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Understanding the origin of manganese oxide activity for oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) is a key step towards rationally designing of highly active catalysts capable of
competing with the widely used, state-of-art noble metal catalysts. Herein, we present a bifunctional,
thermally stable cesium-promoted mesoporous manganese oxide (Cs-MnO,) tuned by simple heat
treatment from an amorphous to a crystalline phase with controlled surface and bulk active Mn centers.
The Cs-MnO, material exhibited the highest ORR activity (0.87 V vs. RHE at —3 mA cm™2) among all
noble-metal-free manganese oxide catalysts reported to date with superior activity compared to state-
of-the-art Pt/C catalyst. In addition, Cs-MnO, exhibited comparable OER performance with the highly

active Ir/C and RuO, catalysts. Extensive characterization and density functional theory (DFT)
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Accepted 26th November 2015 computations suggested that the stabilization of the surface and bulk enriched Mn** species, increase of

relative basicity and maintaining active crystalline phase due to Cs incorporation, are the main decisive
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Introduction

Recent and impending global energy crises have stimulated
extensive research efforts in renewable energy production and
storage.™” In particular, the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) are of great interest due to
their importance with respect to a number of energy conversion
applications, including fuel cells and water splitting systems.**
Bifunctional OER and ORR catalysts are of special significance
for energy storage in rechargeable metal-air batteries, where
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designing of cost effective and active metal oxide based electrocatalysts.

both reactions happen at the cathode during charging and
discharging processes.’ One of the difficulties associated with
ORR and OER is their sluggish reaction kinetics, which results
in low system efficiency. Precious metals like platinum (for
ORR) and oxides of iridium or ruthenium (for OER) are
considered state-of-art catalysts achieving very high catalytic
activity.*® The high cost, scarcity, and relatively low stability of
precious metals for ORR and OER have resulted in great interest
in the development of alternative bifunctional electrocatalysts
that are efficient, cost-effective and robust.”™**

Among non-precious metal oxides, manganese oxides are
especially attractive as electrocatalysts due to their natural
abundance, low toxicity, multivalent nature and structural
diversity (more than 30 crystal structures corresponding to
different polymorphs are known to exist).'> Manganese oxides
have also inspired great interest as catalysts for water oxidation
due to the natural presence of the highly OER active CaMn,O,
cluster in the oxygen evolving complex (OEC) of Photosystem II
involved in photosynthesis.”*** Several types of manganese
oxide catalysts (rutile, spinel, peroxide, tunnel, birnessite) have
been used as water oxidation and oxygen reduction catalysts in
alkaline media.’**® However, the documented ORR and OER
activities are still low compared with the state-of-art Pt-, Ru-, or
Ir-based catalysts which hinder their use in real-world applica-
tions. Extensive studies have been made on the structure-
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property relationship of different Mn oxides with the aim of
enhancing their catalytic activity.**>

The rational design of active ORR and OER manganese oxide
catalysts require choosing the active manganese oxide phase
(crystalline or amorphous), active Mn oxidation state, optimi-
zation of surface and bulk Mn centers, as well as high surface
area. Towards that end, researchers have used mesoporous
materials as active electrocatalysts due to their high surface
area, and tunable porous structure.”®*>* Attempts have been
made to tune the Mn oxidation state by introducing different
elements to manganese oxide catalysts. Incorporation of Au
nanoparticles in Mn oxide was found to promote the formation
of surface-active Mn>* species, which resulted in a significant
enhancement in water oxidation activity over typical Mn
oxides.***” Alkaline earth metals are also known to influence the
catalytic activity of manganese oxides.*®

Herein, we document a bifunctional Cs ion-promoted
mesoporous manganese oxide (Cs-MnO,) synthesized by
a facile soft-templated inverse micelle approach for ORR and
OER.”>?** The material exhibited aggregated nanocrystalline
nature with tunable mesoporous size. Simple heat treatment
of Cs-MnO, enabled precise control over surface and bulk
active Mn>" species, pore size, surface area, and crystallinity,
making this mesoporous material well-suited for investigating
the origin of manganese oxide activity for ORR and OER. Cs-
MnO, calcined at 450 °C (Cs-MnO,-450) outperformed other
reported noble-metal free manganese oxide catalysts for ORR
and also exhibited a very high activity in OER, achieving the
smallest difference in potential between ORR (at —3 mA cm ™ ?)
and OER (at 10 mA cm~>) among all manganese oxide catalysts
reported (0.78 V). Moreover, the ORR activity of Cs-MnO,-450
was higher than the state-of-art Pt/C catalysts with faster
electron transfer rate. In the case of OER, the activity was lower
than the highly active Ir/C and RuO, catalysts at low current
density, but higher at high current density with 4 fold higher
stability. Physical and electrochemical studies supported by
theoretical validation confirmed the critical roles of surface
and bulk-enriched Mn*", stabilization of active crystalline
phase, and high surface area in the superior electrocatalytic
behavior or Cs-MnO,.

