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Transformative route to nanoporous manganese
oxides of controlled oxidation states with identical
textural properties

Jae Hwa Lee,** Young Jin Sa,** Tae Kyung Kim,* Hoi Ri Moon** and Sang
Hoon Joo*"

Nanoporous nanocrystalline metal oxides with tunable oxidation states are crucial for
controlling their catalytic, electronic, and optical properties. However, previous approaches
to modulating oxidation states in nanoporous metal oxides commonly lead to the breakdown
of nanoporous structure as well as involve concomitant changes in their morphology, pore
size, surface area, and nanocrystalline size. Herein, we present a transformative route to
nanoporous metal oxides with various oxidation states using manganese oxides as examples.
Thermal conversion of Mn-based metal-organic frameworks (Mn—MOFs) under controlled
temperature and atmosphere yielded a series of nanoporous manganese oxides with
continuously tuned oxidation states: MnO, Mn30O,4, MnsOg, and Mn,0s. This transformation
enabled the preparation of low-oxidation phase MnO and metastable intermediate phase
MnsOg with nanoporous architectures, which were previously rarely accessible.
Significantly, nanoporous MnO, Mn;0,, and MnsOg had very similar morphology, surface
area, and crystalline size. We investigated electrocatalytic activity of nanoporous manganese
oxides for the oxygen reduction reaction (ORR) to identify the role of oxidation states, and

observed oxidation state-dependent activity and kinetics for the ORR.

1. Introduction

Nanoporous metal oxide materials with crystalline
frameworks have been of prime importance in various fields,
including adsorption, catalysis, and energy conversion and
storage.l'5 In these materials, the control of oxidation states is
crucial for tailoring their catalytic, electronic, and optical
properties. During the last two decades, diverse soft and hard
templating strategies have been developed to prepare
nanoporous metal oxides with a rich variety of compositions
and structures.®** However, these methods usually involve
solution processes and subsequent high-temperature annealing
steps, which have limited the range of stable metal oxide
phases predominantly to those with high oxidation numbers.
In addition, post-synthetic thermal treatments aimed for
changing the oxidation states of nanoporous metal oxides
often result in the growth of nanocrystalline domain size,
which consequently leads to the breakdown of the nanoporous
structure. Hence, the preparation of nanoporous metal oxides
with broadly tunable oxidation states, particularly those with
low oxidation or metastable intermediate phases, has been
challenging.

This journal is © The Royal Society of Chemistry 2013

Recently, conversion reactions that transform pre-
synthesized nanoscale or microscale inorganic solid
precursors into new materials have emerged as new synthetic
toolboxes in materials chemistry.’** Conversion reactions
have been explored extensively with various types of
precursors, and have enabled the synthesis of new materials
with a high degree of compositional and structural complexity.
The versatility of conversion reactions can be exemplified in
the preparation of thermodynamically unfavorable hollow
nanoparticles from solid analogues by exploiting the
nanoscale Kirkendall effect?® or galvanic replacement
reaction.?* In the context of conversion reactions, metal—
organic frameworks (MOFs), in which inorganic and organic
building blocks are alternatively arranged in a periodic manner,
can serve as excellent precursors, and accordingly, conversion
reactions utilizing MOFs are currently being actively
pursued.?3! In this line of efforts, we recently reported the
preparation of nanoporous non-siliceous metal oxides with
nanocrystalline frameworks via thermal conversion of MOFs
for the first time.*

Herein, we demonstrate that conversion reactions using
MOFs as precursors can be successfully exploited to prepare
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Fig. 1 SEM images and atomic structures of Mn-MOF and converted manganese oxides during structural transformation of Mn-MOF into MnO, Mn;0,4, MnsOg and

Mn;0s.

