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ABSTRACT: In this work, we explore the interplay between
manganese oxide (MnO,) nanomaterials and a glassy carbon
(GC) support in catalyzing the oxygen reduction reaction
(ORR) in an alkaline environment. Initially, we characterize
the ORR activity of bare GC electrodes as a function of heat
treatments in air, and find that ORR activity increases with
increasing temperature up to 500 °C. Modification of GC with
size-selected 1 nm MnO, nanoparticles prior to the 500 °C
heat treatment yields a highly porous GC (pGC) structure,
devoid of MnO,. This pGC sample exhibits the highest ORR
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performance of the bare carbon electrodes reaching an onset potential of 0.75 V vs the reversible hydrogen electrode (RHE) and
a complete 2-electron reduction of oxygen to peroxide. Having established ORR activity of bare GC electrodes, we deposit size-
selected 14 nm MnO nanoparticles onto the GC and pGC electrodes and then incite phase changes in MnO through heat
treatments in air. Electrochemical characterization of the resulting electrodes reveals that MnO nanoparticles offer no
improvement in the ORR onset potential over bare GC or pGC and only slightly increase the number of electrons transferred. By
contrast, thermal oxidation of MnO nanoparticles to Mn;O,, at 500 °C, confirmed by Mn L-edge X-ray absorption spectroscopy,
results in an improved ORR onset potential of 0.80 V and a 4-electron reduction of oxygen. Thus at low overpotentials, where
GC and pGC were inactive for the ORR, MnO, sites must contribute to all steps of the reaction. The catalyst’s estimated specific
activity of 3700 yA-cm™>, at 0.75 V compares favorably with specific activities of Pt/C as well as the best nonprecious metal
catalysts. This establishes Mn3;O, as another MnO, phase with high activity for the ORR.
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B INTRODUCTION

The oxygen reduction reaction (ORR) is an important reaction
in cathodes of fuel cells and metal-air batteries. The current
industry standard for ORR catalysts is nanoparticulate platinum
supported on high surface area carbon,' but other high-
performing catalysts consisting of nonprecious metal oxides,
including LaMnO;,5 and LaNiO; perovskites,” have been
recently identified for catalysis in an alkaline environment.
Manganese oxides (MnO,) catalysts are another class of
promising cathodes for alkaline fuel cells and metal-air
batteries.” They are inexpensive, earth-abundant, environ-
mentally benign, and can come in a variety of forms, many of
which have been shown to have significant electrocatalytic
activities for the 4-electron reduction of oxygen. Out of the
MnO, characterized for the ORR, gamma—MnOOH,4 alpha-
Mn,0,,° alpha-MnOz,é’7 birnessite-MnO,,® and beta-MnO,,”
have all been identified as high performing catalysts. Because of
high activity of MnO, for peroxide disproportionation
reaction,'® it is possible for MnO, to catalyze 4-electron
reduction of oxygen in combination with another material
active for 2-electron reduction of oxygen to peroxide.'’
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Carbon electrodes, the most common supports for the ORR
catalysts in cathodes of fuels and metal-air batteries,'® have long
been recognized as materials with high intrinsic activity for the
electro-reduction of oxygen to peroxide.'®'* Thus for MnO,
catalysts supported on carbon, it is important to understand the
roles of each material in catalyzing the ORR and the
mechanistic pathways involved. Previous studies have linked
the efficiency of the 2-electron reduction of oxygen on carbon
to both the structure of the electrode and the various types of
surface modifications.’*™ "3 Among the various forms of carbon,
glassy carbon (GC) electrodes are known to have higher ORR
activity than ordered carbon surfaces such as highly oriented
pyrolitic graphite, likely because of a higher concentration of
undercoordinated sites or oxidized carbon sites on the surface
of the GC."* Modifications of the carbon surface through
cleaning,ls’lé’17 anodic polarization,ls’ls’19 fracturing,15 and heat
treatment at reduced pressure'>*® is associated with a further
improvement in the overpotential for the ORR, while exposure
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to atmosphere and electrolyte solutions leads to a gradual
deactivation of the carbon surface.''%*!