Results

The physicochemical and morphological features of Cs-MnO,
catalysts were extensively characterized by powder X-ray
diffraction (PXRD), N, sorption, scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), X-ray absorption
near-edge spectra (XANES), extended X-ray absorption fine
structure (EXAFS), transmission electron microscopy (TEM),
atomic force microscopy (AFM) and inductive coupled plasma-
mass spectrometry (ICP-MS). The morphology of the Cs-MnO,
material calcined at 450 °C (highest activity for ORR and OER
among all calcination temperatures) was investigated using
SEM, TEM, and AFM (Fig. 1A-D). The field-emission scanning
electron microscopy (FE-SEM) image of Cs-MnO,-450 (Fig. 1A
and S1f) showed aggregated round shaped nanoparticles.
Tapping mode AFM was used for exploring the surface of the Cs-
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MnO,-450, and the surface roughness was analyzed to be 22 + 3
nm, providing a nearly uniform rough catalytic surface for the
reactions (Fig. 1B and C). The TEM image of Cs-MnO,-450
revealed the crystalline nature of the material with a measured
lattice spacing of 0.27 nm that was assigned to the (222) planes
of Mn,0; (bixbyite) phase (Fig. 1D). Fig. 1E showed the wide
angle (5-75°) powder X-ray diffraction (PXRD) patterns of Cs-
MnO,-450 and commercial Mn,0s;, which confirmed the crys-
talline Mn,O; (bixbyite) phase of Cs-MnO,. In addition, the Cs-
MnO,-450 material possessed a Type IV adsorption isotherm
followed by a hysteresis loop (indication of regular mesoporous
structure) as obtained by the N, sorption measurements,
whereas the isotherm nature of commercial Mn,0O; confirmed
the nonporous structure (Fig. 1F). The exceptional electro-
chemical properties of mesoporous Cs-MnO,-450 compare to
commercial Mn,O3, Pt/C, Ir/C and RuO, towards ORR and OER
are shown in Fig. 1G and H. The mesoporous Cs-MnO,-450
displayed much higher activity compared to the commercial
nonporous Mn,0O;. Moreover, the ORR performance of the Cs-
MnO,-450 outperformed the state-of-art Pt/C catalyst with 30
mV more positive potential at —3 mA cm > (Fig. 1G). On the
other hand, the OER behavior of the Mn,0; showed lower
activity as compared to the highly active Ir/C and RuO, catalysts
at low current density, but higher activity at high current density
(Fig. 1H).

In order to further understand the origin of the ORR and
OER activity, the Cs-MnO, was calcined at different tempera-
tures, and the changes in the chemical and electrochemical
properties were investigated. The material transformed from
amorphous (<450 °C) to crystalline Mn,0O; (bixbyite) phase
(=450 °C) with the heat treatment as evidenced by wide-angle
PXRD patterns (Fig. 2A). No other intermediate phases of Mn
and Cs were observed in the PXRD. Cs-MnO, materials
possessed a Type IV adsorption isotherm regardless of the heat
treatment up to 550 °C, indicating regular mesoporous struc-
ture, while increasing the temperature to 650 °C led to
destruction of mesoporous structure (Fig. 2B). The Brunauer-
Emmett-Teller (BET) method was used to calculate surface
areas of the different Cs-MnO, materials (Table 1). Of the
different Cs-MnO, materials prepared by controlling calcina-
tion temperature, Cs-MnO,-350 exhibited the maximum surface
area (106 m> g~') while Cs-MnO,-450 possessed the largest
surface area (86 m” g~ ") for crystalline Cs-MnO, materials. The
Cs-MnO, materials showed monomodal uniform pore size
distributions upto calcination temperature 550 °C (Fig. 2C). As
calculated by the Barrett-Joyner-Halenda (BJH) method, pore
size increased from 3.4 to 7.8 nm with the calcination temper-
ature from 250 °C to 550 °C (Fig. 2C and Table S17). The pore
size increment can be attributed to the interaction of nano-
particles to form bigger size nanoparticles, thus increasing the
corresponding intraparticle voids.** Nanoparticle interaction
and aggregation can also explain the reduction of surface area
of catalysts heated at high temperatures. Though mesoporosity
of the material was well preserved up to 550 °C, the material
calcined at 650 °C exhibited very low surface area (13 m”> g™ )
with loss of mesoporosity (no Type IV adsorption isotherm, see
Fig. 2C).
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Fig.1 Comparison of the best optimized Cs-MnO,-450 to commercial and state-of-art catalysts. (A) FE-SEM. (B) AFM with magnification in (C)
showing a mean surface roughness (R,) of 22 + 3 nm. R, is defined as the average surface height deviations measured from the mean plane within
a selected area of 1 um?. (D) TEM image showing the lattice distances of 0.27 nm which are indexed to bixbyite Mn,Os (222) planes. (E) PXRD, (F)
N> sorption, (G) linear sweep voltammetry (LSV) curves for ORR, and (H) LSV curves for OER.

Oxygen reduction reaction

In order to evaluate the electrocatalytic performance of the
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Fig. 2 Structural characterization of Cs-MnO, calcined at different temperatures. (A) PXRD patterns, (B) BJH desorption pore size distributions,

and (C) N, adsorption desorption isotherms.

622 | J Mater. Chem. A, 2016, 4, 620-631

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5ta07878d

Published on 27 November 2015. Downloaded by University of Connecticut on 28/12/2015 01:23:18.

