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Abstract

The present study investigated the solid products of heterogeneous catalytic oxidation of aqueous Mn(II) by O2 in the pres-
ence of hematite nanoparticles (NPs) using transmission electron microscopy (TEM), scanning TEM (STEM), and electron
energy-loss spectroscopy (EELS). The oxidation experiments were conducted at room temperature (22 ± 2 �C) in solutions 
containing 10�3 M Mn(II) at pH 7.5 in the dark. During 48 h of reaction, a single-phase manganite (a Mn oxyhydroxide) 
nanowire was formed by way of metastable groutite and feitknechtite nanowires, both of which are polymorphs of manganite.
Between 48 and 168 h, the manganite further altered to core-shell structured nanowires with hausmannite (a mixed valent Mn
oxide) forming a very thin (2 nm) outer-shell on the manganite wire core. The formation of Mn-oxyhydroxide nanowires was
catalyzed by the hematite NPs surface through electrochemical pathways. This is described via the electron transfer across a
redox couple from adsorbed Mn(II) to another site with adsorbed O2 via the band structure of the semiconducting hematite. 
On the other hand, the Ostwald step rule was operative in the sequential crystallization from metastable groutite and feit-
knechtite to stable manganite, which could have resulted from the differences in the surface free energies, sizes, and morpholo-
gies of product polymorphs at the nanoscale. The final product (at least in the time range of our experiments) exhibited
manganite/hausmannite core-shell structures. This product is most likely to be formed by the reactions catalyzed by the man-
ganite nanowires themselves. Microscopic investigation of interfacial changes in structure and chemistry at the nanoscale is
key, and it can be essential to understand the kinetic and thermodynamic phenomena related to the redox chemistry and phase
stability of nanoparticles in complex, heterogeneous systems such as natural environments.
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1. INTRODUCTION

Manganese (Mn) is the 12th most abundant element in
the Earth’s crust (and therefore considered a minor ele-
ment), but its (oxyhydr)oxides play a significant role in
the geochemical cycling of elements in near-surface envi-
ronments (e.g. Stumm and Morgan, 1996; O’Reilly and
Hochella, 2003; Hochella et al., 2005a, b; Luther, 2016).
Divalent Mn(II) is stable in solutions under relatively acidic
and anoxic conditions without carbonate, sulfide, and
phosphate ions, and therefore often mobile through soils
and sediments. On the other hand, tri- and tetravalent
Mn ions, Mn(III) and Mn(IV), are unstable as aqueous spe-
cies and precipitate as (oxyhydr)oxides (called Mn oxides
hereafter for simplicity) under oxic conditions. Oxidation
of Mn(II) proceeds very slowly in homogeneous systems,
if at all, with no help from biotic or abiotic catalysts
(Diem and Stumm, 1984). Despite the importance of biotic
Mn oxidation in many geologic systems (e.g. Tebo et al.,
2004), nanomaterial surface-catalyzed Mn redox reaction
also influences the precipitation and dissolution in soils
and sediments (e.g. Madden and Hochella, 2005;
Hochella et al., 2005a, b). As the oxidation of aqueous
Mn (II) is catalyzed on the surfaces of nanomaterials in
soils and sediments, Mn oxides precipitate to form particles
and often films coating mineral grains and fracture surfaces
in rocks. They often co-precipitate with other contaminant
elements including arsenic, chromium, zinc, and copper
(e.g. Hochella et al., 1999; O’Reilly and Hochella, 2003;
Hochella et al., 2005a, b; Villalobos et al., 2005a, b;
Grangeon et al., 2012). When the Mn oxides dissolve
and/or transform to other solid phases, the co-
precipitated contaminants will be released into the ambient
solution. Thus, the redox reactions of Mn are closely linked
to the geochemical cycling of the other elements in soils and
sediments.

