibits substantial
changes while j jring j does not, indicates that the net currents
measured during the EOER step indeed comprises contributions
of oxidation processes taking place in addition to the OER, with
the former being more substantial during the first minutes of
the tests. Interestingly, in the case of the sequence (iii) En/EORR/
EOER/Ec, the j jdisk j and j jring j profiles follow similar trends,
indicating that the increase in the current measured at the disk
correlates to an increase in the amount of oxygen produced.
While this does not exclude the possibility that additional
oxidation processes may be taking place (thus contributing to
the net measured currents), it clearly indicates an enhancement
of the OER rate during the measurement. Moreover, both j jdisk j
and j jring j were considerably larger for the chronoamperometric
sequence (iii) En/EORR/EOER/Ec than they were for (ii) En/EORR/EOER
for all cycles except the first one (indicated in Figures 5a and 5b
with the label “Cycle 1”). According to Scheme 1, the two
sequences are identical until the end of the EOER step in Cycle 1,
after which either En/Ec (10 times) or En are applied, respectively.
Thus, it can be deduced that the observed increase in the
oxygen formation rate during the sequence (iii) En/EORR/EOER/Ec
was a consequence of applying Ec.

The conducted RDE and RRDE experiments showed that
subjecting MnFeNiOx to the dynamic potential sequence that
involves applying highly cathodic potential pulses Ec led, on the
one hand, to a partial recovery of the currents measured during
the EORR step alongside a substantial change in the ORR
selectivity (Figures 2 and 3), and on the other hand, to a clear
enhancement of the OER activity (Figures 4 and 5). Changes in
the ORR/OER activity, as well as in the ORR selectivity caused by
the deliberate variation of electrode potential have been
previously reported for a variety of earth abundant transition
metal-based catalysts, and have been ascribed to different
effects, including changes in metal valence, phase transitions
and/or amorphization, variations in morphology and surface
area, formation of oxygen vacancies, as well as blocking of the
electrode surface due to gas bubbles.[14, 24, 26, 28, 29, 41, 43] In the case
of MnFeNiOx, bubble formation during OER (during the EOER
step) and during HER (using the most cathodic Ec values) seems
to have an influence in the observed currents as well as in the
reproducibility of the measurements, as discussed earlier.
However, the differences observed between the three sequen-
ces cannot be fully explained by this. Meanwhile, due to the
hybrid nature of the catalyst, surface area effects are difficult to
discern. Namely, the catalyst consists of small metal oxide
nanoparticles with a distribution of particle sizes that depends
on their location (3.6�1.2 nm and 10.5�5.9 nm, inside and
outside the MWCNTs, respectively[10]), and that are supported
on a high-surface area carbon support, altogether limiting the
possibility of observing changes in surface area or morphology

Figure 5. Absolute current densities measured at the (a) disk electrode
(j jdisk j) and (b) ring electrode (j jring j), recorded at the end of each EOER step
during sequences (ii) En/EORR/EOER and (iii) En/EORR/EOER/Ec. Tests were con-
ducted in Ar-saturated 0.1 M KOH with 1600 rpm electrode rotation.
Potentials (vs RHE) applied at the disk were En=1.20 V, EORR=0.83 V,
EOER=1.52 V, and Ec= � 0.53 V. A potential of 0.27 V vs RHE was held at ring
electrode throughout the full duration of the experiments to reduce the
oxygen produced at the disk electrode. En was held for 150 s before and
150 s after completing 20 cycles for a clear visualization of the background
currents (shown with a white background). The horizontal dashed line in (a)
is included as aid to guide the eye.
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of the individual components. Yet, we established in an earlier
study[30] that the Mn valence plays a major role in the ORR
selectivity of MnFeNiOx, while we hypothesized that the Fe� Ni
couple was mainly responsible for oxygen evolving properties
of the catalyst. We thus speculate that, from the different
possible effects that Ec has on MnFeNiOx, those leading to the
changes observed in the ORR and the OER properties are more
substantially related to changes in metal valence, likely
accompanied by phase transitions. Therefore, in the following,
we focused our study on the investigation of irreversible
changes in the chemical state of the metal components of
MnFeNiOx after having been exposed to the three chronoam-
perometric sequences. To achieve this, we resorted to X-ray
absorption spectroscopy (XAS) since it is a highly sensitive
technique and, in contrast to diffraction-based techniques, XAS
offers the possibility of observing the average metal valence(s)
in a catalyst regardless of the presence and/or formation of
amorphous phases.[44]