Paper

View Article Online

Journal of Materials Chemistry A

Table 1 Summary for the structural parameters and ORR performance for the studied catalysts

Sample ID Crystal structure® Surface area” (m?> g™ ) ORR Ef (V) @ —3 mA cm > R (Q) ¥ (ems™h)
Cs-MnO,-250 Amorphous 79 —0.43 (0.58) 850 0.0004
Cs-MnO,-350 Amorphous 106 —0.37 (0.64) 550 0.0006
Cs-MnO;-450 Mn,0; (bixbyite) 86 —0.14 (0.87) 105 0.0032
Cs-MnO,-550 Mn,0; (bixbyite) 53 —0.43 (0.58) 858 0.0004
Cs-MnO;-650 Mn,0; (bixbyite) 13 —0.43 (0.58) 1550 0.0002
MnO,-450 Mn,0; (bixbyite) 150 —0.37 (0.64) 559 0.0006
20% wt Pt/C N/A N/A —0.17 (0.84) 207 0.0016

“ Obtained from PXRD. ” Determined by BET method. ° The potential for ORR measured at a current density of —3 mA cm 2 in 0.1 M KOH as
extracted from LSV, potentials are recorded in volts versus SCE, and converted to RHE in parentheses. ¢ The charge transfer resistance (Re)
obtained from EIS analysis at a potential of —0.15 V vs. SCE (0.86 vs. RHE). ¢ The standard rate constant calculated from R values (see
calculation formulas in the methodology section). N/A stands for not applicable.

activity of the Cs-MnO, upon increasing the calcination
temperature from 250 °C to 350 °C, however the current was still
low compared to the Pt/C catalyst (Fig. 3A and Table 1). Upon
increasing the calcination temperature from 350 °C to 450 °C,
a dramatic enhancement in the ORR activity was observed with
230 mV positive shift of potential at —3 mA cm~> and significant
increase in ORR current. By further increasing the calcination
temperature above 450 °C, a sharp reduction in ORR activity was
observed (Fig. 3A and Table 1). The material calcined at 450 °C
displayed the highest activity among all calcination tempera-
tures, with superior activity compared to Pt/C and the non-
promoted manganese oxide calcined at 450 °C (MnO,-450)
(Table 1). At a current density of —3 mA em™ >, Cs-MnO,-450
showed a potential of —0.14 V vs. SCE (0.87 V vs. RHE), which is
30 mV more positive as compared to 20% wt Pt/C catalyst and
230 mV more positive as compared to the corresponding non-
promoted mesoporous manganese oxide (Fig. 3A). For further
characterization of the ORR behavior of the most active material
Cs-MnO,-450, cyclic voltammetry (CV) was tested in both argon
and oxygen saturated 0.1 M KOH. The CV curves showed no
observable ORR behavior in Ar saturated KOH, while a well-
defined reduction peak was observed in oxygen saturated KOH
(Fig. 3B). Moreover, the highest active Cs-MnO, material
calcined at 450 °C presented a Tafel slope (69 mV dec™ ") smaller
than that of Pt/C (89 mV dec ') (Fig. 3F and Table 1).

To investigate reaction kinetics, electrochemical impedance
spectroscopy (Fig. S21) was performed, and the charge transfer
resistance (R.) was obtained (Table 1) from the fitted equivalent
circuit (using Zimo V3.5 software). The R (as determined from
the diameter of the semicircle of the Nyquist plot at high
frequency region) was used to calculate the exchange current
density (J,) and the standard rate constant (k°) as two important
kinetic parameters for comparing electron transfer rates (R is
inversely proportional to both J, and k°, see equations in
Experimental section). The highest active Cs-MnO,-450 showed
the smallest R. (105 Q) among all studied catalysts, a little more
than half that of the Pt/C (207 Q) at a constant potential of —0.15
V vs. SCE (0.86 V vs. RHE). Therefore, Cs-MnO,-450 has the
highest J, and k° among studied catalysts with ~two fold faster
electron transfer rate compared to Pt/C (Tables 1 and S27). The
R, values were strongly correlated to the activities presented by
LSVs in Fig. 3A. More insights on the ORR kinetics of Cs-MnO,-

This journal is © The Royal Society of Chemistry 2016

450 were evaluated by rotating disc electrode experiments at
different rotation speeds (Fig. 3C). The linearity and nearly
parallel lines of the Koutecky-Levich plots (Fig. 3D) indicated
a first order reaction with respect to the concentration of dis-
solved oxygen in a four electron transfer process at a wide
potential range (—0.2 to —0.5 V vs. SCE, 0.81 to 0.51 V vs. RHE)
(Fig. S37).

The stability of the Cs-MnO,-450 in comparison with Pt/C
was tested at a constant potential of —0.3 V vs. SCE (0.71 V vs.
RHE) using chronoamperometric current-time (i-t) curves
(Fig. 3E). The Pt/C catalyst lost 39% of its initial activity after 5.5
h, while Cs-MnO,-450 displayed much higher stability with
a loss of only 15% of its initial activity after 5.5 h and 23% after
~28 h. Methanol tolerance is a critical feature for the cathode
material used in proton exchange membrane fuel cells
(PEMFCs), specifically in direct-methanol fuel cells.** Addition
of methanol to the ORR chronoamperometric experiment of the
Pt/C electrocatalyst resulted in a complete loss of the ORR
activity due to the methanol oxidation by the Pt/C catalyst.*” In
contrast, Cs-MnO,-450 exhibited very high methanol tolerance
(inset of Fig. 3E). These results signified the robustness of Cs-
MnO,-450 as ORR catalyst for direct-methanol fuel cell as well
as alkaline fuel cells.