nanoporous nanocrystalline metal oxides with tunable
oxidation states. Manganese oxides were chosen as a model
system because they can exist in various oxidation states® and
are the centers of great interests in energy conversion and
storage as well as catalysis.®** We show that sequential
conversion reactions are capable of transforming a Mn-based
MOF (Mn-MOF) into nanoporous nanocrystalline manganese
oxides with continuously tuned oxidation states, MnO, Mn;O,,
MnsOg, and Mn,0; with conservation of the original
morphology of the Mn-MOF crystals (Fig. 1). Importantly,
these conversion reactions enabled the preparation of low-
oxidation-state  MnO and metastable intermediate MnsOg
phases with nanoporous nanocrystalline architecture, which
was previously difficult to access. Nanoporous MnO, Mn3zOy,,
and MnsOg have almost identical textural properties, including
their morphology, surface areas, pore volumes, and size of
nanocrystals composing nanoporous frameworks. The textural
similarity among the series of manganese oxides allowed them
to be used as a system for studying the oxidation-state effect
in catalysis; previous works related to such effect were mostly
performed with a series of catalysts possessing various other
variables that can affect catalytic performances.®° We
investigated the electrocatalytic activity of these nanoporous
manganese oxides for the oxygen reduction reaction (ORR),
and observed oxidation-state-dependent catalytic activity and
kinetics in the ORR.

This journal is © The Royal Society of Chemistry 2013

2. Experimental Section

2.1 Materials

All chemicals and solvents were of reagent grade and used
without further purification. Meso-butane-1,2,3,4-
tetracarboxylic acid  (H,BuTC, >98%), and N,N-
dimethylacetamide (DMA, >99%) were supplied by TCI.
Mn(NO3),-4H,0 (>97%) was purchased from Aldrich.

2.2 Synthesis of Mn-MOF ([Mn,(BuTC)(DMA);],)

H,BuTC (0.037 g, 0.16 mmol) was dissolved in DMA (2.5
mL), and mixed with a DMA (2.5 mL) solution of
Mn(NO3),-4H,0 (0.080 g, 0.32 mmol). The solution was
sealed in a glass jar, heated to 100 °C for 24 h, and then
cooled to room temperature. Yellowish leaf-shaped crystals
formed, which were filtered and washed briefly with the
mother liquor. Yield: 35%. FT-IR (Nujol mull): vc-o(DMA),
1652 (S); Vvo.c-o, 1615, 1418 (s) cm™:. Anal. Calcd for
Mn,C16H24010N,: C, 37.37; H, 4.70; N, 5.45. Found: C, 37.53;
H, 4.59; N, 5.44.

2.3 Conversion reactions of Mn-MOF into manganese
oxides

MnO: Solid Mn-MOF was heated at 5 °C min™* under a
nitrogen flow of 60 mL min . After reaching the target
temperature of 550 °C, the material was maintained at that
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temperature for 12 h. After cooling to room temperature, black
solid was obtained.

Mnz0,: As-synthesized MnO solid was heated in a box
furnace (ambient air environment) at 5 °C min "’ After
reaching the target temperature of 300 °C, the material was
maintained at that temperature for 2 h. After cooling to room
temperature, brownish solid was obtained.

MnsOg: As-synthesized MnO solid was heated at 1 °C min~!
under an oxygen flow of 100 mL min . After reaching the
target temperature of 350 °C, the material was maintained at
that temperature for 2 h. After cooling to room temperature,
blackish solid was obtained.

Mn,O;: As-synthesized MnO was heated at 1 °C min* under
an oxygen flow of 100 mL min*. After reaching the target
temperature of 500 °C, the material was maintained at that
temperature for 2 h. After cooling to room temperature, dark
grey powder was obtained.

