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ABSTRACT: Manganese oxide nanomaterials hold promise for sustainable Mn2*
nanotechnologies given their utility for a variety of applications, the Earth’s >R
abundance of manganese, and their low toxicity relative to other onto hematite
nanomaterials. However green scalable synthesis methods for such
nanomaterials are needed. We report here a green room-temperature

synthesis of polycrystalline Mn;O, nanowires. In this procedure, aqueous

Mn(II) is oxidized under circumneutral conditions by atmospheric oxygen in

the presence of nanocrystalline iron oxide (@-Fe,O;), an inexpensive catalyst, @Wn(ll) oxidation
and a classic biochemical Good’s buffer, PIPES (piperazine-N,N'bis(2- i:i?amfé:o:;;
ethanesulfonic acid). The synthesis method is novel due to its simplicity,

minimal energy input and waste output, and potential scalability. The Mn;0,

nanowires have been characterized with a suite of electron microscopy

techniques.
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B INTRODUCTION to produce nanomaterials according to green chemistry
principles. We have considered for our investigation Mn;O,
nanowires, as nanowires are of particular interest for their
application in device technologies. With regards to Mn;O,
nanowires, a variety of synthetic methods have been developed
that frequently entail hydrothermal techniques, often carried
out at high temperature and pressure in the presence of
solvents, concentrated acids, bases, and templates.ls_22 A few
of the major disadvantages of high-temperature nanowire
synthesis methods include their high cost of fabrication and
scale-up challenges to produce larger amounts of nanowires.”
Researchers have begun to examine greener szntheses of
Mn;O, nanomaterials, via sol—gel processes®*** and ionic
liquids,”®*” but most of these methods still involve post-
treatment at higher temperatures.”>*”**

As an alternative to such methods, we present in this letter a
room-temperature synthesis of Mn;O, nanowires solely from
water and manganese salt, catalyzed by iron oxide (a-Fe,Os,
also known as hematite) nanocrystals in the presence of a
classic biochemical buffer, PIPES (piperazine-N,N'-bis(2-
ethanesulfonic acid). We describe our characterization of the

Manganese oxide nanomaterials potentially hold great promise
for sustainable nanotechnology. In addition to being of high
interest for a variety of applications, they are based upon Earth-
abundant elements, as manganese is the twelfth most abundant
element on the planet and the third most common transition
element after iron and titanium.' Indeed, recent examples
demonstrate the potential for manganese oxides, including
nanomaterials, to replace technologies based upon scarce
elements such as platinum catalytic converters for automobile
emissions.” ™ Manganese oxides also are generally lower
toxicity compounds than other materials upon which nanoma-
terials are commonly based, such as various chalcogenides. One
of the manganese oxides of interest for multiple technologies
and the focus of this study is Mn;O, also known as
hausmannite. Mn;O, is a mixed valence oxide that has been a
promising candidate for a range of applications including use as
catalysts, 1% microwave absorption materials,"! sensors,"
supercapacitors,">™'* and anode materials."® Mn;0, nanostruc-
tures could also potentially be used as precursors for the
production of LiMn,O, a material used for battery
manufacturing.'”
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Mn;0, nanowires with conventional and high-resolution
electron microscopy, X-ray diffraction, and electron energy
loss spectroscopy and atomic force microscopy.

B EXPERIMENTAL SECTION

All chemicals used were of ultrapure analytical grade. Glassware was
cleaned by soaking in 10% (v/v) HCl overnight followed by five rinses
with deionized water and ultrapure water (18.2 MQ cm resistivity)
prior to use. The iron oxide nanocrystal catalyst was synthesized by
forced hydrolysis of an acidic ferric salt solution (Fe(NO;);-9H,0,
Fisher Scientific, 99.4% pure, ACS grade) according to one of the
methods described by Schwertmann and Cornell.” Briefly the method
involves aging of a ferric nitrate solution at 98 °C for 7 days followed
by dialysis to remove residual salts. The iron oxide catalyst was
characterized by transmission electron microscopy (TEM) (Figure
S1A, Supporting Information), X-ray powder diffraction (XRD)
(Figure S1B, Supporting Information), and Mdssbauer spectroscopy
(Figure S2, Supporting Information) prior to the experiment.
Mobssbauer spectroscopic measurements at room, liquid nitrogen (77
K), and near liquid He (42 K) temperatures were obtained to
investigate oxidation and coordination states of Fe environments in
the catalyst to determine the purity of the iron oxide phase. Details of
the sample preparation for XRD and MGossbauer spectroscopy are
included in the Supporting Information. The synthesis was as follows:
20 mg of the iron oxide nanocrystals and 1 mL of (1 M stock) PIPES
buffer [piperazine-N,N"-bis(2-ethanesulfonic acid)] were added to 50
mL ultrapure water (18.2 MQ cm resistivity). The pH was adjusted to
7.5 by adding a few drops of 0.5 M NaOH or HCIL. Under magnetic
stirring, the formation of Mn;0O, nanowires was initiated by adding an
aliquot of aqueous MnCl, (Sigma-Aldrich; 1 M stock) to the iron
oxide nanocrystal suspension to bring the reaction mixture to an initial
Mn(II)aq concentration of 0.001 M. The drift in pH was monitored at
regular intervals prior to every sampling and adjusted using 0.5 M
NaOH when necessary. The synthesis was performed entirely at room
temperature under oxic conditions. Mn(II),q in the reaction mixture
was analyzed by the a modified formaldoxime spectrophotometric
method similar to that reported elsewhere.***' Details of the Mn(II)
analysis, assay conditions, and sample preparation for electron
microscopy are elaborated in the Supporting Information.