Oxygen evolution reaction

In addition to ORR, we examined the bifunctionality of the Cs-
MnO, material by testing the OER performance as well. The
OER performance of Cs-MnO, was evaluated at different calci-
nation temperatures and compared to the highly OER active Ir/
C and RuO, catalysts. Similar to ORR, significant variations in
OER activity were observed by changing the calcination
temperatures of the Cs-MnO,.. LSV polarization curves displayed
slight enhancement in OER activity when the calcination
temperature increased from 250 °C to 350 °C followed by
a dramatic enhancement in activity when the calcination
temperature increased from 350 °C to 450 °C as shown by the
enhancement in current and the shift of onset potential to a less
positive potential. Significant decrease in the activity was then
noted when the calcination temperature increased to 550 °C
and 650 °C (Fig. 4A and Table 2). The charge transfer resistance
obtained from the fitted data circuit of the EIS spectra at 0.7 V

J. Mater. Chem. A, 2016, 4, 620-631 | 623
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vs. SCE (1.71 Vvs. RHE) confirmed the same trend seen in LSVs.
The smallest R, of all calcination temperatures of Cs-MnO, was
recorded for Cs-MnO,-450 (50 Q), which is close to that of the
highly active Ir/C (37 Q) as shown in Fig. 4C. The small R, value
of the Cs-MnO,-450 reflected a high electron transfer rate as
shown by the values of exchange current density and standard
rate constant (Tables 2 and S27). At 10 mA cm ™%, LSV of the best
optimized Cs-MnO, catalyst (Cs-MnO,-450) showed 50 and 60
mV more positive potential compared to Ir/C and RuO, catalysts
respectively. However, at a high current density (>26 mA cm ™ 2),
Cs-MnO,-450 outperformed both Ir/C and RuO, with less posi-
tive potential observed for Cs-MnO,-450 (Fig. 4A).

624 | J. Mater. Chem. A, 2016, 4, 620-631

OER performance of Cs-MnO,-450 was tested at extreme
working potentials to study the change in the catalytic efficiency
at extreme conditions. A nearly linear LSV curve was observed
for potentials up to 1.7 V vs. SCE (2.71 V vs. RHE) achieving
a very high current of 400 mA cm™ > (Fig. S47), suggesting the
capability of Cs-MnO,-450 to work at low and high working
potentials with reasonable efficiency. Tafel slopes of Cs-MnO,-
450 and Ir/C were also compared at low and high potential
regions. In the low potential region, Cs-MnO,-450 showed
a Tafel slope of 100 mV dec ' that is higher than that of Ir/C
(80 mV dec™ ). However, Cs-MnO,-450 displayed a smaller Tafel
slope at high potentials as compared to Ir/C suggesting faster

This journal is © The Royal Society of Chemistry 2016
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oxygen evolution reaction rate for the Cs-MnO,-450 at high
potentials (Fig. S5f). Moreover, CV curves of the Cs-MnO,
showed well-defined and sharp CV curves with both anodic and
cathodic curves nearly superimposed on one another (Fig. 4B).
The stability was tested using chronopotentiometry at 10 mA
cm ™ ? with a maximum potential limit of 0.9 V vs. SCE (1.91 V vs.
RHE) (Fig. 4D). The Cs-MnO,-450 spent 15 h before the poten-
tial was shifted to 0.9 V vs. SCE which is almost four times
higher stability compared to Ir/C and RuO,. Moreover, Cs-
MnO,-450 showed much higher activity and stability compared
to other forms of manganese oxides we have recently reported.*
The superior activity of the Cs-MnO,-450 over Ir/C, RuO,, and
commercial Mn,0; along with the high stability suggest that Cs

ion promoted mesoporous manganese oxide is a strong candi-
date for water electrolyzers as well as fuel cells.

Faradaic efficiency

To gain full assessment about the properties of the catalyst in
the oxygen evolution reaction, we determined Faradaic effi-
ciency of Cs-MnO, catalysts using a completely sealed H-shaped
electrochemical cell in a three electrode configuration. The Pt
counter electrode was positioned in the left arm of the cell,
while the Ag/AgCl reference, working electrode, and the oxygen
sensor were placed on the right arm. The cell was filled with 0.1
M KOH as electrolyte and purged for 30 min with purified
nitrogen before running the experiment.

Table 2 Summary for the OER electrocatalytic performance for the studied catalysts®

Sample ID E? (V) @ 10 mA cm > R (Q) % (em s7Y) AEopr-ory)” (V)
Cs-MnO,-250 0.90 (1.91) 412 0.0008 1.33
Cs-MnO,-350 0.86 (1.87) 256 0.0013 1.35
Cs-MnO,-450 0.64 (1.65) 50 0.0067 0.78
Cs-MnO,-550 0.90 (1.91) 360 0.0009 1.33
Cs-MnO,-650 >1.09 (2.10) 1450 0.0002 >1.42
MnO,-450 0.71 (1.72) 137 0.0025 1.08