Fe (oxyhydr)oxide (Fe oxide hereafter) nanoparticles
(NPs) are a common constituent of soils and sediments
(Cornell and Schwertmann, 2003). They often coexist with
Mn oxides (e.g. Jambor and Dutrizac, 1998, and references
therein). Numerous laboratory studies have been per-
formed to characterize the adsorption and oxidation behav-
ior of Mn (II) on various Fe oxides (e.g. Sung and Morgan,
1981; Davies and Morgan, 1989; Junta and Hochella, 1994;
Madden and Hochella, 2005; Wang et al., 2015; Lan et al.,
2017). It has been shown that the presence of Fe oxide NP
surfaces accelerates the oxidation of Mn(II) in solutions,
and consequently the precipitation of Mn oxides. The rate
of adsorption-oxidation of Mn was significantly greater
on the surfaces of semiconducting materials such as hema-
tite, goethite, and ferrihydrite than on those of insulating
albite, amorphous Al(OH)3, and montmorillonite (Junta
and Hochella, 1994; Lan et al., 2017). The surface-
catalyzed Mn(II) oxidation by Fe oxide NPs is linked to
the semiconducting nature of Fe oxides, as described by
the electron transfer (ET) process between Mn(II) and Fe
oxide NPs (Madden and Hochella, 2005; Chernyshova et
al., 2011a, b; Lan et al., 2017).

Different types of product Mn oxides can be obtained,
depending on the experimental conditions such as temper-
ature, pH, Mn concentration and the size of catalyst NPs
(e.g. Bricker, 1965; Hem and Lind, 1983; Junta and
Hochella, 1994; Wang et al., 2015; Lan et al., 2017). In
addition, it is suggested that the product Mn oxide struc-
ture could be altered in response to continuous interac-
tions with the surrounding aqueous Mn(II) ion bearing
solution (e.g. Hem and Lind, 1983; Lefkowitz et al.,
2013; Frierdich et al., 2016). Previous studies mainly
focused on the macroscopic characterization of product
Mn oxide structures and trend in describing the structural
transformations. Comparatively little attention has been
paid to the direct observation of each single particle. In
the case where particle sizes are in the nanoscale, the sur-
rounding environment has a greater impact on the struc-
ture of nanomaterials (Banfield and Zhang, 2001). This
means that the final nanoscale Mn oxide products are
influenced by the reactions between the catalyst NP and
adsorbed Mn(II) ions as well as those between the (inter-
mediate) product Mn oxides and surrounding solution.
The distinction between two types of nanoscale particle-
solution interactions has never been attempted in the pre-
vious studies. In the present study, the Mn oxidation
experiments were conducted in air-saturated solutions con-
taining hematite NPs at pH 7.5 and room temperature.
The morphology, structure and chemical composition of
individual particles of the product Mn oxide are character-
ized by transmission electron microscopy (TEM) and
scanning TEM (STEM) along with electron energy loss
spectroscopy (EELS). In this study, we elucidate the
nanoscale interfacial reaction starting at nanohematite cat-
alysts, and subsequently the reaction at the nanoscale Mn
oxide product with a special emphasis on the ET process
across the semiconducting NP.

2. METHODS

2.1. Synthesis of hematite NPs

All glassware was soaked in 5% (v/v) HNO3 solution
overnight followed by rinsing with the ultrapure water
(18MX cm; MilliQ) prior to the experiments.

Hematite NP catalyst was synthesized by the forced
hydrolysis of acidic ferric salt solution following the
method 1 in Schwertmann et al., 2000. Briefly, a 2 L of
0.002 M HNO3 solution in a glass Erlenmeyer flask was
brought to 98 �C in an oven. Under vigorous stirring, a
16.16 g of Fe(NO3)3�9H2O crystals (ACS reagent grade;
ACROS Organics) was added to the solution to bring the
ferric nitrate solution to an initial Fe concentration of
0.02 M. The solution was aged in the sealed Erlenmeyer
flask for seven days at 98 �C. Then, the solution was cooled
overnight and dialyzed using a dialysis membrane tube (size
27; Wako Pure chemical industries) to remove the residual
salts for four days using the ultrapure water. The density of
hematite NP suspension after the dialysis was 0.8 ± 0.05 g/
mL, which leads to the estimated concentration of 15.2%
(v/v). Synthesized hematite nanocrystals exhibited a rhom-
bohedral shape with 30–40 nm in diameter (Fig. 1). Other
Fe oxides such as ferrihydrite were not detected by TEM
and X-ray diffraction (XRD) (Fig. 1).