XAS spectra were recorded for the as-prepared MnFeNiOx
powder and for the catalyst after having been exposed to each
of the sequences shown in Scheme 1 for a total of 20 cycles,
subsequently applying En for 150 s. It is important to consider
that our electrode preparation sequence involves dispersing the
catalyst in the presence of Nafion followed by ink-deposition,
drying, and a conditioning step. The latter consists of recording
cyclic voltammograms until an unchanged response is observed
(see details in the Experimental section). An example of typical
voltammetric responses of MnFeNiOx recorded during this step
is shown in Figure S4. Since both the presence of Nafion[30] and
the electrochemical conditioning step may have an impact on
the chemical state of the metal components in MnFeNiOx, we

also recorded XAS spectra of MnFeNiOx after completing the
full electrode preparation sequence (denoted here as “after
conditioning”) without conducting any other electrochemical
treatment.

The spectra of the X-ray absorption near edge structure
(XANES) collected in the Mn, Ni and Fe K-edges are shown in
Figure 6a, 6b and 6c, respectively, and were used to estimate
the chemical state of the metal components of the different
MnFeNiOx samples (Table 1). For this purpose, XAS spectra of
commercial metal oxides (MnO, Mn2O3, MnO2, FeO, Fe3O4, Fe2O3,
NiO and LiNiO2) were collected and the linear regressions of
their nominal valences with respect to their corresponding
edge energies were obtained as shown in Figure S5. The latter
were determined by the step integral method proposed by Dau
et al.[45] With the resulting linear equations, the metal valences
of the reference powders were estimated and are summarized
in Table S4 alongside their corresponding nominal valences.
Considering that the difference between the nominal and the
estimated valences of the reference samples is consistently
+ /� 0.1, we used this approach to qualitatively identify notable
differences between the various MnFeNiOx samples, rather than
to accurately determine their chemical states. As shown in
Table 1, the average metal valences in the as-prepared
MnFeNiOx sample are 3.0, 3.0 and 2.8 for Mn, Fe and Ni,
respectively. Interestingly, as shown in Figures 6a, 6b and 6c, all
three metals in MnFeNiOx underwent irreversible oxidation
after conditioning, highlighting the importance of the careful
selection of sample preparation protocols including condition-
ing and/or activation sequences.

To facilitate the comparison between the as-prepared
catalyst and the different electrochemically treated samples, the

Figure 6. XANES spectra of (a) Mn� K edge, (b) Ni K-edge, and (c) Fe K-edge recorded on MnFeNiOx, as prepared, after conditioning step, and after various
chronoamperometric test sequences conducted in air-saturated 0.1 M KOH. XAS spectra were collected in fluorescence mode. Potentials (vs RHE) applied were
En=1.20 V, EORR=0.83 V, EOER=1.52 V, and Ec= � 0.53 V. XANES spectra of various metal oxides (MOx, M=Mn, Ni, Fe) are shown in the figures for reference.
Estimated valences of (d) Mn, (e) Ni, and (f) Fe in the different MnFeNiOx samples.
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estimated Mn, Ni and Fe valences are visualized in Figure 6d
and summarized in Table 1 for all samples.