20% wt Pt/C 1.0 (2.01) N/A N/A 1.17

20% wt Ir/C 0.58 (1.59) 37 0.0091 0.96

RuO, 0.59 (1.6) N/A N/A N/A

“ All data in the tables are extracted from the LSV and EIS experiments in 0.1 M KOH at a rotation speed of 1600 rpm. © Potentials measured from
LSV at a current density of 10 mA cm ™2, potentials are recorded in volts versus SCE, and converted to RHE in parentheses. ¢ The charge transfer
resistance (R.) obtained from EIS analysis at 0.7 V vs. SCE (1.71 V vs. RHE). ¢ The standard rate constant as calculated from R.. values. ¢ The
potential difference between OER at 10 mA cm ™ > and ORR at —3 mA cm >,
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An amperometric (current-time) experiment was performed
with an input potential of 0.8 V vs. SCE for 3 min reaching
a current of 106 mA. The theoretical number of moles of oxygen
evolved can be calculated from Faraday's 2™ law of electrolysis
according to the following equation:

. 0 ixt 0.106(A) x 180(s)
o, (theoretical) = - = = = e 4853 s A mol |

=49.4 x 10 mol (1)

where ng, is the number of moles of oxygen produced, Q is the
total charge passed during electrolysis, n is the number of
electrons transferred during OER (4e), i is the applied current in
amperes, t is the electrolysis time in seconds, and F is the
Faraday constant 96 485.3 s A mol .

The oxygen sensor detected the total number of moles of
oxygen produced to be 45.2 x 10~® mol.

no, (experimental)

. 100 = 91.49
no, (theoretical) X %

(2)

The faradaic efficiency is =

These results verify that the current of the working electrode
is exclusively caused by the oxygen evolution reaction.

XANES and EXAFS analysis

To study the role of the Mn oxidation state for enhancing ORR
and OER activity, X-ray absorption near edge structure (XANES)
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Fig.5 Exsitu XANES and EXAFS study for Cs-MnOj catalysts. (A) Norma
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was used for the precise monitoring of the change in the average
Mn oxidation state of the Cs-MnO, calcined at different
temperatures. Fig. 5A shows the ex situ XANES spectra of Cs-
MnO, calcined at 250 °C to 550 °C. Fig. 5A showed shift of the
XANES spectra to higher energy upon increasing calcination
temperature from 250 °C to 400 °C indicating an increase in the
average Mn oxidation state, followed by a shift to lower energy
when the calcination temperature further increased to 450 °C or
550 °C indicating a subsequent decrease in Mn oxidation state.
Different manganese oxides with variable oxidation states of Mn
(MnO, Mn;0,, Mn,03;, MnO,) were used as standards for the
linear combination fitting (LCF) of the XANES spectra of the Cs-
MnO, calcined at different temperatures to monitor the
contribution of the different manganese oxide phases and track
the change of the oxidation state as well upon calcination
(Fig. 5B and S6t). Fig. 5B showed the LCF results of the XANES
spectra revealing the contribution of each Mn oxidation state at
each calcination temperature. LCF results showed that all
samples calcined to a temperature below 450 °C have mixed Mn
valence, while transformation to pure bixbyite phase occur at
450 °C and 550 °C. Fig. 5C shows the change of the average Mn
oxidation state from 2.97 to 3.34 when the calcination temper-
ature increases from 250 °C to 400 °C, then the Mn oxidation
state dropped back to 3.00 when the calcination temperature
increases to 450 °C or 550 °C (Fig. 5C). The trend observed in the
XANES analysis upon conversion from 350 °C to 550 °C was
confirmed by the EXAFS analysis (Fig. 5D and S7T). Whereas

100

Percent MnOx (LCF results)

250 350 400 450 550
Calcination temperature (°C)

D
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10 g @
@ \
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x
w 64
o
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Reduced distance (A)

lized Mn K edge XANES spectra. (B) Linear combinations fits of data in (A).

(C) Corresponding change of Mn oxidation state obtained from XANES analysis via linear combination fitting. (D) Ex situ EXAFS of Cs-MnO,
samples calcined at 350-550 °C showing change in EXAFS spectra upon conversion from amorphous (350 °C) to bixbyite phase (450 °C and 550

°C).
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Fig. 6 Normalized Mn K edge XANES spectra for the as prepared Cs-
MnO,-450, after exposure to ORR for 5 h at —0.3 V vs. SCE, and after
exposure to OER for 1 h at 0.7 V vs. SCE. The average Mn oxidation
state changed from 3.00 to 3.02 in case of ORR, and to 3.17 in case of
OER.

Samples calcined at 450 °C and 550 °C show quite similar
Fourier transform EXAFS spectra to standard Mn,0Oj3, while 350
°C shows significantly different FT EXAFS spectra (Fig. S81) with
shorter Mn-Mn bond length (Table S37). Furthermore, the
effect of applying constant potentials for ORR (—0.3 V vs. SCE
for 5 h) and OER (0.7 V vs. SCE for 1 h) on the oxidation state of
Mn in the best optimized Cs-MnO,-450 was investigated using
XANES analysis (Fig. 6). Results showed that exposing Cs-MnO,-
450 to either ORR or OER induced changes in the valence of Mn
centers of the catalyst. After exposing Cs-MnO,-450 to ORR for 5
hours, the average oxidation state of Mn shows no significant
change (from 3.00 to 3.02). However, the contribution of the
different Mn oxidation states to the average oxidation state
showed significant changes with dropping of the percentage of
Mn*" from 100% to 71%, as well as increasing the percentage of
Mn*" from 0.0 to 9.0%. In case of exposing Cs-MnO,-450 to OER
for 1 h, the average oxidation state increased from 3.00 to 3.17
where percentage of Mn*" increased from 0 to 23% along with
decrease in the percentage of Mn** to 57% (Fig. 6).

