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Electrolytic hydrogen appears as one of the most promising options to store renewable energy. In this
water splitting process, the sluggish kinetics of the 4-electron oxygen evolution reaction (OER) with its
high overpotentials have been widely regarded as the bottleneck to facilitate a fast, energy-efficient
process. In alkaline media, numerous earth-abundant metal oxides are efficient OER catalysts, stabilized by
the high concentration of hydroxide anions in the electrolyte. However, under acidic conditions, where
the hydrogen evolution reaction (HER) is technologically preferred, only noble metal-based oxides (RuO;
and IrO,) are suitable OER catalysts, putting into question the scalability to wide-spread applications due
to their scarcity and high cost. Most earth abundant metal oxides dissolve at high proton concentrations.
A promising strategy to avoid this drawback consists of incorporating these catalysts into partially
hydrophobic composite electrodes. Following this strategy, we have been able to conduct an extensive
survey of the activity and stability of mono-, bi- and trimetallic earth-abundant transition metal oxides
during the electrocatalytic OER under strongly acidic conditions. Our results confirm the general validity of
the strategy by using a hydrophobic electrode to confer high stability to common metal oxides under
these harsh conditions. Among all OER catalysts investigated, we found that simple manganese oxides
appeared as the most active also exhibiting high, long-term stability. In particular, the stability of Mn,Os
oxide in the OER in acidic media was well confirmed by post-electrolysis characterization data.

Acidic water electrolysis from electrolytes with high proton concentration has advantages in hydrogen production. However, only noble metals (typically

iridium) are viable oxygen evolution (OER) catalysts to promote acidic water oxidation, limiting the techno-economic development of this technology. We are
introducing a novel strategy to stabilize OER catalysts from earth abundant transition metals, by blending them into a partially hydrophobic electrode support.
Under these conditions, we have investigated a variety of mono-, bi- and trimetallic oxides, to discover that Mn,O; is the most active phase, reaching a
competitive performance when compared with IrO,, with a remarkable performance stability for over 24 h. The implementation of an analogous approach

towards real electrolyzers may open promising opportunities for the substitution of noble metals by economic, viable counterparts.
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Introduction

Electrolytic hydrogen from water splitting is in high demand to
support the deployment of renewable energy as an energy storage
medium, in the required transition from fossil fuels."* One of the
challenges in water electrolysis remains the oxidation catalysts for
the anodic oxygen evolution reaction (OER). This 4-electron
process is one of the main causes for the slow kinetics and high
overpotentials.> Competitive catalysts from earth abundant mate-
rials are required for a viable, large-scale deployment of water
electrolysers.

Numerous earth-abundant materials are able to work as OER
electrocatalysts in alkaline media, reaching excellent performance,
for instance the family of nickel-iron mixed oxides or (oxo)
hydroxides.”” But alkaline technologies have several disadvan-
tages, such as the need for corrosive media (hot, concentrated
KOH solutions), and the relatively low current densities achieved,
as limited by the OH™ transport through the separator/anion-
exchange membrane. Significantly higher current densities can be
achieved under acidic conditions, thanks to the ultrafast proton
transport through a proton exchange solid electrolyte (membrane)
and the high proton concentration available for hydrogen genera-
tion (HER).> However, only IrO,-based catalysts are efficient and
stable under these conditions. At low pH, inexpensive metal oxides
suffer serious dissolution and deactivation, particularly when
working at high potentials/current densities.”"*

Several strategies have been proposed to stabilize earth-
abundant metal oxides as OER electrocatalysts in acidic
12718 Crystalline nickel manganese antimonate on
antimony-doped tin oxide (ATO) became stable at current
densities of 10 mA ecm ™2 for 168 h in 1 M H,S0, finely tuning
the metal ratio.** Co,MnO, demonstrated robust performance
(1500 h) at 200 mA cm™ > at pH 1 when supported on a Pt/Ti
mesh." Although high overpotentials were needed, these
reports are promising results towards earth-abundant OER
catalysis under acidic conditions.