In our work, we explored the ORR activity of bare GC and
GC supported MnO, electrodes as a function of heat
treatments in air over a range of temperatures. Since previous
studies have linked improvements in ORR activity of GC to
heat treatment of the electrode at reduced pressure,'®*® but
identified exposure of GC to air as a contributing factor in
deactivation of the electrode,'”*" we initially focused on
understanding the effect of thermal oxidation on the electro-
chemical activity of bare GC. After establishing the background
ORR activity of thermally oxidized bare GC electrodes, we
deposited MnO, nanoparticles onto various GC electrodes,
manipulated the MnO,, oxidation state through heat treatments
in air, and then studied their activity for the ORR. Aiming to
correlate the oxidation state of Mn in MnO, on GC with the
ORR activity of the electrodes, we investigated the Mn valency
using Mn L-edge X-ray absorption spectroscopy in addition to
conventional X-ray photoelectron spectroscopy character-
ization. Our experiments identified Mn;O, as a MnO, phase
with 4-electron oxygen reduction activity for the ORR and an
estimated specific activity of 3700 pA-cm™, at 0.75 V vs the
reversible hydrogen electrode, a value that is extremely
competitive with the best precious metal and nonprecious
metal catalysts for the ORR in base.

B EXPERIMENTAL SECTION

Preparation of GC Supports. GC electrodes, polished to a
surface roughness of less than S0 nm (0.196 cm?, SigradurG),
were purchased from HTW Hochtemperatur-Werkstoffe
GmbH and subsequently heated in a quartz tube furnace
(Mellen Company SC13) for 10 h at temperatures ranging
from 250 to 500 °C.

Synthesis of Nanoparticles. MnO, nanoparticles were
produced with a sputtering system (Nanosys500, Mantis
Deposition Ltd.) using the inert gas condensation techni-
que.”””* The deposition chamber consisted of the nanoparticle
source and the quadrupole mass filter, which in situ filtered
sputtered nanoparticles by mass. Selected nanoparticles were
then deposited directly on the GC substrates in the main
chamber, where the pressure was maintained at 0.3 mTorr with
continuous Ar and He flow rates of 100 and 2 sccm. In this
study, Mn nanoparticles were size selected at approximately 10
and 1 nm and deposited with a rate of either 0.16 A-sec™ or
less than 0.01 A-sec™!, monitored by a Quartz Crystal
Microbalance (QCM). After deposition, samples were trans-
terred to the load lock chamber and vented with Ar. To modify
the oxidation state of the nanoparticles, a subset of manganese
oxide nanoparticles was heat treated for 10 h in air at 500 °C in
a quartz tube furnace (Mellen Company SC13).

Physical and Chemical Characterization of Nano-
particles. Size and morphology of the MnO, nanoparticles
and GC support were determined using scanning electron
microscopy (SEM, FEI Magellan 400XHR). The images were
obtained using a secondary electron detector, a beam current of
25 pA, and beam voltage of S kV. The oxidation state of the
MnO, nanoparticles was characterized using X-ray photo-
electron spectroscopy (XPS, PHI S000 VersaProbe) and X-ray
absorption spectroscopy (XAS, Stanford Synchrotron Radiation
Lightsource). Monochromatized Al Ka 1486.6 eV X-rays were
used to collect Mn 3s and C 1s X-ray photoelectron spectra on
the samples and four MnO, powder standards (MnO, Mn;0,,
Mn,0;, MnO,; Sigma-Aldrich). Prior to collecting spectra on
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MnO, the powder was sputtered to remove the oxidized surface
known to form on MnO in air.** All spectra were calibrated to
285.0 eV, the line position of adventitious carbon.”® To acquire
the spectra, a pass energy of 23.5 eV, an energy step of 0.1 eV,
and a time of 20 ms per step were used; the corresponding
resolution of the XPS measurement was 0.6 eV. Oxidation state
of the MnO, nanoparticles was monitored using the relative
magnitude of the 3s multiplet splitting (AE3s), which has been
previously shown to provide information on the oxidation state
of Mn.2%*’