Discussion

The structures and surface area of metal oxides are believed to
be main decisive factors in the ORR and OER catalysis as
structural flexibility and surface accessibility are important
degrees of freedom. For the rational design of highly active ORR
and OER metal oxide catalysts, it is often difficult to choose
crystalline phase or amorphous phase as the active form of
catalyst."**?** In our study, we were able to tune high surface
area mesoporous manganese oxide from amorphous phase to
crystalline one by mere heat treatment for developing excep-
tionally active manganese oxide catalysts. Our materials, unlike
conventional mesoporous materials, have a connection of
intraparticle voids of closely packed manganese oxide nano-
crystals that form the mesoporous structure.>** Amorphous Cs-
MnO, materials calcined at 250 °C and 350 °C showed much
lower catalytic activity (in terms of current and onset potential)
for ORR and OER than crystalline Cs-MnO, calcined at 450 °C

This journal is © The Royal Society of Chemistry 2016
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(bixbyite phase). Interestingly, the surface area of the amor-
phous Cs-MnO,-350 (106 m”> g~ ') is 23% higher than crystalline
Cs-Mn0O,~450 (86 m> g~ '), yet the activity of Cs-MnO,-450 for
ORR and OER is much higher, indicating that the effect of
crystallinity is masking the effect of surface area. The Cs-MnO,
calcined at 550 °C also possessed the bixbyite (Mn,Os3) phase
with 38% lower surface area than Cs-MnO,-450 explaining the
drop in the ORR and OER activity upon increasing the calci-
nation temperature from 450 °C to 550 °C. On the other hand,
the much lower surface area of both Cs-Mn0,-650 (13 m”> g™ ")
and commercial Mn,0; (12 m” g~ ), explains the relatively inert
behavior under electrochemical conditions. Furthermore, we
verified the performance of Cs-MnO,-450 and commercial
Mn,0; in OER by normalizing the current to the true surface
area. Fig. S9t revealed that the Cs-MnO,-450 showed higher
current density than commercial Mn,Oj; even after normalizing
the surface area. These results suggest that the combination of
high surface area and crystalline structure are determining
factors behind the superior performance of Cs-MnO,-450 as an
electrocatalyst. In order to confirm the influence of specific
surface area on the electrochemical behavior, we investigated
the electrochemically active surface area (ECSA) of Cs-MnO, at
different calcination temperatures (determined from the
capacitance). Cs-MnO,-250 showed a capacitance of 22 mF
cm 2 that almost doubled when the calcination temperature
increased to 350 °C (41 mF cm™?) indicating an increase in the
accessible electrochemical active surface area to the electrolyte
(Fig. S10 and Table S47t). The capacitance was then dropped to
20 mF cm™~ > when the calcination temperature increased to 450
°C, followed by further decrease in the capacitance at 550 °C (13
mF cm ™ ?). The change of the ECSA is in great agreement with
findings from BET. However, ECSA has much lower values than
the surface area determined by BET (see ESIT for more details)
because of the limited access of the electrolyte to the pores of
the catalyst compared with the inert gas used for BET.
Oxidation state of active manganese centers is critical for
designing active ORR and OER manganese oxide catalysts. The
success of catalytic activity in ORR and OER largely depends on
the role of the Mn** oxidation state as the intermediate species
for these reactions.**® Several strategies have been adopted to
generate the active Mn®" species irrespective of the initial
oxidation state of Mn to enhance the catalytic activity.””*” The
high catalytic activity of the Mn®" species is attributed to the
presence of one electron in the antibonding e, orbital (ey) which
result in Jahn-Teller (J-T) distorted metal-oxygen octahedra.
Moreover, the presence of single electron in the ey results in the
appropriate interaction between O, and the manganese oxide
catalyst required for efficient ORR and OER.*® Linear combi-
nation fitting of the XANES spectra revealed the contribution of
Mn*" to the catalytic ORR and OER activity. However, though
the average oxidation state of Mn in Cs-MnO,-250 is ~3.00
(exactly 2.97), the ORR and OER activities are relatively low as
the result of the mixed Mn valence with only 25% of Mn ions in
the form of Mn>" (Fig. 5). Slight enhancement in ORR and OER
activity was observed as the percentage of Mn>" increases when
the calcination temperature increases to 350 °C. The highest
ORR and OER activity among all calcination temperatures was
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achieved only when the contribution of Mn®* reached 100% in
case of Cs-MnO,-450. XANES analysis was further used to
monitor the effect of exposing Cs-MnO,-450 to ORR and OER
reactions to explain the slight decrease in stability overtime
(Fig. 6). LCF of XANES results revealed that exposure to ORR and
OER induced a change in the contribution of different Mn
oxidation state with dropping in the percentage of Mn*" (Fig. 6).
These results suggest that an average Mn oxidation state of 3
alone does not produce active ORR and OER manganese oxide
catalyst, but rather higher percentage of Mn*" in the form of
bixbyite phase is the main reason behind superior ORR and
OER activity in manganese oxide.