2.4. Single-crystal X-ray crystallography

A single-crystal of Mn-MOF was coated with paratone-N oil,
and the diffraction data were measured at 100 K with
synchrotron radiation (A = 0.69999 A ) on an ADSC Quantum-
210 detector at 2D SMC with a silicon (111) double crystal
monochromator (DCM) at the Pohang Accelerator Laboratory,
Republic of Korea. The ADSC Q210 ADX program* was
used for data collection, and HKL3000sm (Ver. 703r)** was
used for cell refinement, reduction, and absorption correction.
The crystal structures were solved by direct methods and
refined by full-matrix least-squares calculations with the
SHELX-97 computer program.** The positions of all
non—hydrogen atoms were refined with anisotropic
displacement factors. The hydrogen atoms were positioned
geometrically using a riding model.

2.5 Characterization methods

All characterizations were carried out at the Ulsan National
Institute of Science and Technology (UNIST) Central
Research Facilities (UCRF) Center. Infrared spectra were
recorded with a ThermoFisher Scientific iS10 FT-IR
spectrometer. Elemental analyses (for C, H, N, S, and O) were
performed by using a Thermo Scientific Flash 2000 series
CHNS/O analyzer. Thermogravimetric analyses (TGA) were
performed under nitrogen gas at a scan rate of 5 °C min?,
using a TGA Q50 from TA Instruments. X-ray photoelectron
spectroscopy (XPS) was performed on a K-alpha from
Thermo Fisher. X-ray powder diffraction (XRPD) data were
recorded on a Bruker D8 advance diffractometer at 40 kV and
40 mA and a Bruker D2 phaser diffractometer at 30 kV and 10
mA for Cu Ka (4 = 1.541 A), with a step size of 0.02° in 26.
Scanning electron microscope (SEM) images were taken using
a Quanta 200 microscope (FEI) operating at 18 KkV.
Transmission electron microscope (TEM) images and energy
dispersive X-ray spectra were obtained with a JEOL JEM-
2100F microscope. The nitrogen adsorption—desorption
isotherms were measured at 77 K using liquid nitrogen on a
BELSORP-MAX. Prior to the adsorption measurement, the

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Synthesis and single-crystal X-ray structure of Mn-MOF. (a) Synthetic
scheme of Mn-MOF. (b) Side view of one layer of Mn-MOF. Hydrogen atoms
and guest molecules are omitted for clarity (color scheme: C, white; O, purple;
N, light blue; Mn, pink). (c) Entire structure of Mn-MOF (color scheme: 2-D
layer, white; coordinating DMA, blue)

samples were evacuated at 200 °C under vacuum (p < 10°°
mbar) overnight. The specific surface area was determined in
the relative pressure range from 0.05 to 0.3 of the
Brunauer—Emmett—Teller (BET) plot, and the total pore
volume was calculated from the amount adsorbed at a relative
pressure of about 0.98-0.99. Pore size distribution curves
were obtained from the corresponding isotherms using the
Barrett-Joyner-Halenda (BJH) method.

2.6 Electrochemical measurements

Electrochemical characterization of the samples was carried
out using an lviumStat electrochemical analyzer. The
electrochemical experiments were performed at room
temperature (25 °C) and under atmospheric pressure using a
three-compartment electrochemical cell. A graphite counter
electrode and Hg/HgO reference electrode (XR400,
Radiometer Analytical) with 1 M KOH (99.999%, Aldrich)
filling solution were used. The Hg/HgO reference electrode
was calibrated with respect to the reversible hydrogen
electrode (RHE) before use. For this purpose, Pt wires were
used as both the working electrode and counter electrode, and
the potential cycle between —0.93 V and —0.87 V (vs. Hg/HgO)
was applied with a scan rate of 1 mV s* in H,-saturated 0.1 M
KOH solution. The resulting potential—current (V—I) curve
after averaging the anodic and cathodic currents gave a result
of E(RHE) = E(Hg/HgO) + 0.887 V. All potentials in this
report were reported in the RHE scale.