Fig. 1. (a) Powder XRD pattern of pre-reaction hematite NPs (b) HRTEM image of pre-reaction hematite NPs bounded by {1 0 4} family of
planes (c) SAED pattern showing the hematite [44

�
1
�
] orientation.
2.2. Mn oxidation experiments

A 20 mg of hematite NP suspension and 1 mL of 1 M
PIPES buffer (piperazine-N, N0-bis (2ethanesulfonic acid);
�99%; Sigma-Aldrich) were added to 50 mL of ultrapure
water in a 50-mL polypropylene centrifuge tube. The PIPES
buffer, a classic biochemical buffer, was used to keep pH at
7.5 and minimize the drift in pH. To the best of our knowl-
edge, neither reduction nor oxidation of Mn oxides by the
PIPES buffer has not been reported in the previous study.
Hence, we assumed that the PIPES buffer has no or negligi-
ble influence to the experiments. A pH of 7.5 was chosen for
this study because the solubility of hematite is lowest at this
pH value (Baes and Mesmer, 1976). The concentration of
PIPES buffer was 0.002 M, and the estimated concentration
of hematite NP was 1.1 � 10�3% (v/v). The pH of the sus-
pension was adjusted to 7.5 by adding a 1 M NaOH and/
or HCl solution. A 50 mL of 1 M MnCl2 solution (MnCl2�
4H2O; ACS reagent grade; Sigma-Aldrich) was then added
to the suspension under stirring. The initial Mn(II) concen-
tration was 0.001 M. This Mn(II) concentration was chosen
to depict the pathway of Mn oxide precipitation via meta-
stable phases, and the interactions between Mn(II)aq and
product Mn oxides over a wide range of Mn(II) concentra-
tion. The reaction mixture was continuously stirred either
by magnetic stirrer or tumbler mixer for up to168 h (seven
days). During the synthesis, the reaction mixtures were cov-
ered by aluminum foil or a Styrofoam box to minimize the
photocatalytic effects. The drift in pH was monitored at reg-
ular intervals and adjusted to 7.5 by adding a few drops of
1 M NaOH and/or HCl solution if necessary. In most cases,
the reaction mixtures experienced a noticeable pH drop to
�7.3 at the lapse of reaction time, 2 and 24 h, and hence a
few mL of NaOH solution was added to bring pH back to
7.5 each time. It should be noted that the identical reaction
products were obtained in the case where the drift in pH
was negligible and neither NaOH nor HCl was added to
the suspension. The experiments were conducted at room
temperatures (22 ± 2 �C). The suspension was collected for
the examination of solids at various time intervals: 2, 4, 8,
10, 12, 24, 36, 48, 120, and 168 h; each was dialyzed as soon
as it was taken out. The dialysis took four days to complete.
The same experimental runs were repeated three times to
verify the reproducibility of results.



The variations in Mn(II) and Fe concentrations in solu-
tion were not monitored in the present study. The data were
cited from Veeramani et al. (2013) who performed the
hematite surface-catalyzed Mn oxidation under the same
experimental conditions.

2.3. Characterization of product Mn oxides

The reaction products collected were examined by XRD,
scanning electron microscopy (SEM), and TEM. Powder
XRD was performed using a PANalytical Empyrean
X-ray diffractometer in reflection geometry with a Cu K a
(k = 1.54 Å) X-ray source and Bragg-Bretano HD diver-
gent beam optic. The incident beam path included a
0.02 rad Soller slit, 10 m beam mask, 1/2� fixed antiscatter
slit, and 1/8� fixed divergence slit. A 0.02 rad Soller slit
was used in the diffracted beam path. The suspension was
dropped on low-background Si wafer sample holders and
air-dried. The samples were rotated in place during the
analysis. Diffraction intensities were collected from 10 to
Fig. 2. Powder XRD pattern of synthesis product collected at 48 h
after the reaction was initiated. Gr: groutite; Hsm: hausmannite;
Ft: feitknechtite; Mng: manganite.