XAS measurements were performed on the 31-pole wiggler
beamline 10—1 at the Stanford Synchrotron Radiation
Lightsource (SSRL) using a ring current of 350 mA and a
1000 I'mm™" spherical grating monochromator with 40 ym
entrance and exit slits, providing ~10" ph's™' at 0.3 eV
resolution in a 1 mm’ beam spot. All data were acquired in a
single load at room temperature and under ultrahigh vacuum
(107 Torr) in total electron yield (TEY) mode, where the
sample drain current was normalized by the current from
freshly evaporated gold on a thin grid positioned upstream of
the sample chamber. The measurements were performed on
MnO, nanoparticles and three powder standards (Mn;0,,
Mn,0O;, MnO,; Sigma-Aldrich) attached to an aluminum
sample holder using conductive carbon. XAS spectra were
not collected on the MnO powder because of surface oxidation
in air during sample preparation.”* The energy was carefully
calibrated in two steps. First, all spectra were corrected for the
drift in the beam energy by aligning the Mn L-edge spectra of a
beamline reference sample, positioned upstream of the sample
chamber to intercept a small part of the beam. We estimate that
the resulting relative energy scale for all spectra is accurate
within 50 meV. Second, the energy of the first peak of the
Mn;0, powder control was fixed to the literature value 639.6
eV,** and all spectra were shifted accordingly. Data were taken
over the extended range of 610—690 eV to facilitate
normalization. Normalization was performed by fitting a linear
background to the spectra of all samples using the following
two constraints: the area from 636 to 660 eV was specified to
be the same in every spectrum and the edge jump in the 660 to
665 eV region of each spectrum was fixed to match the edge
jump of MnO, powder standard.

Electrochemical Characterization. The electrochemical
activities for the ORR of GC supports and MnO,, nanoparticles
were evaluated using cyclic voltammetry in a three electrode
electrochemical cell in a rotating disk electrode configuration.
Cyclic voltammograms (CVs) were collected in 0.1 M
potassium hydroxide (KOH) electrolyte using a carbon rod
counter electrode and AglAgCl reference electrode. The
electrolyte was prepared from high purity KOH pellets
(Sigma-Aldrich, 99.99%) and Millipore water. To account for
the ohmic resistance of electrolyte, all CVs were iR-
compensated to 85% during the measurements. Character-
ization was performed at room temperature (25 °C), 1600 rpm
(rpm) rotation rate, and a sweep rate of 20 mV-s~'. The
potential scale was calibrated to a reversible hydrogen electrode
(RHE), and all potentials are reported vs RHE. RHE calibration
was performed at the end of each characterization in a
hydrogen saturated electrolyte with platinum catalyst at the
working electrode. The potential at which the current crossed
zero, which was approximately 0.960 V in all of the
experiments, was taken to be the thermodynamic potential
for the hydrogen electrode reactions. ORR activities were
measured in oxygen saturated electrolyte in the potential region
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Figure 1. SEM images demonstrating morphologies of polished GC disks subjected to different heat treatments: (a) no heat treatment, (b) 250 °C,
(c) 350 °C, (d) 450 °C, (e) S00 °C, (f) GC heat treated at S00 °C after having deposited 1 nm MnO, nanoparticles to form porous GC (pGC).
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Figure 2. CVs of various GC electrodes and Pt/C nanoparticles obtained in oxygen saturated 0.1 M KOH electrolyte, at 20 mV-s™" sweep rate, and
1600 rpm rotation rate. (a) Comparison of ORR activities of GC electrodes as a function of heat-treatment temperature demonstrates an increase in
ORR activity as the temperature increases to 450 °C. (b) Further increase in temperature to S00 °C and the formation of the porous GC (pGC)
morphology results in little change in ORR activities with GCs showing significantly lower onset potential and diffusion limited current than Pt/C

nanoparticles.

between 0.05 and 1.1 V. Base CVs were recorded in the same
potential window in nitrogen saturated environment to obtain
capacitive contributions in the absence of oxygen. Two to five
cyclic voltamograms were recorded for each catalytic material at
each condition and the second or fourth CV is shown for each
catalyst. The fourth CV is reported if the first two CVs were
performed prior to complete saturation of the electrolyte with
oxygen or nitrogen.

The ORR activities of GC electrodes and MnO, nano-
particles were compared to ORR activity of platinum
nanoparticles supported on a high surface area carbon (46 wt
% Pt/C, Tanaka Kikinzoku Kogyo). Pt/C catalyst inks were
prepared using a standard procedure for fuel cell catalyst
testing." Briefly, 11.9 ug of Pt/C was ultrasonically dispersed in
6 mL of Millipore water, 4 mL of isopropanol, and 40 uL of
nafion solution (S wt %, Sigma-Aldrich), to achieve a
concentration of 1.2 mgpt',uL_l. Ten microliters of the catalyst
ink was dropcast onto a GC disk mounted into an inverted
RDE system, as recommended by Garsany and coauthors,®
and dried for 45 min at 700 rpm to achieve a high quality Pt/C
flm on GC with a platinum loading of 28 ug-cm™ on
geometric surface area basis. Both the ORR activity and base
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CVs of the resulting catalyst were characterized using the
procedure described above.