Recently,'® we demonstrated that the use of a hydrophobic
binder in the anode composition is able to stabilize Co;0,,
otherwise unstable under these conditions.*® A Co;0,/CPO
(graphitic carbon + paraffin oil) composite sustained a current
density of up to 100 mA cm ™ ? in a 1 M H,SO; electrolyte. This very
same electrode architecture cannot be scaled up to industrial
applications, given the intrinsic long-term instability of carbon
conducting supports under the OER. But our results confirm the
validity of this approach to stabilize the active catalysts at low
current densities. Taking advantage of this, here we report a wide
screening of first row transition metal (Mn, Fe, Co, Ni and Zn)
oxides with mono-, bi- and trimetallic equimolecular composition
as OER catalysts in 1 M H,SO,. Interestingly, we found that
even Mn-based oxides appear stabilized, while otherwise were
characterized as highly unstable.*** Protected by the paraffin
oil, Mn,0; anodes showed the best performance in terms of
lower overpotentials to reach 10 mA cm™ >, with excellent stability
(>24 h) when working in 1 M sulfuric acid solution without a
sign of fatigue or deactivation. The incorporation of a second or
third metal did not improve the activity of the Mn-based oxide.

media.
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Conversely, the Mn doping was critical to improve the OER activity
of some other oxides, such as FeO,, NiO, and FeNiO,, with
>120 mV overpotential decrease at 10 mA cm™ > current density.
Our results confirm the general stabilizing effect of a partially
hydrophobic, conducting binder to allow earth-abundant transition
metal oxides to sustain water oxidation in acidic environments.

Experimental
Synthesis

All reagents were commercially available and used as received.
Mixed metal oxides were prepared by modified method avail-
able in the literature.”® The overall metal concentration of
metal (Mn, Fe, Co, Ni and Zn) nitrates was fixed as 0.0125 M,
and the corresponding amount of each metallic precursor was
calculated in the equivalent ratio (Table S1, ESIt). They were
dissolved in 50 mL distilled water with constant stirring. Then,
glycine (25 mM) was added into the above solutions and stirred
until clear solutions were obtained. Afterwards, the solutions
were heated up to 210 °C until total solvent evaporation and
glycine combustion. The resulting porous dark solids were
collected and calcined at 1100 °C in a tubular oven for 1 h.
The synthesis of Mn,0; followed an analogous procedure, but
the calcination step was carried out at 600 °C. For the synthesis
of Mn;0, as a pure phase, we followed a different procedure:
Mn(NO3),-4H,0 (0.151 g) and benzimidazole (0.142 g) were
dissolved into 15 mL DMF and then the homogeneous solution
was transferred into a Teflon-lined stainless steel autoclave.
The sealed autoclave was put into an oven and kept at 140 °C
for 24 h. After cooling down to room temperature, the brown
product was filtered out and washed with acetone, and then
dried at 60 °C.

The composite electrodes were prepared by 2 hour ball-
milling at 20 s of a mixture of paraffin oil (20 mg), graphite
powder (80 mg) and oxides (40 mg), namely, MO,/GPO, MM'O,/
GPO or MM'M"0,/GPO (M, M’, M": Mn, Fe, Co, Ni, Zn). With
Mn,0; the added amount of was decreased to 10 and 20 mg,
these electrodes were named as 10-Mn,0;/GPO and 20-Mn,0;/
GPO, respectively.

To prepare the (Mn,0; + graphite)/GC (glassy carbon) elec-
trode, graphite powder (80 mg) and Mn,0; (40 mg) were mixed
by ball milling firstly. Then, 10 mg of above mixture, 25 pL
Nafion 117 containing solution and 975 pL ethanol aqueous
solution (3:1 in volume) were sonicated for 30 min to obtain
dispersed black ink. Finally, 7 uL ink was drop-cast on the GC
electrode for comparison experiments.