Fig. 3. Type of Mn oxides observed at different reaction times. First, se
indicate that only one particle was observed by TEM in that period.
70� 2h in approximately 0.0036� increments per second
using a GaliPIX3D area detector system (PANalytical)
operating in the line mode.

S/TEM samples were prepared by dropping an aliquot
of the dialyzed suspension on copper TEM grids coated
either by formvar or lacey carbon thin support film (Pacific
Grid Tech, TedPella and EMS). Some of the prepared S/
TEM grids were examined by a SEM (FEI Quanta 600
FEG) operated at 20 kV to survey macroscopic morpholo-
gies of solid phases. High resolution TEM (HRTEM) imag-
ing and selected area electron diffraction (SAED) analyses
were carried out by a JEOL JEM 2100 operated at
200 kV and a Thermo-Fisher (former FEI) Titan 80-300
operated at 300 kV. Energy dispersive X-ray spectroscopy
(EDS) analysis was performed by a JEOL JEM 60-mm2-
window silicon drift detector based EDS system equipped
on the JEM 2100. STEM analysis was done by the Titan
80-300. Electron energy-loss spectroscopy (EELS) and
energy-filtered TEM (EFTEM) analyses were carried out
on the Titan 80-300 equipped with a Gatan imaging filter
(GIF-Tridiem 863) controlled by Gatan Digital Micro-
graph. EELS spectrum imaging was carried out by a Gatan
imaging filter (GIF- Quantum ER) controlled by the Gatan
Digital Micrograph equipped on a JEOL JEM F200 S/
TEM operating at 200 kV. EELS spectrum images were
collected at the camera length of 30 mm, GIF entrance
aperture size of 5 mm, collection semi-angle (b) of 50 mrad,
and energy resolution (full width at half maximum of zero-
loss peak) of 0.2 eV.

The crystallographic calculations of the interface struc-
ture were done by the CrystalKit software (Total Resolu-
tion). Multi-slice image simulations were performed using
the MacTempas software (Total resolution). The values
for the spherical aberration and spread of defocus were
set to 1.2 mm and 80 Å, respectively. The structure model
for manganite was monoclinic P21/c, a = 0.5304 nm,
b = 0.5277 nm, c = 0.5304 nm, a = c = 90� and
b = 114.38� (Kohler et al. 1997) and that for hausmannite
cond and third stages are marked in the figure. Thick dotted lines



was tetragonal I41/amd, a = b = 0.576 nm, c = 0.943 nm,
and a = b = c = 90� (Aminoff, 1926).

3. RESULTS

3.1. Overview of reaction products

No solid Mn oxides were identified by XRD and TEM
in the solutions collected during the first two hours of reac-
tion. After four hours of reaction, six types of nanoscale
Mn oxides were identified: wire-shaped groutite (a-
MnOOH), feitknechtite (b-MnOOH) and manganite
Fig. 4. TEM and STEM images of Mn oxide NPs. (a) Aggregates of sphe
image of (a). A single hausmannite NP is highlighted. (c) FFT pattern
hausmannite [0 2 1

�
�: (d) The IFFT image of c. (e, f) TEM image (e) a

manganite (Mng) nanowires. The inset in (f) shows the ED pattern of a
(c-MnOOH), manganite nanowires with a hausmannite
outer-shell (manganite/hausmannite core-shell nanowires),
spherical hausmannite (Mn3O4) NPs, and pyrochroite
(Mn(OH)2) flakes (Figs. 2 and 3). The formation of Mn-
carbonate minerals was not observed in the present study
in contrast to some previous studies (e.g. Junta and
Hochella, 1994; Chernyshova et al., 2011a, b). The product
Mn oxides are summarized as a function of different sam-
pling time in Fig. 3.