To determine the number of electrons transferred during the
ORR on MnO, catalyst heat treated at 500 °C and Pt/C
catalyst, a Koutecky—Levich analysis was carried out.”® For the
analysis, CVs were performed in an oxygen saturated
environment under experimental conditions described above
at 400, 900, and 1600 rpm rotation rates. Two to three CVs
were collected at each rotation speed, as shown in Supporting
Information, Figure S1. The inverse of the measured current of
the last CV was plotted versus the inverse square root of the
rotation rate at 0.65 V for MnO, catalyst and 0.85 V for Pt/C
catalyst. The number of electrons, n, transferred during the
reaction was extracted from the slope of the resulting plots
using eq 1>

1
0.62nFD*v™°C,,

slope =

(1)

where F is Faraday’s constant in mA-ssmol™!, Do, is the
diffusion coefficient of oxygen in cm*s™!, v is the kinematic
viscosity in cm®s™!, Co, is the solubility of oxygen in mol-cm™,
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Figure 3. SEM images demonstrating the morphologies of MnO, on GC and pGC disks: (a) as-deposited size-selected 14 nm MnO, nanoparticles
on GC, (b) as-deposited 14 nm MnO, nanoparticles on pGC, (c) agglomerated MnO, nanoparticles on pGC after a heat treatment at S00 °C.
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Figure 4. (a) Mn 3s XPS of powder standards plotted on a binding energy scale relative to the low binding energy multiplet. (b) Mn 3s XPS of
MnO, catalysts demonstrating a decrease in the multiplet splitting after heat treatment at 500 °C. (c) Mn L-edge XAS spectra of MnO,, Mn,0O;, and
Mn;0, reference powder standards measured in our study and MnO data reproduced from Gilbert et al. and shifted by 0.5 eV. (d) Mn L-edge XAS
spectra of as-deposited MnO, nanoparticles on GC, as-deposited MnO, nanoparticles on pGC, and MnO,, nanoparticles on GC after heat treatment
at 500 °C. This data confirms the thermal oxidation of MnO nanoparticles to Mn;0O,, yielding samples denoted from now on as MnO/GC, MnO/

pGC, and Mn;0,/pGC.

and w is the rotation rate of the rotating disk electrode in
rad-s™". In 0.1 M KOH electrolyte at room temperature (25
°C), Do, v, and Co, are 1.85 X 107° cm*s™,* 0.89 x 107
em?s™,*! and 1.21 X 107° mol-em™.°

B RESULTS AND DISCUSSION

To investigate the effect of thermal oxidation on the
electrochemical activity of bare GC electrodes, we heat treated
GCs at 250 °C, 350 °C, 450 °C, and 500 °C in air. The
morphology of the disks prior to heat treatment and after these
heat treatments is shown in Figure 1, panels a—e. Only subtle
changes in the surface morphology are observed up to and
including 450 °C. After heat-treatment at 500 °C the surface
visibly roughens to form craters in the GC because of corrosion
of carbon and evolution of CO and CO, ga\ses.zo’32 We found
that addition of catalytic material onto GC prior to heat
treatment resulted in even greater corrosion of the electrode.
Specifically, deposition of ~1 nm manganese oxide (MnO,)
nanoparticles and subsequent heat treatment at 500 °C
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produced significant gas evolution from the surface, forming a
highly porous carbon morphology shown in Figure 1f. X-ray
photoelectron spectroscopy (XPS) characterization of this
particular surface revealed that no MnO, was left on the surface
(Supporting Information, Figure S2). We will refer to this
particular form of heat-treated carbon (with MnO, deposited
prior to the 500 °C heat treatment), as porous GC (pGC).
Electrochemical activity of the bare GC supports for the
ORR measured in an oxygen-saturated 0.1 M KOH electrolyte
at 1600 rpm is shown in Figure 2, panels a and b. Figure 2a
shows that the catalytic activity improved with increasing heat
treatment temperature up to 450 °C, as noted by the decrease
in overpotential required for the electro-reduction of oxygen to
peroxide. For the sample heat treated at 450 °C, the electrode
demonstrated close to complete 2-electron reduction to OOH™
by reaching the expected diffusion limited current of 2.9 mA/
cm® (see Supporting Information for the calculation of the
theoretical diffusion limited current). GC surfaces with visibly
roughened morphologies because of heat treatment at 500 °C,