Electrochemistry

All electrochemical experiments were performed under ambi-
ent conditions using a Bio-Logic VMP3 multichannel potentio-
stat and implemented with a three-electrode configuration
using 1 M H,SO, (pH 0.1) as the electrolyte solution, carbon
rod as the counter electrode, Ag/AgCl (3 M KCl) as the reference
electrode and a pocket working electrode (0.07 cm” surface area
and 4 mm depth) filled with the GPO composites. The actual

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mass amounts of the MO,/GPO, MM'0O,/GPO and MM'M"0,/
GPO composites in the electrode pocket were measured with an
analytical weight balance and indicated in Table S1 (ESIT).
Although it is difficult to estimate the actual active layer, an
estimation is suggested that 1/8 of the total electrode pocket
volume is used as the maximum limit in contact with the
solution in order to determine the mass loading for
comparison.'” All potentials were measured versus the Ag/AgCl
electrode and converted to the RHE reference scale using Erpg =
Epgiagcl + 0.21 + 0.059 pH (V) while overpotentials # = Erpg -
1.23 V. Every LSV (linear sweep voltammetry) curve was recorded
with a 1 mV s~ scan rate for activity comparison after 10-CV
(cyclic voltammetry) cycle activation. All current densities were
calculated based on the geometrical surface area of the electro-
des. The Ohmic drop was determined for all electrochemical
data by using the automatic current interrupt (CI) software
(Table S1, ESIT). The iR drop, experimentally determined using
the CI technique, was corrected for all the electrodes. Tafel
slopes were estimated from the LSV curves by plotting over-
potential  vs. logj (j = current density). The potential vs. RHE to
drive 1 mA cm 2 was used to define onset potential. Chronopo-
tentiometry tests were carried out at fixed current density of
10 mA cm 2. For the electrochemical double-layer capacitance
(EDLC) measurements, open circuit potentials (OCPs) vs. the Ag/
AgCl were firstly recorded for 30 min to reach rather stable
values. Then CV experiments were carried out with 50 mV s~
scan rate. Combined with above CV measurements, the 100 mV
potential windows centered at OCPs could be determined and
cyclic voltammetry were then carried out under scanning rates of
20, 40, 60, 80 and 100 mV s~ . The current density differences
between the minimum and maximum values at OCPs vs. the Ag/
AgCl and the corresponding scanning rates were plotted to
calculate the EDLC value (1/2 of the slope of current density-
scan rate plots).>* Electrochemical impedance spectroscopy (EIS)
was performed by means of a typical three-electrode cell in the
frequency range from 200 kHz to 100 mHz with 6 points per
decade under OCP after CV activation. CVs were collected
between 50 and 200 mV s ' and the surface concentration of
redox active Mn centers was extracted from the slope of the
linear relationship between the peak current of the reduction
wave and the scan rate,>” according to the following equation:
n*F2 ATl

Slope = W (1)

where n = 1; F = Faraday’s constant (96485 C mol '); A =
electrode surface area (0.07 cm™); I', = surface concentration
(mol em™?); R = ideal gas constant (0.082 atm L K" mol ); and
T = temperature (293 K).

The turnover frequency (TOF) per active site was calculated

using the equation

1

TOF = "

(2)
where I is the current (A) during the linear sweep voltammetry

(LSV) tests, n is the number of Mn active sites (mol), F is the
Faraday constant (96 485 C mol '), m is 4 for oxygen evolution.>®

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Faradaic efficiency

In order to evaluate the faradaic efficiency towards oxygen pro-
duction, the chronopotentiometric experiment was carried out
applying a fixed current (10 mA em™~?) while the oxygen concen-
tration in the headspace was measured in situ by using an Ocean
Optics NeoFOX sensing system equipped with an FOSPOR probe.
The FOSPOR probe was calibrated with a two-point calibration,
fixing 0% O, under N, flow and 20.9% O, in air. The experiment
was performed in a home-made H-type cell with a frit glass
separating both compartments and a connection for the sensor
to be inserted in the anodic gas headspace (~2.5 mL) (Fig. S1,
ESIt). The solution was completely deaerated by purging with N,
before starting the experiment, for at least 1 h. Then N, flow was
removed and a base line of 10 min was recorded before starting
the chronoamperometry.

