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Abstract: There is a growing interest in oxygen electrochemistry
as conversions between O, and H,O play an important role in a
variety of renewable energy technologies. The goal of this work is
to develop active bifunctional catalyst materials for water oxidation
and oxygen reduction. Drawing inspiration from a cubane-like
CaMn,O, the biological catalyst found in the oxygen evolving center
(OEC) in photosystem Il, nanostructured manganese oxide surfaces
were investigated for these reactions. Thin films of nanostructured
manganese oxide were found to be active for both oxygen reduction
and water oxidation, with similar overall oxygen electrode activity to
the best known precious metal nanoparticle catalysts: platinum,
ruthenium, and iridium. Physical and chemical characterization of
the nanostructured Mn oxide bifunctional catalyst reveals an oxida-
tion state of Mn(lll), akin to one of the most commonly observed
Mn oxidation states found in the OEC.

There is a growing interest in oxygen electrochemistry as
conversions between O, and H,O play important rolesin renewable
energy technologies. The oxygen reduction reaction (ORR) is the
ubiquitous cathode reaction in fuel cells, while the oxygen evolution
reaction (OER) is the anode reaction employed in electrolysis cells;
the OER may also serve to balance solar fuel synthesis reactions,
e.g. CO;, reduction to fuels. A bifunctional catalyst for both reactions
could be employed in a unitized regenerative fuel cell (URFC), an
energy storage device that can be coupled to intermittent renewable
energy such as wind or solar to peak-shift electricity to the grid.*
Catalyst development is critical in these fields. The best catalysts
for the ORR consist of platinum (Pt),? but Pt has only moderate
activity for the OER.3 Ruthenium (Ru) and iridium (Ir) oxides are
the best OER catalysts,® but they are not as active for the ORR as
Pt.* Alloys of Pt, Ir, and Ru have consequently been evaluated for
bifunctional oxygen electrode activity, and they were shown to
perform better than the pure metals or metal oxides.™ Nevertheless,
bifunctional catalyst development remains a major challenge asthe
best catalysts require significant overpotentials for both reactions
and consist of precious metals that are both scarce and expensive.

In nature, the OER is catalyzed by the oxygen evolving complex
(OEC) with a cubane-like CaMn,O, active site.° Density functional
theory (DFT) caculations have helped explain the high activity: each
step in the reaction is close to thermoneutral, a requirement for a
reversible catalyst.” Thus, manganese (Mn) oxide surfaces and
molecular mimics are potentially interesting materials for bifunctional
oxygen catalysis. A number of Mn-based molecular mimics®° and
Mn oxide surfaces™™ ** have aready demonstrated activity for the
OER, particularly the alpha-Mn,O; phase.™* Though apha-Mn,O; has
not previously shown activity for the ORR,*® other Mn oxide phases
are ORR active, particularly MnOOH,™® betaMnO,,*® and apha-
MnO,.*” Drawing inspiration from the nanoscaled CaMn,O, active
site of the OEC, we have developed an active Mn oxide bifunctional
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catalyst, a nanostructured thin film with such high activity in akaline
media that it nearly reaches that of the most active precious metals.

The Mn oxide thin film was electrodeposited potentiostatically
onto a polished glassy carbon (GC) substrate in a three-electrode
electrochemical cell in a rotating disk electrode configuration
(RDE), using a modified literature procedure.*® After deposition,
the film was calcined at 480 °C in air for 10 h.

Electrochemical activity of the Mn oxide thin film was studied using
cyclic voltammetry (CV) in a three-electrode electrochemica cel in
an RDE configuration. CVswere measured in O,-saturated 0.1 M KOH
dectrolyte at 23 °C and 1600 rpm, with a sweep rate of 5 mV s %,
using a platinum wire counter electrode and Hg/HgO reference
electrode. The potential scae was calibrated to areversible hydrogen
electrode (RHE). Further details are available in the Supporting
Information. In order to benchmark the activity of the Mn oxide thin
film, electrochemica characterization was aso performed on com-
mercial carbon-supported (Vulcan XC-72) precious metal nanopar-
ticles: 20 wt % Pt (Etek), 20 wt % Ru (Premetek), and 20 wt % Ir
(Premetek). Catalyst dispersions of P, Ir, and Ru nanoparticles were
prepared using standard procedures for fuel cell catayst testing® to
achieve a metal concentration of 28 ug-cm™2 on a GC substrate.
Mesasurements of the electrochemicaly active surface area (ECSA)
showed that ECSAmnox < ECSA precious metas (Se€ Supporting Informa-
tion). A bare GC substrate, heat treated to 480 °C as with the Mn
oxide sample, was examined as a control.