dx.doi.org/10.1021/cs3004352 | ACS Catal. 2012, 2, 2687—2694
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Figure S. (a) CVs of six samples: MnO/GC, MnO/pGC, Mn;0,/pGC, bare GC, bare pGC, and nanoparticulate Pt/C, all measured in oxygen
saturated 0.1 M KOH electrolyte, at a 20 mV-s™' sweep rate and 1600 rpm rotation rate. (b) Koutecky—Levich analysis of Mn;0,/pGC and Pt/C
demonstrates 4. (c) Tafel plots of kinetic current for MnO/pGC, Mn;0,/pGC, and Pt/C constructed after correcting the potential for
uncompensated ohmic losses and capacitive current obtained in N, scans and removing mass-transport losses from the measured current. (d)
Normalization of Tafel plots by estimated surface areas of Mn;O, and Pt to determine specific activities of the catalysts as a function of applied

potential.

both with and without the addition of a small amount of MnO,,
prior to heating, exhibit similar activities to the catalyst heat
treated at 450 °C, as observed in Figure 2b. At about 0.35 V, all
carbon surfaces show an onset of another reduction process,
likely corresponding to the subsequent 2 e~ conversion of
peroxide to water.* The favorable effect of thermal oxidation on
the ORR activity of GCs was consistent with previous studies
that had reported an improvement in both the onset potential
and the number of electrons transferred on electrochemically
oxidized GCs.">'®"?

After characterization of the baseline ORR activity of the
various GC electrodes, size-selected MnO, nanoparticles of
approximately 14 nm in diameter were deposited onto either
GC or pGC and further processed to form the following set of
samples: (1) as-deposited MnO, catalyst on GC, (2) as-
deposited MnO,, catalyst on pGC, and (3) an MnO,, catalyst
deposited onto GC and subsequently heat treated at 500 °C.
The 500 °C heat treatment was expected to induce a phase
change in the MnO,, catalyst as well as a morphological change
in the carbon support to form pGC. SEM images of these three
samples are shown in Figure 3, panels a, b, ¢, respectively.
Figures 3a and 3b show that with no heat treatment the MnO,,
nanoparticles were well dispersed (i.e., minimal agglomeration)
on both the GC and the pGC supports, respectively. A surface
coverage of approximately 12% was determined for these two
samples. For the third sample, which underwent the 500 °C
heat treatment, the MnO, nanoparticles had agglomerated
substantially, forming thin-film like particles several hundred
nm wide as observed in Figure 3c. Since a sample with smaller
MnO, nanoparticles of 1 nm diameter resulted in a structure
devoid of all manganese oxide after the same heat treatment, it
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is likely that some MnO, material of the 14 nm size-selected
clusters was lost during the heating step. The oxidation state of
Mn in the three samples was first studied using XPS. Mn 3s
XPS spectra of four well-defined powder standards (MnO,
Mn;0,, Mn,0;, and MnO,) as well as the three MnO,/GC
samples are shown in Figures 4a and 4b, respectively, plotted
on a binding energy scale relative to the low binding energy
multiplet. The magnitude of the 3s multiplet splitting (AE3s)
in the Mn XPS spectra of powder standards decreased from 6.0
to 4.5 eV as the oxidation state increased from Mn(II) of MnO
to Mn(IV) of MnO,, in agreement with the reported AE3s
splitting as a function of formal valence.***” Both the as-
deposited MnO,/GC sample and the as-deposited MnO, /pGC
sample exhibited AE3s multiplet splittings of 6.2 eV, consistent
with MnO. This suggests that MnO is the native form of MnO,,
produced by the cluster source in the 14 nm size regime. Heat-
treatment of the MnO nanoparticles resulted in a decrease in
the splitting value from about 6.2 eV to about 5.5 eV, indicating
an increase in the oxidation state from Mn(II) to a valency
closer to 3+,>® but detailed information on the oxidation state
and coordination could not be extracted from the XPS results.
To better understand the catalyst structure, we turned to
synchrotron methods, specifically XAS.