The mols of O, generated during the electrochemical experi-
ment were calculated via the following equation, considering
ideal gas behavior:

noz,exp =% OZg'Ptotal'Vgas space'R71r1/100 (3)

where % O, is given by the FOSPOR probe, Py, is 1 atm,
Vgas space (litres) is measured for each experiment, R is 0.082
(atm L K ' mol ') and T is 293 K. The faradaic oxygen
production curve was calculated taking into account the charge
data from the chronoamperometry experiment as described in
the following equation:

nOZ,far = Qne_lF_l (4)

where Q (C) is the charge passed through the system, 7. is the
number of mols of electrons involved in the water oxidation
reaction to generate one mol of oxygen (4) and F is the Faraday
constant (96485 C mol ™).
Then faradaic efficiency (in %), FE, is calculated as follows:
o 100 x Nno, exp

FE=—"——"-"— 5
no, far ( )

Physical characterization

Powder X-ray diffraction (PXRD) data were recorded with a Bruker
D8 Advance Series equipped with a VANTEC-1 PSD3 detector.
Elemental analyses were carried out on an Agilent (ICPMS7900)
inductively coupled plasma spectrometer with a mass detector
(ICP-MS) at the University of Valencia. X-ray photoelectron
spectroscopy (XPS) was carried out holding the sample at room
temperature and illuminating it with a monochromatized Al Ko
source (hv = 1486.6 eV) from a microfocus setup (SPECS Focus
600). The excited photo-electrons were collected by a SPECS 150
hemispherical analyzer at emission and incidence angles of 40°
and 60°, respectively. The powder electrodes were deposited on
top of indium tape for the XPS measurements. High resolution
transmission electron microscopy (HRTEM) and scanning trans-
mission electron microscopy (STEM) investigations were per-
formed on a field emission gun FEI Tecnai F20 microscope.
High angle annular dark-field (HAADF) STEM was combined with
electron energy loss spectroscopy (EELS) on a Tecnai microscope

EES Catal., 2023,1, 765-773 | 767
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by using a GATAN QUANTUM energy filter in order to obtain
compositional maps.

Results and discussion
Metal oxide preparation

It has been well documented that catalyst preparation and proces-
sing may affect electrochemical performance.”’ > To minimize
synthetic effects, all oxides for this survey were prepared by the very
same combustion methodology.>> We prepared twenty five oxides in
total with the following ratio among reagents: MO,. (monometallic);
MM'O; (50: 50 ratio); and MM'M"O, (33 :33: 33 ratio).

Although this method did not yield completely homogeneous
materials for each composition, we chose it as a common method
for all materials, to minimize performance differences originated
from the use different synthetic preparation methods. The domi-
nant crystalline phases in the products were identified by powder
X-ray diffraction (PXRD) and assigned to Powder Diffraction File
(PDF) cards (Fig. S2-26, ESIt). According to the structural data,
most of the materials contained single crystalline phases (Table 1)
with some exceptions. Metal composition was determined by
energy-dispersive X-ray (EDX) spectra, and in good agreement
with the reagent ratio (Fig. S7-526 and Table S1, ESIT).

The oxides were mixed with graphite (G) and paraffin oil (PO) in
the desired ratio (see the Experimental section) to obtain homo-
geneous composites (MO,/GPO, MM'O,/GPO and MM'M"O,/GPO)
to be inserted into the pocket of a working electrode.

Comparative OER performance

We applied the same experimental protocol to collect the linear
sweep voltammetry (LSV) for all of the oxide electrodes in 1 M

Table1 The feeding metal ratio in syntheses and crystalline phases found
by X-ray diffraction analysis

Catalyst Crystalline phases found
MnO, Mn,03, Mn;0,

FeO, Fe,03

CoO, C030,4

NiO, NiO

Zn0O, ZnO

MnFeO, (Mn, Fe),03

MnCoO, (Co, Mn);0,

MnNiO, NigMnOg

MnZnO, ZnMnOj;, ZnMn;0,
FeCoO, (Co, Fe),03

FeNiO, NiFe,0,

FeZnO, ZnFe,04, ZnO

CoNiO, (Co, Ni)O

CoZnO, ZnCo,04, ZnO

NiZnO, (Ni, Zn)O

MnFeCoO, (Mn, Fe, C0)30,4
MnFeNiO, (Mn, Ni)Fe,0,, (Mn, Fe)Ni,O,
MnFeZnO, ZnMn;0y, (Fe, Zn), gsO, MnFe,0,
MnCoNiO, NigMnOg, (Co, Ni)O
MnCoZnO, (Mn, Zn)Co,0,
MnNiZnO, NigMnOg, (Ni, Zn)O
FeCoNiO, (Co, Ni)Fe,O,