Catalytic activities for the ORR and the OER are shown in Figure
1, which exhibits their initial linear sweepsin an anodic direction.
The Mn oxide thin film was found to be highly active for both the
ORR and the OER. The Mn oxide thin film was more active for
the ORR than both Ru and Ir nanoparticles and only ~130 mV
less active than Pt at the half-wave potential. Regarding OER
activity, the Mn oxide thin film was clearly more active than Pt
with activity that approached those of Ir and Ru. As expected, the
GC support itself showed little catalytic activity.
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Figure 1. Oxygen electrode activities of the nanostructured Mn oxide thin
film, nanoparticles of Pt, Ir, and Ru, and the GC substrate. The Mn oxide
thin film shows excellent activity for both the ORR and the OER.
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Table 1 quantitatively compares the bifunctiona oxygen electrode
activity of the Mn oxide thin film to those of the precious metal
nanoparticles. The figure of merit used to quantify ORR is the
potential a which an ORR current density of 3 mA-cm™2 was
reached, which approximates the half-wave potential. Activities for
the OER were judged by the potential required to oxidize water at
acurrent density of 10 mA -cm™2, a convention commonly used in
the OER literature, and a metric relevant to solar fuel synthesis.*®
Two values are recorded for Pt nanoparticles as degradation of the
carbon support complicates measurement of the potential needed
for 10 mA -cm~2 on Pt (see the note below Table 1). To assess the
overall oxygen electrode activity, the difference between the ORR
and the OER metrics was tabulated. The smaller the difference,
the closer the catalyst is to an idea reversible oxygen electrode.
By this metric, the nanostructured Mn oxide thin film has an oxygen
electrode activity of 1.04 V, which compares favorably to the
precious metal catalysts.

Table 1. Oxygen Electrode Activities

Catalyst ORR: E(V) at OER: E(V) at Oxygen Electrode
Material |=-3mA-cm2 [=10mA.-cm2  A(OER-ORR): E (V)
20 wt % Ir/C 0.69 1.61 0.92
20 wt % Ru/C 0.61 1.62 1.01
20 wt % Pt/C 0.86 2.02 (1.88) 1.16 (1.02)*
Mn oxide 0.73 177 1.04

@ Extrapolated value using the same Tafel slope as that at 1.74 V,
where negligible corrosion occurs and the Pt is active for the OER.

To investigate the nature of this material’s bifunctional activity,
we employed X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and X-ray photoelectron spectroscopy (XPS). XRD
revealed some crystallinity, a weak peak at 32.9° consistent with
alpha-Mn,05(222); see Supporting Information. The fact that this
material does not behave as previously reported alpha-Mn,Oz; may
be explained by the SEM images shown in Figure 2aand 2b, which
exhibit a highly nanostructured surface with features that likely
distinguish this surface from that of standard preparations.

84 92 90 B8 8 84 82 8 7E
Binding EnergyleV/

670 665 660 655 650 645 640 635
Binding Energy/eV

Figure 2. SEM images of the Mn oxide film in two locations: (a) and (b),
revealing a nanostructured morphology. High resolution XPS spectra of
Mn-2p and Mn-3sregions are shown in (¢) and (d), respectively. Therelative
positions of the 2p,,, satellite and the magnitude of 3s multiplet splitting
were 10.0 and 5.2. These values indicate a Mn(l11) oxide surface.

XPS was used to probe the Mn oxidation state at the surface,
Figure 2c and 2d, by means of the relative position of the 2py,
satellite structure (AE2py;) and the magnitude of the 3s multiplet

splitting (AES3s). Powder standards of MnO, Mnz0,, Mn,Os, and
MnO, were measured for comparison; see Supporting Information
for details. Table 2 lists the measured values for the four standards
along with previous measurements from literature.?° For the active
Mn oxide catalyst, AE2p,,, and AE3s were 10.0 and 5.2, respec-
tively, which correspond to Mn(l11) in Mn,Os, the most common
oxidation state in the OEC.%*

This nanostructured Mn(l11) oxide demonstrates bifunctional
activity unlike other Mn oxides (see Supporting Information). Its
OER activity is on par with the best reported Mn oxide OER
catalyst,*? while its ORR activity matches or surpasses the activities
of the best reported Mn oxide ORR catalysts.*>~*" More impor-
tantly, its bifunctional activity is comparable to that of precious
metals. I1ts OER activity also outperforms that of recently reported
Co-based OER electrodes.®? The excellent catalytic activity we
observed likely stems from the nanostructured nature of the catalyst,
which can facilitate the presence of the appropriate Mn,O, active
sites at the relevant potentials to drive either the ORR or the OER.
Further experimental and theoretical (DFT) studies are underway
to understand the origins of this catalyst’s bifunctional activity.

Table 2. XPS Values for Mn AE2p,;, and Mn AE3s Splitting for
Four Mn Oxide Standards, Obtained in This Work and from Ref 19

Sample Source AE2py AE3s
MnO, this work 11.8 4.5
ref 19 11.9 45
Mn,O3 this work 10.0 5.1
ref 19 10.5 5.4
MnO this work 6.0 6.0
ref 19 5.4 6.1

MnzO, this work 10.5? 6.0?
ref 19 11.3 5.3
Mn oxide catalyst in Figures 1 and 2 10.0 5.2

2 A very broad peak is observed.

Inspired by nature’s catalyst for water oxidation, we devel oped
athin-film analogue consisting of a nanostructured Mn(I11) oxide.
This inexpensive and earth-abundant catalyst exhibited excellent
bifunctional oxygen electrode activity similar to that of the best
known precious metal catalysts: Pt, Ru, and Ir. Such acatalyst could
potentially be employed as the oxygen electrode in an alkaline
exchange membrane (AEM) URFC®* or AEM-PEM (proton
exchange membrane) hybrid URFC.?* This result opens up new
avenues for energy conversion technologies based on earth-
abundant, scalable, nonprecious metal catalysts.
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synthesis, XPS, SEM, XRD, electrochemical characterization, ECSA,
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discussion on OER activity and solar fuel synthesis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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