Mn L-edge XAS is a sensitive probe of Mn oxidation state
and coordination.>*"*° In Figure 4c we show Mn L-edge XAS
spectra of the three reference powder samples (MnO,, Mn,0;,
and Mn;0,) measured in our study as well as that of MnO, a
sputtered sample without any oxidized surface contribution,
reproduced from Gilbert et al. (shifted by 0.5 eV).* The four
different types of MnO, have distinct L-edge spectra, allowing
for a straightforward differentiation between possible oxidation

dx.doi.org/10.1021/cs3004352 | ACS Catal. 2012, 2, 2687—2694
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states of MnO,. As observed in Figure 5d, the spectrum of the
heat treated sample is in excellent agreement with the spectrum
of Mn;O, powder, while the spectra of the as-deposited
nanoparticles on GC and pGC are nearly identical to the
spectrum of MnO by Gilbert et al,** revealing a Mn (II)
oxidation state with a very small surface oxidation contribution.
XAS measurements thus confirm the oxidation of the
nanoparticles during the heat treatment at 500 °C and
elucidate the specific starting and ending phases as MnO and
Mn;0,, respectively. It is worthy to note that for bulk MnO,,
the expected phase at 500 °C in air is alpha-Mn,0O; and not
Mn;0,.>%*” MnO, phase behavior, however, has been
previously shown to be size-dependent, with smaller particles
favoring the formation of Mn;O,, the phase with a lower
surface energy.s'8 Thus, the observed formation of Mn;O, at
500 °C can be explained in part by the nanoparticulate nature
of the sample.

The ORR activities of the three carbon-supported MnO,
samples are shown in Figure Sa along with ORR activities of
bare GC, bare pGC, and the Tanaka Pt/C catalyst for
comparison. The MnO/GC and MnO/pGC samples offer
little, if any, improvement in the ORR activity over the baseline
activities of their respective bare carbon surfaces. More
specifically, in the kinetic region the ORR current densities of
the MnO/GC and MnO/pGC samples overlap those of their
respective bare carbon surfaces, while in the diffusion limited
region only a slight enhancement in the ORR current is
observed. This result is consistent with previous literature
studies that have not observed greater than 2-elecron reduction
of oxygen on MnO.”” Thermal oxidation of MnO nano-
particles to Mn;O, and concomitant conversion in carbon
morphology to pGC results in a significant improvement in
ORR activity, as measured by a S0 mV decrease in the
overpotential for O, reduction and an increase in diffusion
limited current to 5.7 mA/cm?, the theoretical diffusion limited
current for 4-electron reduction of oxygen (see Supporting
Information for calculation details). Koutecky—Levich analysis
of the ORR on Mn;0,/pGC and Pt/C, shown in Figure Sb,
confirms that the reaction proceeds through 4-electron
reduction on both catalysts. The significant improvement
both in the onset potential and the number of electrons
transferred displayed by Mn;0,/pGC over the bare pGC
substrate demonstrates that the Mn;O, phase has high activity
for the ORR. Several research groups have previously
investigated the activity of Mn;O, for the ORR**™%
demonstrating that the catalyst is capable of reaching between
2 and 3-electron reduction of oxygen on both gold** and
carbon”*"* supports, with onset potentials of 0.75—0.85
VAIAOALEAS A recent theoretical study has also predicted
Mn;0, to be among active MnO, phases for the 4-electron
reduction of oxygen with ORR activity similar to that of beta-
MnO, and alpha-Mn,03.** Our Mn;0,/pGC catalyst matches
the expected onset potentials for the ORR as predicted by
theory and, for the first time, demonstrates a complete 4-
electron reduction of oxygen on a Mn;0, phase.