FeCoZnO, (Fe, C0),03, ZnO
FeNiZnO, Fe;04, (Ni, Zn)O
CoNiZnO, CoNiO,, ZnCo,0,, ZnO
768 | EES Catal,2023,1, 765-773
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H,S0, electrolyte (Fig. 1). In the monometallic series, we
observed that MnO, shows a pre-catalytic, reversible event that
we assigned to a Mn**/Mn*" oxidation (Fig. 1a). MnO,/GPO
offered the best voltage efficiency, reaching ~50 mA cm 2 at
1.73 V although the pre-catalytic event does not allow the onset
potential to be directly estimated. All other oxides showed onset
potentials >1.55 V (vs. RHE) with current densities below
20 mA ecm > at 1.73 V vs. RHE (Fig. 1b and Table 2), with
decreasing activity as Co > Fe > Zn > Ni. The H,SO, electrolyte
used does not contain metallic impurities, precluding Fe uptake,
well known to enhance the activity of NiO, phases.*?

In the bimetallic oxide series, the highest current density
was found for the CoNiO,, reaching 23 mA cm ™2 at 1.73 V vs.
RHE (Fig. 1b), still far from the activity found in MnO,/GPO
electrodes. Meanwhile, pre-catalytic oxidation peaks were
found for all Mn-containing catalysts, in which MnFeO,,
MnCo,, MnNiO, showed quite similar activities. The rest of the
series exhibited lower performance (Table 2). The FeNi oxide,
which is regarded as most efficient OER electrocatalyst in alka-
line media, appeared to offer the best performance before 1.7 V
and then be overpassed by CoNi and MnNi oxides.”?*3°

The trimetallic series (Fig. 1c), follows the same trend with
the appearance of a pre-catalytic event in Mn-containing oxides.
In this case, the highest activity was found for MnNiZnO,,
reaching 27 mA cm > at 1.73 V vs. RHE. No material exhibited
an electrocatalytic OER performance matching that of MnO,/
GPO electrodes.

Beyond activity, stability is a crucial feature required for OER
electrocatalysts. To evaluate this, we used the benchmarking
protocol proposed by Jaramillo et al.,**® comparing the evolution
of overpotential during a 2 h chronopotentiometry at 10 mA cm ™2,
The results for the most active electrodes are shown in Fig. S27
(ESIt), with their benchmarking comparison with other electro-
catalysts in recent literature (Fig. 2). We found good stability for all
oxides examined in this survey, suggesting the validity of the
approach: a hydrophobic binder/surface confers great stability to
(almost) all metal oxides during the OER under extremely acidic
conditions, opening an interesting strategy towards future appli-
cations. Some oxides (such as MnZnO,, CoZnO,) improved their
activity during the tests. We selected MnO,/GPO as the best
performing catalyst for further studies, to better define struc-
ture/performance correlations.

OER with Mn oxides in 1 M H,SO,

As described before (Table 1 and Fig. S2, ESIt), the MnO,
obtained with our standardized synthetic method was indeed a
mixture of two crystalline phases, Mn,0; and Mn;O,. We pre-
pared the Mn,0; and Mn;0, single phases to identify their actual
OER catalytic activity. We used two different synthetic protocols to
obtain pure phases of each. GPO electrodes were prepared and
characterized following the same previous protocols.

After 10-cycle CV activation (Fig. S28, ESIf), LSV data of
Mn,0;/GPO and Mn;0,/GPO were measured and collected. The
results indicated that Mn,0;/GPO offered better OER activity,
reaching a current density of 124 mA cm™? at 1.73 V (Fig. 3a).
Interestingly, the Mn;0,/GPO electrodes offered instead analogous

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

Table 2 Electrochemical parameters for metal-oxide/GPO electrodes.
From LSV: overpotential (i710) to reach j = 10 mA cm™2; and current density
(Js00) at 500 mV overpotential (~ 1.73 V vs. RHE). From chronopotentio-
metry atj = 10 mA cm™2: initial overpotential (.-o.1) and overpotential after