For ORR performance measurement, a rotating ring disk
electrode (RRDE) with a glassy carbon disk (GC, 4 mm in
diameter) and a Pt ring (5 mm in inner diameter and 7 mm in
outer diameter) was used as a working electrode (ALS, Cat.
No. 012613). The RRDE was polished with 1.0 and 0.3 pm
alumina suspensions to generate a mirror finish. For
preparation of a catalyst ink, Nafion (5 wt% in isopropyl
alcohol (IPA), Aldrich) was neutralized by 0.1 M NaOH

J. Mater. Chem. A., 2014, 00, 1-3 | 3
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Fig. 3 Characterizations of converted manganese oxides. (a—c) SEM images, (d—f) TEM images, and (d—f, insets) HRTEM images and electron diffraction patterns of

nanoporous MnO (a,d), Mn30, (b,e), and MnsOs (c,f).

(99.99%, Aldrich) at a volume ratio of Nafion : 0.1 M NaOH
=2 : 1 in order to prevent oxide passivation.** Commercial
carbon black (Vulcan XC-72R) was added to the catalyst ink
to overcome the low electrical conductivity of oxides. The
catalyst ink was prepared by mixing 5 mg of catalyst, 12 mg
of Vulcan, 116 pL of neutralized Nafion, 100 pL of deionized
water, and 0.98 mL of IPA (>99.9%, Aldrich) with ultra-
sonication for at least 30 min. 3 pL of the catalyst ink was
deposited onto the GC electrode with a micro-syringe. The
resulting catalyst loading was 0.1 MQoxide cm 2 Prior to the
electrochemical measurements, a potential cycle from 0.7 to
1.0 V was applied in a N,-saturated 0.1 M KOH for 50 cycles
at a scan rate of 100 mV s* for electrochemical cleaning.
Subsequently, the cyclic voltammogram was obtained under
the same condition used for electrochemical cleaning, except
for the change in the scan rate of 20 mV s for 3 cycles.
Linear sweep voltammetry (LSV) curves for the ORR were
obtained by cycling the potential from 1.1 to 0.2 V in an O,-
saturated 0.1 M KOH solution with O, purging at different
rotating speeds. The anodic and cathodic sweeps for the ORR
were averaged in order to correct the capacitive-current
contribution.** The ORR measurement was independently
repeated three times, and the averaged currents were used.

For the evaluation of four-electron selectivity, the potential
of the Pt ring was fixed at 1.3 V (vs. RHE) during LSV scans
for the ORR. The number of electrons transferred was
calculated by the following equation:

This journal is © The Royal Society of Chemistry 2013

4
Ir

N X1,
Here, Ip, Ig, and N are the disk current, the ring current and the
collection coefficient, respectively. The value of N was
measured in 1 M KNO; + 2 mM K;Fe(CN)g at a rotating
speed of 1000 rpm, and was determined to be 0.47.

The four-electron selectivity was also assessed by Koutecky-
Levich equation:

n=
1+

11 1 1 1
I Ix I, Ix  0.62nFADY*v-1/6C,w1/?
Here, I, I, and Ik are the measured current, the diffusion-

limited current and the kinetic current, respectively. F is the
Faraday constant. (9.65 x 107 mA s mol™1), A is the GC disk
area. (0.126 cm?), Dy is the diffusion coefficient of O, in 0.1
M KOH solution (1.9 x 1075 cm? s71), v is the kinematic
viscosity of 0.1 M KOH. (0.01cm?s™t), Co is the
concentration of O, in 0.1 M KOH. (1.2 X 1076 mol cm™3),
and w is the rotation speed of the unit in radian per second.***’

Before electrochemical impedance spectroscopy (EIS)
measurement, the potential was cycled from 0.7 to 1.0 V for
50 cycles in Nj-saturated 0.1 M KOH solution. Then,
impedance spectra were obtained in O,-saturated 0.1 M KOH
at the fixed potential of 0.7 V (vs. RHE) in the frequency
range varying from 10 kHz to 0.05 Hz.

3. Results and discussion

J. Name., 2013, 00, 1-3 | 4
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Fig. 4 XRPD patterns of converted manganese oxides.