The role of Cs in altering the bulk and surface properties of
Cs-MnO, material compared to nonpromoted MnO, material
was investigated to understand the origin of the high ORR and
OER activity of the Cs-MnO, material. Temperature resolved
powder X-ray diffraction (TR-PXRD) was performed on Cs-MnO,
and MnO, (calcined at 250 °C) to investigate the phase trans-
formation with heat treatment (Fig. S11 and S127). Both of the
materials are amorphous at room temperature. A clear differ-
ence can be seen in the crystallinity of the materials with and
without the introduction of Cs ions. In the nonpromoted
sample, the amorphous state crystallizes first to the vernadite
(MnOOH) phase before undergoing rearrangement to the
bixbyite (Mn,O;) phase (Fig. S117). The addition of Cs ions
resulted in the destabilization of vernadite phase and present-
ing bixbyite phase with no intermediary phase (Fig. $127). The
amorphous state of the material was stable >350 °C for Cs-MnO,
(crystallized at 400 °C), whereas, MnO, crystallized at 350 °C.
Thermogravimetric analysis (TGA) (Fig. S131) supports the
destabilizing effect due to Cs introduction by showing a full
15% increase in mass loss which was ascribed to labile oxygen
in the amorphous phase compared with MnO,, which exhibited
a higher thermal stability and by extension, less labile oxygen.
The nonpromoted MnO,. displayed the presence of both active
Mn®" along with less active Mn*" species (80/20 ratio) as
determined by the deconvoluted Mn2p;, XPS spectra
(Fig. S141). The presence of Cs stabilized the active Mn** species
with no other Mn oxidation states. These results indicate that
the presence of surface active Mn** species and stabilization of
active crystal phase (Mn,O3) are the main reasons of the supe-
rior ORR and OER activity of Cs-MnO,. over MnO,. The strong
adsorption of protons (due to the OH™ dissociation) is one of
the important factors for a facile OER catalyst in alkaline
medium.** The remarkable activity of the Cs promoted material
over the non-promoted material can be also be ascribed to the
increase of relative basicity of the materials. The CO, chemi-
sorption measurements revealed the more basic nature of Cs-
MnO, over MnO, at three different probe temperatures
(Fig. S15%). The acidic CO, adsorbed more into the basic
material, which is in line with our previous work, where the
basic nature of Cs-MnO, was the reason for superior chemical
oxidation and esterification catalysis.>**

To further study the role of surface and bulk manganese
centers in relation to activity, ab initio models for three bulk
oxides of manganese (MnO, Mn,0; and MnO,) were optimized
using density functional theory (DFT), and their experimentally
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relevant surface terminations, [200], [222] and [110], respec-
tively, were generated to model the thermodynamics of ORR
and OER reaction as two reversible processes (Fig. 7). The
overall reaction of ORR in a four electron transfer process is
shown in eqn (3):

02 + 2H20 +4e” < 40H™ (3)

The ORR mechanism catalyzed by manganese oxide can be
expressed as:***°

MnO, + H,0 + ¢~ < MnO,OH + OH~ (4)
MnO,OH + 0, & MnO,OH--O 5)
MnO,OH:-O + ¢~ <> MnO, + OH~ 6)

For the three different surface terminations, a thermody-
namic reaction pathway for the dissociation of water was
meticulously analyzed (Fig. 7B, S16, and Tables S4 and S5%). The
overall reaction pathway illustrated that MnO, surfaces have the
lowest AE between consecutive steps, which often implies
a lower E,, suggesting that MnO, surfaces would require the
least reduction potential.

To identify the oxidation state of the active Mn centers on the
surfaces, a Bader charge analysis was conducted for the Mn ions
in their corresponding bulk phase and on the surface.**** Table
3 summarizes the observed charges at the two locations. Mn
ions on the MnO, surface have an identical charge to Mn ions in
bulk Mn,0Oj;, which are known to be in the +3 oxidation state.

MnO:
110
B
4
S 3
K->
>
D 2l =——MnO
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14 —MnO2
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Fig. 7 (A) Bulk structure of MnO, Mn,0O3 and MnO,. Purple atoms are
Mn and red atoms are O. (B) Elementary reaction pathway for the
dissociation of H,O on MnO, terminated surfaces.
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Table 3 Bader charge analysis of MnOy in the bulk and surfaces

Location MnO Mn,0; MnO,
Surface 1.32 1.61 1.71
Bulk 1.42 1.73 1.83

This observation along with the favored thermodynamic activity
behavior on the MnO, surface suggests that Mn>" ions are the
active sites for an enhanced ORR/OER activity. In the current
study, by tuning the surface of metal oxides with Cs dopants, we
achieved the desired active oxidation state for enhanced ORR
and OER.

Conclusion

In summary, we have successfully tuned mesoporous manga-
nese oxide from amorphous to crystalline phase along with
exploring the role of surface and bulk active manganese centers
to achieve exceptional ORR and OER activities. The crystalline
phase of our mesoporous manganese oxide material out-
performed the amorphous phase for both ORR and OER.
Findings from XANES, EXAFS, XPS, PXRD, and DFT calculations
revealed the critical role of the surface and bulk active Mn®" for
enhancing the catalytic activity for ORR and OER. By incorpo-
rating a minute amount of electropositive Cs ions (0.16%),
surface enriched Mn>" was achieved, and the catalytic activity in
both ORR and OER was significantly enhanced compared to
pure mesoporous manganese oxide (5 times faster reaction rate
in ORR and 7 orders higher turnover frequency in OER).
Moreover, the best optimized Cs-MnO,-450 material exhibited
better bifunctional oxygen reaction activity than precious metal
catalysts: Pt (in ORR) and Ir, Ru (in OER at high current density)
and other noble metal free manganese based catalysts reported
to date (Tables S6 and S71). Precise control over the structural
and surface properties by simple heat treatment made Cs-MnO,.
a ubiquitous electrocatalyst and opens up new avenues in the
field of alternate energy applications in terms of non-expensive
and earth-abundant metal oxides.