Mn oxide nanowires are the major products of this reac-
tion. Groutite and feitknechtite nanowires were formed
first, and then manganite nanowires were formed. Other
rical hausmannite NPs collected after 44 h of reaction. (b) HRTEM
from the vicinity of the highlighted NP in (b), corresponding to
nd HAADF-STEM image (f) of flaky pyrochroite (Pyr) NPs and
pyrochroite NP along [0 1

�
1
�
�.



Fig. 5. The distributions of length (a), diameter (b) and aspect
ratio (length/diameter) (c) of first, second and third stage
nanowires. The length and diameter were measured on the TEM
images of samples collected from the same experimental run. n:
number of nanowires examined.
than these products, small amounts of spherical hausman-
nite NPs and flaky pyrochroite were always identified in
the samples regardless of the sampling time (Figs. 3 and
4). The spherical hausmannite NPs usually aggregated to
form a 50–80 nm cluster (Fig. 4a). The SAED and fast
Fourier transform (FFT) patterns obtained from the aggre-
gate indicated that each particle of hausmannite is a single
crystal (Fig. 4b–d). The hausmannite NPs did not change in
size over the course of reaction. The sizes of single-crystal
pyrochroite flakes (Fig. 4e and f) were also constant
throughout the reaction. In contrast, the Mn oxide nano-
wires increased in size over 168 h of reaction (Fig. 5). The
Mn oxide products were seldom in contact with hematite
NPs. EDS analyses showed that the nanoscale Mn oxides
contained no trace of Fe. The spherical hausmannite aggre-
gates mentioned above should be distinguished from the
hausmannite outer-shell which formed on the surfaces of
manganite nanowire at the latest stage of reaction (dis-
cussed below).

3.2. Evolution of product Mn oxide nanowires

Based on the different structures of product Mn oxide
nanowires, the entire reaction can be divided into three
stages (Fig. 3), i.e., the first (4–48 h), second (48–120 h),
and third stages (120–168 h). SAED analyses revealed that
both groutite and feitknechtite nanowires were the charac-
teristic of the first stage of reaction (Fig. 6). The sizes of
nanowires ranged from 20–200 nm in length and 2–7 nm
in diameter as measured by TEM (Fig. 5). Groutite and
feitknechtite are known as metastable polymorphs of
MnOOH (Bricker, 1965; Fritsch et al., 1997). The structure
of groutite is composed of the edge-sharing double chains
of MnO6 octahedra which result in the 1 � 2 tunnel struc-
ture along <0 0 1> (Kohler et al., 1997). In comparison
with the known structure of groutite, the long axis of pro-
duct groutite nanowires was parallel to the <1 0 0> direc-
tion along the tunnel (Fig. 5a and b). Feitknechtite is
considered to have a layer structure which is isotypic with
pyrochroite (Bricker, 1965). Identification of feitknechtite
nanowires was done by comparing the d-spacing measured
on a ring SAED pattern (Fig. 5d) and the peak positions in
powder XRD patterns (Fig. 2) with the data reported by
Bricker (1965).

At the second stage of reaction, the single-phase man-
ganite nanowires became the major product instead of
groutite and feitknechtite (Figs. 3 and 7). Groutite and feit-
knechtite associated with manganite were scarcely observed
by TEM. Manganite is the most stable MnOOH poly-
morph (Bricker, 1965; Post, 1999). It has a deformed rutile
structure composed of the single MnO6 octahedral chains
showing a 1 � 1 tunnel structure along <1 0 1> (Kohler
et al., 1997). The product manganite nanowires exhibited
200 –1000 nm in length and 10–20 nm in diameter
(Fig. 6). The length of nanowires varied among repeated
experimental runs, whereas the diameter was almost con-
stant. The continuous lattice fringes along the long axis of

manganite nanowires corresponded to a set of (1 1 1
�
) planes

(Fig. 7c). It is known that the long axis of manganite is par-
allel to the <1 0 1> (Kohler et al., 1997), and thus the pro-
duct manganite nanowires were elongated along the tunnel
(Fig. 7a and d).