3.1. Synthesis of Mn-MOF precursor

We began with the synthesis of the Mn—MOF precursor. A
solvothermal reaction of Mn(NQOs),-4H,0 and aliphatic ligand,
meso-butane-1,2,3,4-tetracarboxylic acid (H,BuTC), in N,N-
dimethylacetamide (DMA) solvent at 100 °C for 24 h afforded
yellowish leaf-shaped crystals of [Mn,(BuTC)(DMA),], (Fig.
1 and 2). Single-crystal X-ray crystallographic data*® (Fig. 2
and S1f and Tables S11 and S27) revealed that Mn-MOF is
constructed with Mn,(COQO), paddle-wheel clusters as
secondary building units interconnected by BuTC ligand to
form a 2-dimensional layer. In the Mn-MOF, each Mn" ion is
coordinated with four oxygen atoms of four different BuTC
ligands in the equatorial positions and an oxygen atom of a
DMA molecule at the axial position to show a square-
pyramidal coordination geometry. Four carboxylate groups of
four different BuTC ligands bridge between the two Mn"
centers in a syn-syn bidentate mode, forming a paddle-wheel
shaped SBU. The Mn-Mn distance in a SBU is 3.051(1) A.
Each BUTC* acts as a tetra-bidentate bridging ligand by
coordinating to eight different Mn'" centers. The shortest
interlayer distance is 3.8 A, based on the van der Waals radii.
The XRPD pattern of the [Mn,(BuTC)(DMA),], showed good
agreement with the simulated pattern (Fig. S27). In the TGA
trace of the as-synthesized Mn-MOF in N, atmosphere (Fig.
S31), the two coordinating DMA molecules per formula
(IMny(BuTC)(DMA),],) were removed over the range 200—
300 °C, and decomposition of Mn-MOF ensued above
~400 °C.

3.2. Conversion Reactions of Mn-MOF into Manganese
Oxides and Their Characterization.

We explored the conversion reactions of Mn-MOF into
manganese oxides. Based on the above TGA result, we first
heated as-synthesized Mn-MOF under N, flow to 550 °C and

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Monitoring structural transformations from MnO to manganese oxides
with higher oxidation numbers. XRPD patterns for MnO before and after heat
treatment at various temperatures (a) in a box furnace with a ramping rate of
5 °C min * and (b) in a tube furnace under oxygen flow of 100 mL min* with a
ramping rate of 1 °C min%. (c) XRPD patterns of MnO after heat treatment at
350 °C in a tube furnace under oxygen flow of 100 mL min ! and with different
ramping rates of 1 °C min™%, 3 °C min™*, and 5 °C min™™.

maintained this temperature for 12 h to achieve complete
thermal decomposition of the MOF structure (see the
Experimental Section for details). Scanning electron
microscope (SEM) images of pristine Mn-MOF and converted
black powder revealed a pseudomorphic conversion process
(Fig. 1). The converted material was nanoporous, as its cross-
sectional SEM and TEM images (Fig. 3a and d) clearly
showed the macropores and mesopores, respectively. The
TEM image revealed that the frameworks of the converted
material were composed of small nanoparticles of ~5 nm. A
high-resolution (HR) TEM image of this material (Fig. 3d,
inset) exhibited distinct lattice fringes indicating the highly
crystalline nature of these nanoparticles. The XRPD pattern of
the converted material identifies its structure as single-phase
cubic manganosite (MnO), which is coincident with JCPDS
No. 71-4748 (Fig. 4, bottom). The cubic MnO phase could be
confirmed by its electron diffraction pattern (Fig. 3d, inset) as
well. The crystalline size of MnO nanoparticles, calculated by
applying the Scherrer equation to the (200) reflection, was 5.0
nm in diameter. The elemental analysis revealed that the
nanoporous MnO contained residual carbon (18 wt%) and
nitrogen (0.6 wt%).