After (i) En/EORR, (ii) En/EORR/EOER, and (iii) En/EORR/EOER/Ec, the
three metals clearly displayed changes in their chemical states
with respect to the as-prepared MnFeNiOx sample that are
different to those observed after conditioning. In the case of Ni
and Fe, their highest valence was observed in the samples
measured after conditioning, suggesting that these metals are
reduced during the chronoamperometric sequences, likely due
to the cathodic potential applied during the EORR step. However,
Mn increased slightly its valence from 3.2 after conditioning to
3.3, 3.4 and 3.3 after the sequences (i) En/EORR, (ii) En/EORR/EOER,
and (iii) En/EORR/EOER/Ec, respectively. While this difference can be
considered within the method’s error (Table S4), it is also
plausible that Mn is oxidized during the En steps (1.20 V vs RHE)
as suggested by the redox features shown in Figure S4, and
undergoes further oxidation during the EOER step. Interestingly,
no substantial difference was observed between Ni valences
after (i) En/EORR and after (ii) En/EORR/EOER, while Mn and Fe
displayed slightly more oxidized states, which, however, are
difficult to distinguish from method’s error. This observation
correlates with those made in relation to the ORR selectivity of
MnFeNiOx (Figure 3d), namely, there was also no substantial
difference in the yield of peroxide species after either of the
two sequences. Compared to (ii) En/EORR/EOER, subjecting MnFe-
NiOx to the (iii) En/EORR/EOER/Ec sequence leads to a slightly lower
Mn valence, the same Fe valence, and an insignificantly higher
Ni valence. These results support that, rather than restoring the
chemical state of the three metals to match those observed in
(i) En/EORR (which was our initial hypothesis), Ec induced a
transformation that brought Ni to a higher chemical state,
which can be correlated with the increase in the rate of oxygen
generation[46] as observed during the (iii) En/EORR/EOER/Ec se-
quence (Figure 5). Moreover, considering the observed increase
in peroxide yield (Figure 3d) after (iii) En/EORR/EOER/Ec, it is
suggested that not only Mn[30] but also Ni has a strong influence
in the selectivity of MnFeNiOx during the ORR, which is in
agreement with other works reporting relatively high peroxide
yields with Ni-containing ORR catalysts.[47]

To differentiate oxidation due to the conditioning step from
oxidation that may take place during the EOER step, in addition
to the chronopotentiometric sequences shown in Scheme 1,
the catalyst was subjected to a fourth sequence, (iv) En/EOER, as

illustrated in Scheme S1. As shown in Figure 6d, this sample
displayed the most oxidized states for Mn and Ni out of all the
investigated MnFeNiOx samples, indicating that oxidation
during the conditioning step was milder than during the EOER
step for these two metals. Meanwhile, the average valence of
Fe after (iv) En/EOER was 3.0. In fact, the differences observed in
the Fe valences of the various MnFeNiOx samples (all being in
the range between 3.0 and 3.2) are difficult to distinguish from
the method’s error, and were substantially smaller than those
observed for Mn (between 3.0 and 3.5) and Ni (between 2.7 and
3.4). These results indicate a high stability (or reversibility) of
the Fe species under a wide range of potentials, which renders
this metal a particularly interesting component for applications
that require dynamic variation of operating conditions. The
results obtained by XAS confront our initial hypothesis that the
oxidative damage of ORR-active species during the OER is the
main cause of activity loss of MnFeNiOx, and that it can be
reversed by applying the highly cathodic Ec pulse. In the case of
MnFeNiOx, either such damage takes place (likely on the very
surface and thus was not possible to observe it clearly with
XAS) and it is irreversible, or the cause of the activity loss is of a
different nature (for example, corrosion, agglomeration, or
detachment of the nanoparticles), or both. We propose that the
observed changes in catalyst performance are mainly related to
the stability of Mn, since it has been shown in diverse reports
that there is a strong correlation between Mn valence and ORR
activity.[30, 48] As a case study, the results shown in this work
show the complexity of changes that a catalyst may undergo
upon exposure to dynamically changing potentials and empha-
sizes that understanding these changes could further enable
the use of dynamic electrochemical treatments for the deliber-
ate recovery and/or enhancement of the catalytic capabilities of
functional materials.