Scanning electron microscopy (SEM) images were acquired using
the LEO-Zeiss 1550 SEM with a Schottky field-emission gun using an
accelerating voltage of S kilovolts (kV), working distance of S mm, and
an in-lens detector. All TEM work, including high-resolution TEM
(HR-TEM), scanning TEM (STEM)-high angle annular dark field
(HAADF) imaging, electron diffraction with nanometer size parallel
beam illumination, electron tomography, and energy dispersive X-ray
spectroscopy (EDS) was carried out using a FEI TITAN 300 operated
at 300 kV. Electron energy loss spectroscopy (EELS) spectra and Fe,
Mn, and O elemental maps were recorded by means of a Gatan
(Warrendale, PA) imaging filter (GIF-Tridiem 863) controlled by
Gatan Digital Micrograph software. X-ray powder diffraction was
performed on a Rigaku Miniflex X-ray powder diffractometer using
monochromated Cu Ka radiation to identify the manganese oxide
phase in the synthesized product. Further details of sample preparation
and analysis are provided in the Supporting Information. The Mn;0,
nanowires were also imaged using a Veeco multimode atomic force
microscope (Veeco Metrology, Santa Barbara, CA) in the tapping
mode. Analysis of the AFM images was carried out using the Digital
Instruments, NanoScope IIla software. Details of the sample
preparation for AFM measurements and instrument settings are
provided in the Supporting Information.

B RESULTS AND DISCUSSION

The iron oxide catalyst (Figure S1A, Supporting Information)
synthesized by forced hydrolysis of ferric nitrate yielded pure
hematite as confirmed by powder X-ray diffraction (Figure S1B,
Supporting Information) and Mossbauer analysis (Figure S2,
Supporting Information). The absence of other peaks in the X-
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Figure 1. Aqueous Mn(II) oxidation catalyzed by iron oxide
(hematite) nanoparticles. Error bars represent the standard deviation
between replicate experimental runs.

Figure 2. (A) High-resolution TEM image of the Mn;O, nanowire
exhibits lattice fringes. Insert shows a FFT pattern of the HRTEM
image. (B) TEM image of a thin section of an aggregate shows the
prismatic cross section of three nanowires. Insert demonstrates
elemental composition (EDS) of one of the nanowires. The Cu and
C signals in the EDX are due to the carbon-coated copper grid that
was used for TEM analysis and the Os, Cl, and Si signals are due to the
resin that was used for ultra microtomy.

ray diffractogram is indicative of a pure hematite phase. The
derived MG0ssbauer spectral parameters at all tested temper-
atures are in agreement with the hematite reference and
indicative of a pure phase. The catalytic activity of iron oxide
nanoparticles is evident by their propensity to oxidize aqueous
Mn(II)** under oxic conditions. As shown in Figure 1, Mn(II)
oxidation is complete over a course of 48 h in the presence of
iron oxide. In the absence of iron oxides, the concentration of
Mn(II),, remains relatively constant indicating the importance
of surface catalysis in the formation of Mn;O,. The XRD
powder diffraction pattern taken from the suspension after
complete Mn(Il) oxidation confirmed the presence of
hausmannite (Mn;O,) and hematite (Fe,O;) (Figure S3,
Supporting Information). HR-TEM images of the reaction
mixture after complete Mn(II) oxidation reveals Mn,O,
nanowires that are approximately 7 nm in diameter (Figure
2A). This is consistent with AFM measurements that indicate a
similar vertical distance (7.2—7.5 nm) for individual or isolated
nanowires (Figure S4, Supporting Information). Lattice fringes
are observed along the length of the nanowire indicating its
crystalline nature. Selected area electron diffraction (SAED)
analysis of the sample (data not shown) and fast Fourier
transform (FFT) analysis (Figure 2A insert) of the HR-TEM
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Figure 3. (A) TEM image of rhombohedral iron oxide nanoparticles
and MnO, nanowires. (B) Iron (Fe L, ; edge) EELS map highlighting
the iron oxide nanoparticles. (C) Mn (Mn L,; edge) EELS map
highlighting the Mn;O, nanowires. (D) Oxygen (O K edge) EELS
map highlighting both the iron oxide and Mn;O, nanowires.