Fig. 6. (a) Bright field (BF) images of 36-h groutite nanowires. The groutite [001] is indicated by the arrow. (b) A SAED pattern of the
highlighted area in (a), showing groutite [1 1 0]. (c) 24-h feitknechtite nanowires. (d) A ring SAED pattern of (c). The d-spacings of rings in nm
are shown, which corresponds to the feitknechtite reported by Bricker (1965).
The major product at the third stage exhibited the man-
ganite/hausmannite core-shell structure (Fig. 3). The entire
surface of the manganite nanowires, including the wire tips,
was covered by a 2–3 nm thick outer-shell (Figs. 8 and 9).
The core-shell nanowires could not be distinguished from
the single-phase manganite nanowires only by their mor-
phology (Figs. 7 and 8), but it was possible to determine
the nature of the core/shell structure by very careful
HRTEM and EELS examinations. In addition, the outer-
shell could be identified as a Mn oxide by EDS analyses.
The FFT pattern obtained from the core part of mangan-

ite/hausmannite nanowire displayed the [1 2 1
�
] zone axis

with the long axis parallel to [1 0 1] and the (1 1 1
�
) lattice

fringes (Figs. 8 and 9). The (1 1 1
�
Þ lattice fringes with a

spacing of 0.34 nm run along the sidewall of manganite
nanowires (Fig. 8b). The FFT pattern from the outer-
shell exhibited the lattice fringes of 0.29 nm almost perpen-
dicular to the side wall of the nanowire (Fig. 8b). The FFT
pattern was obtained from the vicinity of the interface
between outer-shell and core-nanowire (Fig. 8c). Fig. 8d
shows the interface in the inverse FFT (IFFT) image of
Fig. 8c. To highlight the interface, the diffraction spots
related to the outer-shell structure (marked in Fig. 8c) are
excluded using a twin-oval masking tool on the Digital
Micrograph software (Fig. 8d). The IFFT image generated
from the Fig. 8d revealed that the 0.34 nm lattice fringes
were not continued in the outer-shell (Fig. 8e). The FFT
patterns from the outer-shell and core-nanowire in the dif-
ferent core-shell nanowire are compared (Fig. 9). In the
outer-shell FFT pattern, there are diffraction spots which
are not seen in that of core-nanowire (Fig. 9a). These spots
cannot be explained by the manganite structure, but can be

explained by the hausmannite structure, specifically [01 2
�
�.

It should be noted that the core-shell structure was only
observed in the manganite nanowires collected after 48 h.
3.3. Determination of Mn oxidation states

As mentioned above, the HRTEM analyses suggested
that the third stage product is manganite/hausmannite
core-shell nanowires. The average Mn oxidation states were
determined by EELS spectrum imaging which acquired a
series of EELS spectra from regions of 100 pixels � 50 pix-
els across the sample with a pixel resolution of 1 nm/pixel.
An annular dark field (ADF)-STEM image of the corre-
sponding area showed that there were two types of nano-
wires in the field of view (Fig. 10a). Core-loss EELS
spectra were extracted from a 2 nm � 22 nm area in the
respective core-nanowire (box 4) and outer-shell (box 1)
of a 168-h nanowire marked in the Fig. 10a. In Fig. 11a,



Fig. 7. (a) TEM image of 48-h nanowires and its SAED pattern (inset). The SAED pattern was obtained from the area indicated by the dotted
circle and corresponds to manganite ½2 0 2

�
�. (b) HRTEM image of single-phase manganite nanowire. (c) The magnified image of area in b

indicated by the solid square exhibiting the lattice fringes which correspond to a set of manganite (1 1 1
�
Þ planes (0.34 nm). (d) FFT pattern

of the square area in (b) showing manganite [1
�

2 1�.
two peaks (p1 and p2) located between 530 and 550 eV cor-
respond to the O-K absorption edge, which represents the
transition from oxygen 1 s1/2 state to molecular orbitals
with oxygen 2p character (Kurata and Colliex, 1993). The
Mn-L2 and -L3 edges appeared between 640 and 660 eV
(Fig. 11b). They represent the electronic transitions from
Mn 2p1/2 and 2p2/3 states to molecular orbitals with 3d
character (Kurata and Colliex, 1993). The separation
between two O-K peaks, the chemical shift of Mn-L2,3