Conclusions

We investigated an electrochemical method to restore, in situ,
the ORR activity of a bifunctional ORR/OER catalyst, MnFeNiOx,
which undergoes ORR activation under alternating ORR/OER
operating conditions.[10] For this purpose, MnFeNiOx was
subjected to different chronoamperometric sequences using a
rotating disk electrode (RDE) setup. In these sequences, the

Table 1. Mn, Ni and Fe valences (zM) in MnFeNiOx samples and their corresponding edge energies (Eedge) before and after various electrochemical
sequences.

Sample Mn Ni Fe

Eedge/eV zMn Eedge/eV zNi Eedge/eV zFe

As-prepared powder 6548.9 3.0 8342.0 2.8 7123.1 3.0

After conditioning 6549.7 3.2 8342.8 3.1 7123.9 3.2

(i) En/EORR 6549.9 3.3 8341.8 2.7 7123.2 3.0

(ii) En/EORR/EOER 6550.1 3.4 8341.8 2.7 7123.3 3.1

(iii) En/EORR/EOER/Ec 6549.9 3.3 8342.2 2.9 7123.5 3.1

(iv) En/EOER 6550.6 3.5 8343.3 3.4 7123.0 3.0

Wiley VCH Freitag, 03.05.2024

2409 / 341032 [S. 228/232] 1

ChemCatChem 2024, 16, e202301174 (9 of 13) © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Research Article
doi.org/10.1002/cctc.202301174

 18673899, 2024, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202301174 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [29/11/2024]. 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



applied potentials were dynamically changed between 2 or
more of the following potential steps: En (1.2 V vs RHE, a
potential where neither the ORR nor the OER take place), EORR
(0.83 V vs RHE, corresponding to a current density of
� 1 mAcm� 2), EOER (1.52 V vs RHE, corresponding to a current
density of +1 mAcm� 2), and Ec (cathodic potential pulses in the
range between � 0.83 and 0.37 V vs RHE). Firstly, the optimal Ec
value for MnFeNiOx was estimated via a fast Ec-screening
method in which the sequence (iii) En/EORR/EOER/Ec was applied
varying the Ec values between 0.37 and � 0.53 V vs RHE. Each Ec
step was applied for a total of 5 cycles before increasing to the
next (more cathodic) value in 100 mV steps. The screening
method allowed identifying the potential range in which Ec led
to a partial recovery of the ORR current of MnFeNiOx after its
exposure to the EOER potentials. We propose that this method
can be easily applied to observe, in a single experiment, the
effect that a wide range of Ec values have on other bifunctional
ORR/OER materials.

Upon optimization of Ec, it was observed that applying the
sequence En/EORR/EOER/Ec led to a partial recovery of the currents
measured during the EORR steps. Rotating ring disk electrode
(RRDE) voltammetry revealed that applying Ec leads to an
increase in the yield of peroxide species formed during the EORR
step. Yet, this sequence (En/EORR/EOER/Ec) also led to an
enhancement of the OER activity, which was confirmed by an
increased amount of oxygen detected during the EOER step.
These observations were further correlated to changes in Mn,
Ni and Fe valences determined by X-ray absorption spectro-
scopy, suggesting on the one hand, that both Mn and Ni have a
strong impact on the ORR selectivity, and on the other hand,
that the decrease in ORR activity at alternating ORR/OER
conditions may be related to causes different or additional to
oxidative damage of the ORR-active species.