images indicate the presence of lattice spacings matching those
of Mn;0,, specifically hausmannite (space group: 14,/amd;
lattice constant: a = b = 5.765 A and ¢ = 9.442 A). Variations in
the FFT pattern along the length of the nanowire suggest a
gradual change in the crystallographic orientation relative to the

wire’s longitudinal axis presumably due to twisting of the wire
along its length. Cross sections of the Mn;O, nanowires are
seen in the microtomed thin section (Figure 2B). The three
nanowires that are seen between two iron oxide particles in the
middle of the TEM image exhibit a prismatic geometry.
Elemental analysis (EDS) on the cross section of a nanowire
(circled) indicated that the nanowires are composed mainly of
Mn and O (Figure 2B insert). All three nanowires showed
identical chemical composition. EELS mapping of a field
containing multiple Mn;O, nanowires highlights Mn and O
(Figure 3).

SEM images taken at various times during an experiment
demonstrate the growth of Mn;O, nanowires with time (Figure
4). The Mn(Il) oxidation product exhibits a transient short
rod-like morphology between 4 and 12 h after initiating the
reaction. These nanorods grow longer with increasing
abundance in 24 h, beyond which the fibers seem to exhibit
flexibility, evident from bending of the longer nanowires as
shown in the SEM images (Figure 4). As expected from the
solution chemistry shown in Figure 1, Mn;O, nanowires were
not observed in the control experiments lacking the iron oxide
catalyst (Figure SS, Supporting Information).

The iron oxide catalyst used during Mn;O, nanowire
synthesis does not undergo any phase transformation
(confirmed by Mbssbauer spectroscopy, data not shown)
suggesting that it could be potentially reused for synthesizing
Mn;0, nanowires contingent upon the development of a
method to separate the iron oxide catalyst nanoparticles from
the reaction mixture. Alternately, the iron oxide (Fe,O;) and
Mn;0, nanowire mixture could be useful for the mechano-
chemical synthesis of manganese ferrite that is used in the
electronic industry and as starting material for manufacturing

1 Hour

12 Hours

2 Hours

4 Hours

Figure 4. Formation and growth of Mn;O, nanowire as seen by SEM. All images are at the same magnification with the scale bar shown in the top

left image panel.
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ceramics.>® The mechanism of heterogeneous Mn(II) oxidation
is believed to be composed of several elementary steps. The
oxidation of Mn2+aq proceeds fast when surfaces such as iron
oxides are available for Mn(II) sorption. The oxygen atoms
from dissociated hydroxyl groups on the iron oxide surfaces are
capable of donating electron density to adsorbed Mn(II)
species thus encouraging the transfer of electrons from Mn(II)
to O,. Consequently, the adsorbed Mn(II) oxidizes to Mn(III),
which eventually becomes incorporated into a growing
manganese oxide precipitate as the reaction proceeds by the
autocatalytic mechanism. The mechanism of Mn(II) oxidation
in the presence of iron oxide surfaces has been extensively
discussed by Madden and Hochella.*”

The origin of a nanowire morphology for the Mn;0,, which
has not been previously observed for Mn oxidation catalyzed by
hematite®* nanocrystals, may potentially lie in the use of PIPES
as a buffer. Xie and co-workers reported the formation of
branched gold nanoparticles, as opposed to spherical nano-
particles, in the presence of Good’s buffers** with a piperazine
moiety (including PIPES). They also reported the formation of
gold nanoflowers in the presence specifically of HEPES (a
Good’s buffer with similarities to PIPES).*® It was inferred that
differential adsorption of buffer molecules onto different crystal
faces could cause the growth of nonspherical structures.”*
Additional prior work exploring the use of buffers in gold
nanoparticle synthesis has indicated via voltammetric measure-
ments that buffers, including Good’s buffers, can adsorb
strongly to gold surfaces.*® The influence of the PIPES buffer
on crystal growth in the present system is unknown, and future
work is needed to systematically investigate the effect of PIPES
and related buffers on the growth and morphology of the
Mn;0, nanowires.

In summary, we have presented a room-temperature
synthesis of Mn;O, nanowires, solely using manganese
chloride, water, iron oxide nanoparticles as a catalyst, and a
buffer (PIPES). The synthesis is conducted in air, with
atmospheric oxygen acting as the oxidizer in the reaction.
Electron microscopy and diffraction indicate that the nanowires
produced are solid (not hollow) and highly crystalline. With a
limited number of precursor ingredients, water as the primary
solvent, minimal energy input, and minimal waste output, these
results suggest an exciting approach in green nanomaterials
synthesis to be further explored.
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