peaks, and the Mn L2 to L3 white-line intensity ratio (I
(L3)/I(L2)) are known to reflect the average Mn oxidation
state in Mn oxide compounds (Rask et al., 1987; Paterson
and Krivanek, 1990; Kurata and Colliex, 1993; Tan et al.,
2012). The O-K and Mn-L2,3 edges shape in the core-
nanowire spectrum was in good agreement with the man-
ganite spectra reported in the previous studies (Rask
et al., 1987; Tan et al., 2012). Compared to the core-
nanowire spectrum, the decrease in the O-K peaks separa-
tion, increase in the I(L3)/I(L2) ratio, and chemical shift
of Mn-L2,3 peaks toward the lower energy side were visible
in the outer-shell spectrum (Fig. 12). The characteristics
indicate that the outer-shell has lower average Mn oxida-
tion state than the core-nanowire; thereby it is most likely
hausmannite (Tan et al., 2012).
The spatial distribution of Mn oxidation states was
mapped using the multiple linear least squares fitting
method (MLLS) (Leapman and Swyt, 1988). MLLS can
be used to fit a number of reference spectra and/or model
to a dataset (Maigné and Twesten, 2009). The MLLS rou-
tine fits reference spectra to a dataset and tells how much of
each reference spectrum is present. When applied to spec-
trum imaging, this method can provide not only the relative
contribution of the reference spectra but also the distribu-
tion of them. The Mn-L2,3 edges shown in Fig. 11b were
used as the reference spectra for Mn(II, III) (Fig. 10b)
and Mn(III) (Fig. 10c) in the present study. The Mn(II,
III)-bearing phase, i.e. hausmannite, was localized at the
periphery of nanowires (Figs. 10b and 12c). The thickness
was about 3 nm, which was consistent with the thickness
of the outer-shell measured on the HRTEM images
(Fig. 9). These results strongly support that the outer-
shell has the hausmannite structure.

In summary, the MnOOH nanowires produced in the
present experiments experienced structural conversion from
metastable groutite and feitknechtite to stable manganite in
the first 48 h of reaction. The single-phase manganite sub-
sequently altered to manganite/hausmannite core-shell
nanowire.



Fig. 8. (a) HRTEM image of 168-h manganite/hausmannite core-
shell nanowires. (b) Magnified image of area indicated by the
dotted square in (a). The lattice fringes run along the long axis of
the nanowire (0.34 nm) and also perpendicular to the sidewall of
the nanowire (0.29 nm). (c) FFT pattern from the core-shell
nanowire. The spots associated with the 0.29 nm lattice fringes are
highlighted. (d) IFFT image of (c). The interface between outer-
shell and core-nanowire is indicated. (e) FFT pattern after the spots
highlighted in (c) are excluded by twin-oval mask. (f) IFFT image
of (e). It is clear that the 0.34 nm lattice fringes are not present in
the outer-shell.
3.4. Relationships between hematite NP catalysts and