2 h (ne=2n)

1o (V) Js00 (MA em™)
Electrode  j=10mAcm > =500 mV N=oa (V) Neean (V)
MnO, 0.407 52 0.421 0.425
FeO, 0.473 14 0.544 0.536
CoO, 0.443 22 0.468 0.466
NiO, — 9 0.596 0.604
Zn0O, 0.486 12 0.582 0.591
MnFeO, 0.465 16 0.485 0.466
MnCoO, 0.467 16 0.496 0.495
MnNiO, 0.459 18 0.488 0.480
MnZnO, — 9 0.546 0.488
FeCoO, 0.485 12 0.550 0.537
FeNiO, 0.448 16 0.537 0.548
FeZnO, — 6 0.615 0.588
CoNiO, 0.454 23 0.496 0.488
CoZnO, —_ 5 0.565 0.528
NiZnO, — 3 0.617 0.588
MnFeCoO, 0.484 14 0.499 0.478
MnFeNiO, 0.437 25 0.467 0.462
MnFeZnO, 0.453 17 0.511 0.476
MnCoNiO, 0.462 16 0.502 0.477
MnCoZnO,  0.462 17 0.497 0.468
MnNiZnO, 0.417 27 0.472 0.470
FeCoNiO, 0.458 17 0.539 0.528
FeCoZnO, — 9 0.537 0.518
FeNiZnO, — 10 0.568 0.564
CONiZnO, o 8 0.558 0.533
Mn,0;3 0.328 124 0.358 0.365
Mn;0,4 0.282 74 0.438 0.432

performance to the original MnO,/GPO electrodes. The electro-
chemical double-layer capacitance (EDLC) data, which are pro-
portional to the electrochemically active area, were estimated at
29 and 10 mF cm ™ > for Mn,05/GPO and Mn;0,/GPO respectively
(Fig. S29, ESIt). This larger EDLC may contribute to the higher
electrochemical activity observed. However, this should not be
the only significant effect, since other parameters point also
towards a genuine better catalytic performance for Mn,03/GPO.

The total density of active centers can be estimated from
the Mn*"/Mn>" quasi-reversible redox pair observed in the CV
data (Fig. S30, ESIt). The measurements at different scan rates

© 2023 The Author(s). Published by the Royal Society of Chemistry
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LSV curves in 1 M H,SO4 electrolyte (pH 0.1) with 1 mV s~ scan rate of (a) MO,/GPO, (b) MM’O,/GPO, (c) MM’M"Q,/GPO.
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Fig. 2 Benchmarking of the activity/stability features for OER electroca-
talysts in acidic media following the protocol by Jaramillo et al.®

allowed us to estimate a 172 nmol ecm ™2 density for Mn,03/GPO
and 100 nmol cm > density for Mn;0,/GPO, respectively.
Besides, a higher TOF value was found for Mn,03;/GPO
(0.0013 s™') compared to that of Mnz;O,/GPO (0.00071 s )
under a 500 mV overpotential. In addition to the larger density
of active Mn*'/Mn*" centers and turnover frequency per active
site, the smaller Nyquist semicircle diameter in the electroche-
mical impedance spectroscopy (Fig. S31, ESIf) showed a faster
charge transfer for Mn,0;/GPO with a lower R, value of
10 Q compared to 17 Q of Mn;0,/GPO. This suggests a faster
reaction mechanism also supported by the Tafel analysis: a
distinct Tafel slope of 158 mV dec™ ' was found for Mn,05/GPO,
much lower than the 287 mV dec™ " found for Mn;O, (Fig. S32,
ESI{). The Tafel slope is directly dependent on the kinetics of
the rate-limiting step, and not on the total number of available
active sites.”” MnO,/GPO electrodes showed a quite similar
Tafel slope (157 mV dec™ ') to that of Mn,05/GPO, showing
the dominant contribution of the Mn,O; active phase. The
previous benchmarking protocol applied to Mn,03;/GPO
showed a stable, low overpotential of <365 mV, to maintain
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(a) electrocatalytic activity of MnO,/GPO, Mnz04/GPO and Mn,O3/GPO; (b) stability tests of MnO,/GPO, Mn3z0,4/GPO and Mn,03/GPO in