As a case study, this work highlights the importance of
(1) conducting electrochemical experiments coupled with the
detection of their products to differentiate catalytic currents
from other processes, (2) the careful selection of electrode
preparation sequences and their impact on the properties of
the material under investigation, (3) monitoring catalysts under
dynamically changing conditions, which is particularly impor-
tant for the design of BOEs and other materials whose
applications require high reversibility, and (4) understanding
the various changes that a catalyst undergoes when exposed to
different electrochemical conditions, which can potentially
enable routes to in situ restore and/or enhance their catalytic
properties.

Experimental Section

Synthesis and characterization of MnFeNiOx

Synthesis of MnFeNiOx was conducted as described in a previous
work.[10] Firstly, high-quality multiwalled carbon nanotubes were
grown by chemical vapor deposition at 680 °C using ethylene as
precursor and a FeCo-based growth catalyst.[49] The nanotubes were
treated for 4 h in a boiling acid solution (HCl, 15 vol%) under
stirring to remove catalysts residues, and subsequently washed

with distilled water until pH 7. Catalyst residues were below 0.1 wt
% according to previous analyses.[50] Subsequently, the grown
carbon nanotubes were treated in concentrated HNO3 solution for
2 h to obtain oxygen-functionalized carbon nanotubes. After
washing with distilled water until pH 7 and drying, the obtained
powder was modified with Mn, Fe, and Ni using an aqueous
mixture of the corresponding metal nitrates via incipient wetness
impregnation, dried at 110 °C for 4 h, and finally annealed at 350 °C
for 4 h to form metal oxide nanoparticles with metal composition
Mn0.51Fe0.14Ni0.35 and a total metal loading of 14.4 wt% according to
previous XRF analysis.[10] Structural characterization of the as-
prepared MnFeNiOx sample including XRD, high-resolution TEM,
XPS, Raman spectroscopy, among others, were reported
previously[10] and are summarized in Table S1 (Supporting Informa-
tion).

Electrochemical measurements

Electrochemical experiments were conducted with an Autolab
PGSTAT bipotentiostat/galvanostat (Metrohm) in a three-electrode
configuration setup. As working electrode were used either
catalyst-modified glassy carbon rotating disk electrodes (RDE) with
0.113 cm2 geometric area, or rotating ring disk electrodes (RRDE)
with a catalyst-modified glassy carbon disk electrode (0.196 cm2)
and a platinum ring electrode (0.153 cm2). To modify the working
electrodes, 5 mgmL� 1 catalyst were dispersed in a mixture of
ethanol and water (1 : 1 volume ratio) containing 2 vol% as-
purchased Nafion solution (~5 wt% Nafion in a mixture of alcohols,
Sigma-Aldrich) by sonication for 15 min. Subsequently, the volume
required to achieve a catalyst loading of 210 μgcm� 2 was drop-
casted onto the glassy carbon disk electrodes and left to dry at
ambient conditions. A platinum mesh was used as the counter
electrode, and was kept in a compartment separated by a glass frit
during the measurements. A commercial Ag jAgCl jKCl (3 M)
double-junction electrode (Metrohm) was used as the reference
electrode. All experiments were conducted in 0.1 M KOH aqueous
solution saturated either with oxygen or with argon. A stream of
the corresponding gas was kept near the surface of the electrolyte
during the experiments to maintain gas saturation. Before the
measurements, the electrolyte was purified using a Chelex cation-
exchange resin (Bio-Rad Laboratories) to remove metal
impurities.[51] After setup, as part of the electrode preparation
sequence for all measurements, the open circuit potential (OCP)
was recorded for 1 min, after which cyclic voltammograms were
recorded in the potential range between � 0.8 and 0.45 V vs Ag j
AgCl jKCl (3 M) at a scan rate of 100 mVs� 1 until unchanging
voltammograms were observed. Afterwards, electrochemical impe-
dance spectroscopy (EIS) was conducted in the frequency range
from 100 kHz to 1 kHz with an AC amplitude of 10 mV (RMS) at the
previously determined OCP value. The uncompensated resistance
(Ru) was determined from the resulting Nyquist plots, and it was
then used together with the measured current (imeasured) to correct
the measured potentials (Emeasured) according to Equation 1.