To gain a better understanding of the kinetics of the ORR on
MnO/pGC and Mn;0,/pGC, Tafel plots were constructed by
plotting the logarithm of the kinetic current vs the iR-corrected
potential for the two MnO,, catalysts and Pt/C nanoparticles.
To extract kinetic current of the catalytic materials, several
corrections were applied to the ORR CVs. First, the potential
was compensated for the remaining 15% of ohmic resistance of
the electrolyte, which was approximately 40 € for all samples.
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Second, the ORR CVs were adjusted for capacitive
contributions using N, scans, shown in Supporting Informa-
tion, Figure S3, obtained in the same potential window and
under the same conditions as the ORR CVs. The kinetic
current was then calculated by correcting for mass transport
losses using eq 2,

1 1,1
+
@)

where i, refers to the measured current in the ORR CV in
anodic direction corrected for ohmic resistance and capacitance
current, i, refers to the kinetic current, and iy refers to the
diffusion limited current obtained experimentally. As seen in
Figure Sc, the Tafel slopes of the MnO/pGC and Mn;0,/pGC
catalysts are similar to that of Pt/C in the range of 80—90
mV-decade™. The calculated kinetic current was normalized by
the estimated surface areas of Mn;O, and Pt to calculate
specific activities of the two catalysts. The upper bound value of
the surface area of Mn;O, catalyst was estimated to be 0.1 cm?
from SEM images of the nanoparticles prior to heat treatment
(Supporting Information, Figure S4). We stress that this value
is an upper bound, as after the heat treatment the particles have
agglomerated and will likely have substantially lower surface
area than the starting nanoparticles. The surface area of Pt/C
nanoparticles was calculated to be 2.65 cm” using an established
procedure which involves the measurement of the charge from
the electrochemical hydrogen underpotential deposition
(HUPD) and then determining the electrochemically active
surface area based on 210 uC-cm2p."* The details of the
surface area calculations are provided in the Supporting
Information. The resulting specific activity and the correspond-
ing mass activity plots, shown in Figures 5d and Supporting
Information, Figure SS, demonstrate that the ORR activity of
Mn;0,/pGC catalyst, with a loading of 0.1 ug-em™ (1.4
nmol-cm™2), compares favorably with the ORR activity of the
Pt/C catalyst, despite the later ORR onset potential of Mn;0,/
pGC. Considering that a higher loading of 3.5 pg-cm™ (17.9
nmol-cm™2) is necessary for platinum in nanoparticulate Pt/C
catalysts to achieve 4-electron reduction of oxygen in a RDE
configuration,*® the ability of the Mn;0,/pGC to catalyze the
4-electron reduction of oxygen is exceptional. The outstanding
ORR performance of the Mn;O,/pGC catalyst is further
evidenced by comparing its specific activity of 3700 uA-cm ™2,
and the corresponding mass activity of 3100 A-g™'.,, both
measured at 0.75 V, to the best reported MnO, catalysts
(Supporting Information, Table $1)°~>***! and the best non-
noble metal catalysts reported in literature.”> The specific
activity of the Mn;0,/pGC catalyst at 0.75 V vs RHE is 1-2
orders of magnitude higher than the specific of activities of the
majority of high-performance manganese oxide and perovskite
ORR catalysts and is of the same order of magnitude as the best
reported nonprecious metal catalysts in alkaline media,
LaMnOs, 5 and LaNiO,.>

Having established the outstanding ORR activity of the
Mn;0,/pGC catalyst, we turn our attention to mechanistic
possibilities for oxygen reduction on this electrode. The overall
4-electron ORR in basic electrolyte is shown in eq 3. This can
be achieved by a direct gathway or a series pathway involving a
peroxide intermediate.'® The direct pathway proceeds through
a sequence of steps such that all four electron transfers of eq 3
occur on the same catalytic site. In the series pathway, there is
an initial 2-electron reduction of oxygen to peroxide (eq 4),
likely proceeding in two distinct electron-transfer steps (not
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shown), followed by one of two possibilities: either a 2-electron
reduction step of peroxide to water (eq Sa) or the peroxide
disproportionation reaction (eq Sb) that produces O, in half
the original amount via a chemical and not electrochemical
step. This '/,0, is subsequently reduced back to peroxide with
eqs 4 and 5b cycled repeatedly until reaching a theoretical limit
of an overall 4-electron process (2 + 1+ 1/2 + 1/4 + - ~ 4)."°
In the series pathway, it is plausible that two completely
different catalytic sites can participate in the reactions 4 and Sa/
5b.