Using the nanoporous MnO that has the lowest oxidation
state among the manganese oxide structures as a precursor, we
further carried out sequential conversion reactions under an
oxidizing environment to generate manganese oxides with
higher oxidation states. First, nanoporous MnO was heated in

J. Mater. Chem. A., 2014, 00, 1-3 | 5
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Fig. 6 Nitrogen adsorption—desorption isotherms of converted manganese
oxides.

ambient air. The XRPD patterns monitored at incremental
heating temperatures (Fig. 5a) indicated that the
transformation of cubic MnO into a tetragonal spinel-phase
hausmannite-Mn;04 (JCPDS No. 24-0734, hereafter Mn30,)
started at 100 °C, and the latter phase was maintained up to
300 °C. At 350 °C, several new peaks started to appear in the
XRPD pattern, which corresponds to bixbyite Mn,O; (JCPDS
No. 73-1826). Further heating to >450 °C yielded the pure
phase of Mn,03;. Meanwhile, conversion reactions under a
more oxidative environment allowed for the stabilization of
metastable intermediate MnsOg; we found that the nanoporous
MnO can be transformed into a pure, layered MnsOg phase by
way of MnzO, phase, when it was heated to 350 °C under
oxygen flow at a very slow ramping rate of 1 °C min™ (Fig. 5b
and c¢). The heating of MnO to the same temperature but with
higher ramping rates (3 or 5 °C min™) afforded a mixture of
Mn;O,4 and MnsOg phases instead of the sequential formation
of pure Mnz;O, and MnsOg phases (Fig. 5¢). Hence, the degree
of oxidation environment and the change of heating rate can
adjust oxidation states and purities of the resultant manganese
oxides.

Under the optimized experimental conditions based on the
above experiments, we could obtain MnzO, and MnsOg in
pure phases via pseudomorphic transformation of nanoporous
MnO (Fig. 1). Further examination of these two manganese
oxides with cross-sectional SEM and TEM images (Fig. 3b, c,
e and f) revealed that the nanoporous structure of MnO was
retained despite the structural transformation processes. The
crystalline sizes of Mn3;O4 and MnsOg, calculated by applying
the Scherrer equation to the (101) and (-201) reflections of
their XRPD patterns (Fig. 4), respectively, were 5.6 nm and
5.2 nm, similar to that of MnO. The crystallinity and pure
phases of nanoporous Mnz;O, and MnsOg were also confirmed
by their HR-TEM images and electron diffraction patterns
(Fig. 3e and f, insets),

6 | J. Mater. Chem. A., 2014, 00, 1-3
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Fig. 7 Mn 3s XPS spectra of converted manganese oxides. The blue asterisk
indicates the presence of low-valent (e.g. an) manganese species in MnsOs.

respectively. However, the Mn,0; showed a marked increase
in the nanocrystal size, from 5.0 to ~20 nm, regardless of the
reaction conditions such as the gas environment or heating
rate (Fig. 5a, b and S57). Hereafter, we will focus on the three
phases—MnO, Mn;04, and MnsOg—that have almost
identical textural properties, for further discussions of the
converted manganese oxides.

Fig. 6 shows the nitrogen adsorption—desorption isotherms of
the three manganese oxides, which feature type IV isotherms
with H3-type hysteresis loops over all three samples,
indicating well-developed mesoporosity. The highly porous
nature of the three nanoporous manganese oxides provide
similarly large Brunauer—-Emmett-Teller (BET) surface areas
(~145 m? g™*) and pore volumes (~0.3 cm® g™). The pore size
distribution curves obtained by BJH method exhibited similar
pores sizes (5 to 20 nm) of manganese oxides (Fig. S4t). The
detailed textural data are summarized in Table S3t. While the
N, adsorption data reveal similar porous properties of the
three manganese oxides, the X-ray photoelectron spectroscopy
(XPS) data clearly establish a marked difference in their
oxidation states (Fig. 7 and Table S4t). The Mn 3s XPS
spectra (Fig. 7) revealed that the position of the lower binding
energy peak gradually shifted to higher energy with the
increase in the oxidation number of the sample (MnO ->
Mn;O, > MnsOg), which is consistent with previous
results.**®*  This systematic peak shift results in a
corresponding decrease in the 3s multiplet splitting (AEs;) of
these manganese oxides (Table S47).