chronopotentiometry measurements at 10 mA cm™2; (c) benchmarking of the activity/stability features between our Mn-based oxide and noble metal-

based electrocatalysts according to the study of Jaramillo et al.®

a comparable performance of noble metal (Fig. 3b and c). The
long-term stability of this catalyst was also confirmed during a
24 h chronopotentiometry at 10 mA cm™ > (Fig. S33, ESIf).
Besides, this excellent stability was much better than that of
other Mn-based materials towards OER in acid (Table S2, ESIT).
After the benchmarking experiment, we analyzed the electrolyte
content to check for any Mn leaching (Table S3, ESIf). We
found the presence of Mn just at the ppb level, accounting for a
maximum leaching of ~0.38% of the total. With these data, we
can estimate a stability number®® of 130, and an activity-
stability factor’® of 52. An estimated lifetime of 3914 h is
comparable and competitive to that of noble metal-based
catalysts under analogous conditions. This is a promising
performance/stability matching for noble metal oxide catalysts
under acidic conditions.

To confirm the critical role of the hydrophobic binder, we
performed analogous experiments with Mn,O; on glassy car-
bon electrodes (Mn,053/GC), without the addition of paraffin oil.
The electrochemistry of this electrode differed significantly from
that observed for the related Mn,0Os;/GPO electrode. Lower cur-
rents were reached, below 1.5 mA cm ™2 at a 500 mV overpotential
(Fig. S34A, ESIt). Moreover, the Mn,03/GC electrodes completely
lost activity after just ~15 minutes under a 2 mA cm > density
(current (Fig. S34B, ESIt). This fast deactivation in the absence of
the paraffin oil supports its active protective role in the GPO
binder.'®*

Finally, we measured anodic oxygen evolution during chron-
opotentiometry experiments with Mn,0;/GPO electrodes at a
constant current density of 10 mA cm > (Fig. S35, ESIt). >99%
faradaic efficiency was obtained, confirming that the dominant
catalysis process was the OER under these conditions.

Post-electrolysis Mn,0;/GPO characterization

We characterized the structural and chemical evolution of the
Mn,05/GPO electrodes after these 2 h electrolysis at 10 mA cm >
in 1 M H,SO,, further confirming the stability of Mn,O; as a
genuine OER catalyst. The PXRD patterns confirm the presence
and stability of the Mn,O; phase as no significant change
nor shift were found in the observed peaks (Fig. S36, ESIT).

770 | EES Catal., 2023,1,765-773

This suggests no evident structural changes are occurring in the
bulk of the material Mn,Oj;.

We also investigated the Mn,0;/GPO composite after 2 h
electrolysis at 10 mA cm™> by means of HRTEM (Fig. 4). The
HRTEM images and STEM-EELS analyses also confirmed a high
structural and chemical stability (Fig. S37-5S41, ESIT). As we can
observe in Fig. 4a, the NPs still have the orthorhombic Pbca
o-Mn,0; atomic structure (S.G.: 61) imaged along its [101]
zone axis. The presence of crystalline graphite has been also
evidenced with the 2H oriented structure along its [0001] zone
axis. In Fig. 4b both top and side views are reported and
highlighted in the frequency filtered map, in red and yellow
respectively. In Fig. 4c the STEM-HAADF image and STEM-EELS
analysis is reported observing that the elements are homoge-
neously distributed confirming the atomic ratio evaluated from
the HRTEM analysis. The crystalline nature of the graphite is
also evidenced as it has been possible to extrapolate its con-
tribution from the amorphous C arising from the TEM grid
support. For STEM-EELS the C K edge at 284 eV (blue for
amorphous and orange for graphite), O K edge at 532 eV (green)
and Mn L edge at 640 eV (red) have been used. On the right side
of Fig. 4c the relative composition analysis of Mn and O is also
reported, to evaluate the atomic ratio of the investigated NPs.
By comparing the HRTEM and STEM-EELS analysis from all the
investigated samples we can observe that neither crystallinity
nor particle size are affected by the electrochemical process.