Ecorrected ¼ Emeasured � Ru � imeasured (1)

Potentials vs Ag jAgCl jKCl (3 M) were converted to the reversible
hydrogen electrode (RHE) scale according to Equation 2, using a pH
value of 12.9 considering the activity coefficient of the KOH
solution.[52]

E vs RHE ¼ E vs Ag AgClj jKClþ 0:207þ 0:059 � pH (2)

The activity of MnFeNiOx towards the hydrogen evolution reaction
(HER) was investigated with an RDE setup by recording a linear
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sweep voltammogram in the potential range from � 0.4 to � 1.8 V
vs Ag jAgCl jKCl at a scan rate of 5 mVs� 1 and a rotation rate of
1600 rpm in an Ar-saturated electrolyte.

Four dynamic potential sequences were used according to
Scheme 1 and S1, involving the potentials indicated in Table S2.
Before each sequence, En was held for 150 s. To determine an
effective Ec value, the sequence (iii) En/EORR/EOER/Ec was repeatedly
conducted using increasingly negative Ec values between � 0.6 to
� 1.5 V vs Ag jAgCl jKCl in 100 mV steps, maintaining each Ec value
for 5 cycles. For comparison, (i) En/EORR and (ii) En/EORR/EOER were
looped for a total of 100 minutes. After identifying the range of
effective Ec potentials, (iii) En/EORR/EOER/Ec was conducted repeatedly
at fixed Ec values of � 0.9, � 1.2, � 1.5, and � 1.8 V vs Ag jAgCl jKCl
for a total of 100 min. These measurements were performed under
1600 rpm electrode rotation in O2-saturated 0.1 M KOH solution.

The oxygen reduction activity and selectivity were investigated by
means of RRDE voltammetry by recording a linear sweep
voltammogram in the potential region from 0.23 to � 0.9 V vs Ag j
AgCl jKCl at a scan rate of 5 mVs� 1 and rotation rate of 1600 rpm in
O2-saturated electrolyte, while simultaneously applying a constant
potential of 0.4 V vs Ag jAgCl jKCl at the Pt ring electrode to oxidize
the peroxide species produced at the disk electrode. The
voltammograms were recorded before and after conducting the
chronoamperometric sequences for a total of 20 cycles applying an
Ec value of � 1.5 V vs Ag jAgCl jKCl in the case of (iii) En/EORR/EOER/Ec.
The yield of peroxide species formed during the ORR (HO2

� ) was
determined according to Equation 3 considering the background-
corrected currents measured at the disk electrode (idisk) and at the
ring electrode (iring), and the collection efficiency factor (N).

HO�2 ¼
2 iring

N

� �

idisk þ
iring
N

� � � 100 (3)

N was determined experimentally after the measurements for each
electrode film by adding 5 mM potassium hexacyanoferrate to the
electrolyte and purging it thoroughly with Ar gas to remove oxygen
from the solution. Subsequently, a linear sweep voltammogram
was recorded at the catalyst-modified disk electrode in the
potential region between 0.5 and � 0.26 V vs Ag jAgCl jKCl at
5 mVs� 1 scan rate and 1600 rpm electrode rotation to reduce Fe(III)
to Fe(II). Meanwhile, a potential of 0.4 V vs Ag jAgCl jKCl was held
at the Pt ring electrode to oxidize the Fe(II) species formed at the
disk electrode back to Fe(III). N was then calculated considering the
reduction current measured at the disk (ired) and the oxidation
current measured at the ring (iox) according to Equation 4.

N ¼ �
iox
ired

(4)

Experiments for monitoring oxygen formation during the sequen-
ces (ii) En/EORR/EOER and (iii) En/EORR/EOER/Ec were conducted in Ar-
saturated 0.1 M KOH solution using an RRDE setup for a total of
20 cycles, preceded and followed by an En step with a 150 s
duration. During the experiments, a rotation rate of 1600 rpm was
maintained and a constant potential of � 0.7 V vs Ag jAgCl jKCl was
applied at the Pt ring electrode to reduce the oxygen that was
formed at the disk electrode during the OER.