Nanoporous manganese oxides thus far reported have been
predominantly limited to those with high oxidation states such
as MnO, and Mn,03.2%%%% Toward the low-oxidation-state
manganese oxide, Bruce et al. prepared nanoporous Mn;O, by
reducing pre-synthesized nanoporous Mn,O3; with hydrogen
gas.®® Likewise, other nanoporous metal oxides with low

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Electrocatalytic activity of series of nanoporous manganese oxides for the
ORR. (a) LSV curves of nanoporous manganese oxides on glassy carbon
electrodes. (b) The numbers of electrons transferred at 0.4 V (vs. RHE) during
the ORR obtained from the RRDE measurements. (c) Plot of the number of
transferred electrons against potential during the ORR obtained by RRDE
measurement. (d) Koutecky-Levich plots at 0.4 V (vs. RHE). The dotted lines
show the theoretical slopes when two and four electrons are transferred
during ORR. The numbers in the parentheses indicate the number of
transferred electrons.

oxidation states, for instance, CoO and Fe;O,, could be
prepared by the reduction of the corresponding metal oxides
with higher oxidation numbers.®*®° In contrast, in our
approach, the oxidative conversion reactions of Mn-MOF
could sequentially generate nanoporous MnO, Mn3O4, MnsOg,
and Mn,03, by progressively increasing the degree of
oxidation. Significantly, our MOF-driven route enabled the
isolation of the low-oxidation-state MnO and metastable
intermediate  MnsOg as pure phases with nanoporous
nanocrystalline structures, which were previously rarely
attainable.’%2 In particular, to our knowledge, nanoporous
MnsOg with such a large surface area and well-developed
porosity is prepared for the first time.

We note that the transformations between different structures,
from cubic (MnO) to spinel (Mn30O,), and to layered (MnsOg),
occurred while preserving a nanoporous structure and textural
properties. As demonstrated in our recent work,®® the
conversion reactions exploiting aliphatic ligand-based MOFs
allow for the formation of thermally stable nanoporous metal
oxide frameworks that are composed of small nanoparticles.
In this approach, labile aliphatic ligands can act as self-
templates during the thermal conversion process, and finally
evaporate to generate nanopores. We also found that the
infinite coordination between inorganic and organic moieties
in the MOFs is critical for suppressing the aggregation of
metallic entities into large particles; instead, the thermal
conversion of a single coordination compound generated very
large agglomerates.® In this way, the prepared nanoporous

This journal is © The Royal Society of Chemistry 2014

Journal of Materials Chemistry A

manganese oxide frameworks are constructed with small (~5
nm) manganese oxide nanoparticles, which have a high
density of defects or grain boundaries. Compared to bulk
metal oxides, nanometer scale manganese oxide nanoparticles
could relieve or minimize the structural stress during the
transformations between different structures, which could lead
to a minimal change in their textural properties.

3.3. Electrocatalytic properties of hanoporous manganese
oxides for oxygen reduction reaction.

Among the transformed nanoporous manganese oxides,
Mnz;0,4 and MnsOg have nearly identical textural properties
(such as morphology, surface area, and crystallite size of
framework nanoparticles) and are free of residual carbon, but
differ only in their oxidation states. As such, these two
manganese oxides can serve as a system for the study of the
oxidation state effect in catalysis. We investigated the
electrocatalytic properties of the two nanoporous manganese
oxides for the ORR (Fig. 8, S6+, and S7t), because the latter
is a key reaction in energy conversion devices such as fuel
cells and metal-air batteries. The LSV curves for the two