Experimental section
Catalyst synthesis

Synthesis of Cs-MnO,. The synthesis followed our recent
published article.” In a typical synthesis manganese nitrate
tetrahydrate (Mn(NO3),-4H,O 0.02 mol) and 1-butanol
(0.134 mol) were added into a 120 mL beaker. To this solution
poly(ethylene glycol)-block-poly(propylene  glycol)-block-poly-
(ethylene glycol) (0.0034 mol) (Pluronic P123, PEO,,PPO--
PEO,,, molar mass 5750 ¢ mol ") and concentrated nitric acid
(0.032 mol) (HNO;) were added and stirred at room temperature
until the solution became clear (light pink). To this clear solu-
tion 200 pL of 1.0 M CsNO; was added maintaining the Mn/Cs
ratio 100/1, mol mol . The resulting clear solution was then
kept in an oven at 120 °C for 3 h under air. The black material
was washed with excess ethanol, centrifuged, and dried in
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a vacuum oven overnight. The dried black powders were sub-
jected to a heating cycle. First they were heated at 150 °C for 12 h
and cooled down to room temperature under ambient condi-
tions followed by heating steps of 250 °C for 3 h, 350 °C for 2 h,
450 °C for 1 h, 550 °C for 1 h, and 650 °C for 1 h.

Synthesis of MnO,. Synthesis of the non-promoted MnO,
followed the same procedure of the Cs-MnO,, but without
addition of any Cs precursor.

* It is recommended to perform all reactions in ovens with
proper ventilation due to release of toxic NO, from the gel
during the reaction.

Electrochemical characterization

Electrocatalytic performance of all studied catalysts towards
oxygen reduction reaction (ORR), and oxygen evolution reaction
(OER) was characterized on three electrode electrochemical cell
connected to CHI 660A electrochemical workstation. Cyclic
voltammetry (CV), linear sweep voltammetry (LSV), electro-
chemical impedance spectroscopy (EIS), chronopotentiometry,
and chronoamperometry were performed in 0.1 M KOH purged
with high purity oxygen or argon for 30 min before start running
the electrochemical measurement, with flowing the gas over the
solution surface during the data collection. Standard calomel
electrode (SCE) was used as reference electrode, while pyrolytic
graphite was used as both working and counter electrodes.

Electrode preparation

Pyrolytic graphite (PG) electrode was polished using silicon
carbide grinding paper before sonicating in ethanol and water
(2 min each) to produce clean, and smooth PG surface. The
catalyst ink was prepared by mixing 4 mg of catalyst, 1 mg of
carbon black, and 85 uL Nafion in 1.0 mL of DI water/ethanol
mixture (4 :1). The catalyst ink was sonicated for 5 min to
ensure proper mixing of the component, and then loaded to the
rotating disc PG electrode (mass loading 0.28 mg cm™?) by
controlled drop casting method. The catalyst ink was incubated
on the PG surface overnight in room temperature before
running electrochemical measurements.

Calculations

Koutecky-Levich (K-L) plots were studied to interpret the ORR
results. The number of electron transferred per one oxygen
molecule (1) can be obtained from K-L plots by applying the
following equations:

1 1 1 1 1

T T Ber T
B = 0.62nFCo(Do)**v 16
Jx = nFKCo

where, J is the measured current density, Jx is the kinetic
current, J;, is the diffusion limiting current, w is the rotation
speed of the electrode in rad s, B is the reciprocal of the slope
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of the K-L plots, F is Faraday constant (96 485 C mol '), Co, is
the saturated concentration of oxygen in 0.1 M KOH (1.2 x 10~°
mol ecm?), Dy, is the diffusion coefficient of O, (1.9 x 10~ ¢cm?
s~ 1), v is kinematic viscosity of the electrolyte (0.01 cm*s™ %), k is
electron transfer rate constant for the ORR.

Calculation of mass activity and turnover frequency (TOF)

. J
Mz tvity = —
ass activity = -
where j is the current density in A cm ™, while M is the mass of
the loaded catalyst in grams. TOF (s~ ') was calculated according
to the following formula:
jA
TOF = -—
4nF

where j is the current density (A cm™?), A is working electrode
surface area (cm?), n is the number of moles of the loaded
catalyst onto the working electrode, and F is the Faraday
constant (C mol ).

Calculations of standard rate constant (k°)

Using the charge transfer resistance (R.;) obtained from the EIS
data, k° was calculated using the following formulas:

i  RT
Jo=—=
A~ nAFRy
o_ _lo
nkFC

where J, is the exchange current density, i, is the exchange
current, A is the electrode surface area, R is the gas constant, T'is
the absolute temperature, n is the number of electrons trans-
ferred (assumed to be 4 in both ORR and OER for all catalyst for
comparison), F is Faraday's constant, C is the saturated
concentration of oxygen in 0.1 M KOH.
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