X-ray absorption spectroscopy (XAS)

Samples for XAS investigations were prepared by drop-casting
10.5 μL catalyst ink onto 5×10 mm2 glassy carbon plates (HTW

Hochtemperatur-Werkstoffe GmbH) covering only about one half of
the electrode area. The catalyst inks had the same composition as
described for electrochemical experiments. After drying at room
conditions, the catalyst-modified plate was used as a working
electrode for its electrochemical treatment in air-saturated 0.1 M
KOH electrolyte, assembled together with a graphite rod counter
electrode and a Ag jAgCl jNaCl (3 M) reference electrode in a 3-
electrode configuration setup. Potentials were controlled using a
Reference [600]+ potentiostat (Gamry). Cyclic voltammograms
were recorded in the potential range between � 0.8 and 0.45 V vs
Ag jAgCl jNaCl at 100 mVs� 1 scan rate until reproducible voltammo-
grams were observed. Subsequently, the electrodes were subjected
to one of the chronoamperometric sequences shown in Scheme 1
and S1 for a total of 20 cycles. After this, the electrodes were rinsed
with water, dried at room conditions, and used for XAS measure-
ments. Reference metal oxide samples were used without further
purification, and included MnO, Mn2O3, MnO2, FeO, Fe3O4, LiNiO2

from Sigma-Aldrich; NiO from Carl Roth; Fe2O3 from Alfa Aesar. As-
prepared MnFeNiOx and reference metal oxide samples were
prepared for XAS analysis by homogeneously spreading a thin layer
of the corresponding powder onto Kapton tape.

XAS spectra were collected at the KMC-3 beamline at the BESSY II
synchrotron (Helmholtz-Zentrum Berlin für Materialien und Energie)
at room temperature.[53] The beamline is equipped with a double-
crystal Si (111) monochromator. Spectra were recorded in
fluorescence mode in the Mn� K, Ni� K and Fe� K edges using a 13-
element silicon drift detector (RaySpec). The energy was calibrated
by positioning the first peak of the first derivative of Co reference
foil spectra to the reported energies of 7709 eV,[54] with an accuracy
�0.1 eV. XAS spectra were recorded at least in triplicate for each of
the samples to a k-space of 12 Å� 1. Data analysis was done as
described step-by-step in the supporting information of a previous
report.[24] In short, normalization of the recorded spectra was done
by subtracting a straight line obtained by the linear fit of the
measured data before the corresponding K edge. Subsequently, the
resulting spectra was divided by the polynomial function (order 2)
obtained by fitting the data after the K edge. The edge energy
(Eedge) of reference samples was determined by the step integral
method proposed by Dau et al.[45] according to Equation 5, using
μ1=0.15 and μ2=1.

Eedge ¼ E1 þ
1

m2 � m1

Z E2

E1
m2 � ~m Eð ÞdE (5)

The Eedge values obtained for reference metal oxide samples were
used to build metal valence vs edge energy plots (Figure S5), which
were later fitted to a straight line to obtain Equations 6, 7 and 8.
These curves were later used to estimate the valence (zM) of M=

Mn, Fe and Ni in the different MnFeNiOx samples with their
corresponding Eedge values. All values are summarized in Table S4.

zMn ¼ 0:2682 � Eedge � 1753:39105 (6)

zFe ¼ 0:1952 � Eedge � 1387:40064 (7)

zNi ¼ 0:46813�Eedge � 3902:35909 (8)

The coefficients of determination R2 corresponding to the linear fits
were 0.99143, 0.99209 and 1, respectively. Note that the equations
were obtained with 3, 3 and 2 points, respectively.
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