nanoporous manganese oxides (Fig. 8a), measured in 0.1 M
KOH electrolyte at a rotating speed of 1600 rpm revealed that
the nanoporous Mn3;O, had higher on-set potential (0.75 V vs.
RHE) and current density at 0.75 V (-0.26 mA cm™) than
those of MnsOg (0.73 V and -0.15 mA cm™, respectively). In
addition, nanoporous Mns;O,4 showed a higher limiting current
density than MnsOg. We note that nanoporous MnO showed
higher current density than the other oxides in the kinetic-
diffusion controlled region of the LSV curve (Fig. S8%). This
result does not correspond to the previous report where MnO
exhibited inferior ORR activity to Mn30,.%® We attribute this
higher activity of the nanoporous MnO to the presence of
residual carbon and nitrogen. The kinetic parameters of the
two catalysts for the ORR were deduced by measurement of
the ring currents during the ORR (Fig. 8b and c) and the
Koutecky-Levich analyses (Fig. 8d and S67). Results from
both the methods consistently indicated that the electron
numbers transferred by the nanoporous Mn;O, were higher
(3.8) than MnsOg (3.1~3.5). The excellent kinetics observed
for nanoporous Mn;O, could also be confirmed with its
smaller charge transfer resistance at 0.7 V in EIS data (Fig.
S7%).

Collectively, nanoporous Mns;O4 had higher diffusion-limited
current, electron transfer number, and lower charge transfer
resistance than those of MnsOg. For the ORR in alkaline
electrolyte, the most efficient way is direct four electron
transfer mechanism, which is, however, kinetically impeded
due to its high activation barrier. Instead, two-step mechanism
is favored, wherein oxygen is first reduced via two electron
pathway producing peroxide species (HO,") and the catalytic
decomposition of HO,™ produces half of oxygen molecule that
is further reduced. Importantly, rapidly repeated the latter
cycles lead to quasi-four-electron transfer mechanism.
Comparing the oxidation state of the two manganese oxides,
spinel Mn;O, structure consists of Mn cations with +2 and +3
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oxidation numbers, whereas layered MnsOg has +2 and +4
oxidation states. The decomposition of HO, can be facilitated
by facile redox mechanism between +2 and +3 Mn cations on
the surface of MnzO, structure.®* Such enhanced HO,
decomposition results in quasi-four-electron transfer with
nanoporous Mn;O,4. It is suggested that the disparity in
framework structure between Mn;O, and MnsOg could also
contribute to the difference in their ORR activity. Layered
MnsOg is constructed with dense frameworks, which can
impede facile adsorption of oxygen molecules. In contrast,
spinel Mn;O, with relatively opened framework is favorable
for oxygen adsorption, thus expediting catalytic cycles.
Likewise, a recent study revealed that among a series of
calcium manganese oxides, Ca,Mn;0Og that has analogous
crystal structure to MnsOg thus exhibited lowest ORR
activity.®®

4. Conclusions

In summary, conversion reactions using Mn-MOF precursor
yielded a series of nanoporous manganese oxide structures via
sequential transformations. Significantly, this transformative
route allowed for the preparation of low-oxidation-state (MnQO)
and metastable intermediate (MnsOg) phases while having
nanoporous architecture, which were otherwise difficult to
synthesize. Additionally, this method enabled facile structural
transformations between different manganese oxide structures
while preserving their structural properties. In comparative
investigation of the electrocatalytic activity of nanoporous
manganese oxides, Mns;O, showed better ORR activity and
kinetics than nanoporous MnsQOg, demonstrating an important
role of oxidation state for enhanced performance for the ORR.
Together with our recent work,® conversion reactions
exploiting aliphatic ligand-based MOFs have been
demonstrated as a versatile route to nanoporous metal oxides
with nanocrystalline frameworks. This work, in particular, has
shown that this transformative route can enable the
preparation of nanoporous architectures with unexplored
compositions. We envisage that further investigations into the
MOF-driven conversion reactions can enrich the composition,
structure, and function of nanoporous metal oxide materials.
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