We employed X-ray photoemission spectroscopy to deter-
mine the surface chemical composition of the electrodes before
and after the electrocatalytic process. Fig. 5a shows the Mn 2p
core-level of the Mn,05/GPO composite before (ii) and after (iii)
the electrochemical test. The spectra of Mn,0O; without the
binder (i) are provided for reference.

The two main emission peaks correspond to the 2p;, and
2p1», components arising from the spin-orbit splitting. The
different possible oxidation states of a transition metal in an
oxide contribute to the 2p core level line shape. In this
considered Mn case, this involves Mn**, Mn*" and Mn** oxida-
tion states, which challenges the unambiguous assignment of
the oxide formed (Fig. S42, ESIt). Still, the absence of satellites
peaks at about 6 eV higher binding energies from 2p;, and 2p;/,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) HRTEM general image of a Mn,Oz nanocrystal, with a magnified view on the bottom right and its corresponding indexed power spectrum.

(b) HRTEM image showing the lattice fringes corresponding to the graphite-like structures. On the right side we present an indexed power spectrum from
the same area, superposed to the obtained frequency filtered image where the found graphitic structures are shown in red and yellow, respectively.
(c) False color HAADF STEM general view and the corresponding EELS composition, from relative composition analysis, for both Mn and O. (All scale bars

correspond to 500 nm).

components fairly allows us to exclude the MnO phase,*® while
the observance of the Mn 2p,,, satellite structure (AE2py/.sar &
10.1 eV) supports the presence of the Mn,0; phase*'*? identified
by HRTEM analysis. Note that the apparent attenuation of the
described satellite in the Mn,O5;/GPO samples is related to the

]
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Fig. 5 XPS spectra of (a) Mn-2p and (b) Mn-3s regions of the Mn,Os3
electrodes before (i) and after (i) the electrochemical performance. The
spectra of the Mn oxide prior to be mixed with the graphite powder is
provided as reference (i). The relative energy position of the 2p;,, satellite
and the constant magnitude of multiplet splitting in the 3s component
supports the existence of a stable Mn®* oxide.

© 2023 The Author(s). Published by the Royal Society of Chemistry

overlap with the In 3p;, photoemission peak from the In foil
used as a sample plate (see the Experimental section).

Relevantly, we do not observe a variation of the Mn 2p line
shape, nor energy shift in the binding energy of the 2p compo-
nents, from the electrode after the OER compared to the as-
synthesized electrode. In addition to the line shape of the Mn 2p
spectra, analysis of the energy separation of the two peaks
characteristics of the Mn 3s core-level has been used to identify
the Mn oxidation state. Fig. 5b shows the Mn 3s spectra of the
Mn,03/GPO composite before (ii) and after (iii) the electroche-
mical test, as well as the Mn,O; reference (i). The energy peak
separation of the Mn 3s multiplet splitting AE3;s ~ 5.5 eV,
constant across the three compounds, additionally supports
the absence of significant changes in the oxidation state of the
catalyst due to the electrochemical performance.*"**

These experiments showed the bulk and functional stability
of Mn,03/GPO electrodes during acidic OER electrocatalysis.
Nevertheless, we cannot discard surface reconstruction occur-
ring under operation conditions. This is a challenging task that
will be worth investigating using appropriate techniques.*?

Conclusions

In summary, we have carried out a survey of earth abundant
transition metal oxides as oxygen evolution electrocatalysts
under acidic conditions using a conductive and partially hydro-
phobic support to confer on them good stability. This reliable
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strategy has allowed us to compare their electrochemical per-
formance despite their intrinsic instability towards dissolution
or deactivation. Among all the oxides tested, Mn,Oj-based
anodes successfully passed the benchmarking protocol in acidic
media and were able to deliver 10 mA cm™? in 1 M sulfuric acid
solution (pH < 0.1) at a low overpotential < 365 mV. Besides,
the critical role of Mn doping was also found to greatly improve
the acidic OER performance. These comprehensive findings will
be helpful in the challenge of stabilizing earth-abundant electro-
catalysts for the acidic OER, and they confirm that the promising
activity of Mn centers under these conditions, superior to all the
other transition metals investigated. Efficient elemental doping
and structural engineering could further improve the electro-
catalytic performance of Mn,0Os;.
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