O, + 2H,0 + 4¢ — 40H" 3)
0, + H,0 +2¢ — OOH™ + OH™ (4)
OOH™ + H,0 + 2¢ — 30H~ (5a)
- 1 -
OOH™ —» =0, + OH
2’ (sb)

While the subject of ORR mechanisms on MnO, based
catalysts is still being explored, several research groups have
proposed a series pathway consisting of reactions 4 and Sb as
the likely mechanism.*””'%***" In this particular pathway,
reaction 4 has been shown to occur either on the electrode
support onto which MnO, is deposited, such as carbon or
gold,”"* or on Mn(IV)/Mn(III) sites of MnO,,”* while the
catalytic activity for reaction Sb has been attributed to
MnO,."*%%3%3% In our work on the Mn;0,/pGC catalyst,
we recognize that at potentials cathodic of 0.75 V, the exposed
bare sites of the pGC support will likely contribute catalytically
to the initial 2-electron reduction since a bare porous GC
electrode demonstrated high activity for 2-electron reduction of
oxygen at these potentials. At a potential of 0.75 V exactly,
where no appreciable current is yet observed on a bare pGC
electrode, MnO,, sites must be involved in all steps of the
reaction, irrespective of the pathway. We note, however, that
the pGC support could still be contributing to the observed
catalytic activity in other, indirect ways, for instance by tuning
the electronic or geometric structure of the MnO,, or perhaps
through a bifunctional mechanism where atomically adjacent
MnO, and C sites participate in turning over an adsorbed
molecule at that particular interface. Further experiments,
which investigate the effect of surface coverage by Mn;O,,
could provide information on the role of pGC in producing
high catalytic activity.

The morphology of the GC support could also play a critical
role in producing the exceptional catalytic activity observed on
this Mn;O,/pGC catalyst. For example, the porous electrode
may trap peroxide intermediates and thus facilitate the
disproportionation pathway.”>>' This could potentially be
probed in a future study by quantifying the amount of peroxide
formed as a function of the porosity of the GC support or by
changing the hydrophobicity of the support,®” assuming that
the same Mn;O, phase and morphology can be maintained. As
porous carbon is a common support material both in fuel cells
and metal-air batteries,' further elucidation of the contribution
of pGC to the ORR activity of Mn;O, phase could aid in the
design of active electrodes for energy storage and energy
conversion technologies.

B CONCLUSIONS

In this work, we investigated the interplay between manganese
oxide (MnO,) and GC supports in catalyzing the ORR in
alkaline media. We studied the ORR activity of thermally
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oxidized bare GC electrodes, which formed a highly porous
structure (pGC) under certain preparation conditions, as well
as that of MnO,/GC and MnO,/pGC electrodes to probe the
effects of MnO,, phase and GC morphology. We demonstrated
that heat treatment of bare GC in air at 500 °C resulted in an
improvement in ORR onset potential from 0.70 to 0.75 V and a
complete 2-electron reduction of oxygen to peroxide. Among
the various MnO,/GC and MnO,/pGC catalysts studied, we
found that size-selected MnO nanoparticles of 14 nm diameter
did not improve the onset potential for the reaction beyond
that of what was expected from the bare carbon supports, and
only slightly increased the number of electrons transferred in
the diffusion limited current region. Upon thermal oxidation,
the MnO nanoparticles were converted to Mn;O,, while the
carbon support formed a porous structure, pGC. The resulting
Mn;0,/pGC electrode exhibited a significant enhancement in
catalytic activity. The onset potential improved to 0.80 V and a
complete 4-electron reduction of oxygen was observed. At 0.75
V, the Mn;0,/pGC catalyst’s measured specific and mass
activities of 3700 pA-cm™*, and 3100 A-g~'., represent an
extremely high performing catalyst; these values compare
favorably to those of the best non-noble metal catalysts and
even to that of a state-of-the-art nanoparticulate Pt/C catalyst.
Given the absence of ORR activity by bare pGC at 0.75 V,
these results indicate that at low overpotentials MnO, sites
participate in all steps of the reaction. Our electrochemical
results in combination with L-edge X-ray absorption spectros-
copy characterization establish Mn;O, as a MnO, phase with
high activity for the ORR.

B ASSOCIATED CONTENT

© Supporting Information

XPS survey scan of porous GC substrate, N, CVs,
determination of the surface area of catalytic materials,
calculation of the theoretical diffusion limited current, and
mass activity of Pt/C and Mn;O,/pGC. This material is
available free of charge via the Internet at http://pubs.acs.org.
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