MnOOH nanowires

The hematite NPs used as a catalyst have a rhombohe-
dral morphology bounded by either the {1 1 0} or {1 0 4}
facets with particle sizes of 30–40 nm (Fig. 1b and c). No
significant changes in the morphology and crystal structure
of hematite NPs were recognized throughout the reaction.
No crystalline Mn oxide phase was identified by SAED of
the post-reaction hematite NPs. Neither dissolution of Fe
was observed in solution (Veeramani et al., 2013). The only
change observed on the post-reaction hematite NPs was
that they were covered by a thin layer of solid mater which
is brightly imaged in the TEM images (Fig. 13). The pres-
ence of Mn on hematite NP aggregates was confirmed by
EDS analyses regardless of the sample collection time.
When the distribution of Mn in the hematite NP aggregates
was more closely examined by EFTEM elemental mapping
(Ahn, 2004; Egerton, 2011), the Fe (Fe-L2,3 edge) map high-
lighted the sharp rhombohedral outline of hematite NPs,
whereas the outline of aggregate highlighted on Mn (Mn-
L2,3 edge) and O (O-K edge) maps was somehow blur and
in agreement with that of the brightly imaged outer layer
in TEM image (Fig. 13). Measuring the diameters of two
NPs which appeared not to be overlapped with others
(for example, marked NP1 and 2 in Fig. 13), the diameters
measured on the Mn and O maps were larger than those on
the Fe map (Table 1). The diameter on the Mn and O maps
was coincident with those including the brighter contrast
outer layer. The diameter on the Fe map matched with
the size of darker contrast NPs. This trend and brightly
imaged outer layer in the TEM image were observed in
other post-reaction hematite NP aggregates as well.

The supplementary experiments of Mn oxidation in the
absence of hematite NPs was conducted in the dark. No
MnOOH nanowire was formed in the absence of hematite
NP. However, when small amounts of NaOH were added
to the solutions, pyrochroite flakes were formed. This was
consistent with previous experimental results (Veeramani
et al., 2013) in which no formation of Mn oxide nanowires
was recognized in the solutions without having catalyst
hematite NPs, as well as no change in the Mn concentration
in solution during the elapsed reaction time.

4. DISCUSSION

4.1. Role of hematite NPs as catalysts in the Mn oxidation

The EFTEM elemental imaging exhibited the presence
of Mn on the post-reaction hematite NPs (Fig. 13), indicat-
ing that adsorption-oxidation of Mn occurred on the sur-
faces of hematite NPs during reaction. Mn(II) oxidation
catalyzed by the hematite NP surfaces has been described
as the ET process between Mn(II) and O2 adsorbed on
the surfaces (e.g. Junta and Hochella, 1994; Madden and
Hochella, 2005; Chernyshova et al., 2011a,b; Lan et al.,
2017). Different mechanisms for the ET process have also
been proposed. Chernyshova et al. (2011a,b) proposed that
the hematite surface-catalyzed Mn(II) oxidation in the dark
can be described as the ET process at the semiconductor-
electrolyte interface. Hematite is an n-type semiconductor
with electrons as carriers (Gardner et al., 1963;
Chernyshova et al., 2010; Wang et al., 2011). In the
n-type semiconductor, the Fermi level (EF) lies just below
the conduction band edge energy (ECB) (Fig. 14a). Because
the ET across the semiconductor-electrolyte interface
occurs through a narrow distribution of energies near the
bottom of the conduction band edge at the interface ECB,
the distributions of filled or empty energy levels of redox
couples should match the positions of the conduction band
at the interfaces (Morrison, 1990).

The electrochemical energetics in the present system are
schematically illustrated in Fig. 14. The band gap energy
(Eg) of hematite NPs (particle sizes of 30–40 nm) used in
this study was assumed to be 2.55 eV at pH 7.5 from the
Tauc-Mott plot in Chernyshova et al. (2010) who deter-
mined Eg of hematite NPs with a diameter of 38 nm. In
addition, assuming that the electronic properties of present
hematite NPs are similar to those of a polycrystalline hema-



Fig. 9. (a) HRTEM image of 168-h manganite/hausmannite core-shell nanowire. The thickness of the outer-shell layers is shown. The FFT
patterns are from the manganite core-nanowire showing [1 2 1

�
] (labeled 1) and hausmannite outer-shell showing [0 2 4

�
] (labeled 2). (b)

Magnified image of the manganite/hausmannite interface indicated by a dotted square in (a). The schematic diagram is the simulated
HRTEM image of the interface showing the atomic structure of the proposed interface shown in (b), drawn using VESTA software (Momma
and Izumi, 2011).
tite electrode (Chernyshova et al., 2011a), the flat band
potential (Ufb) and the energy gap between EF and the bot-
tom of the conduction band are �0.019 V on the standard
hydrogen electrode scale (SHE) and 0.29 eV at pH 7.5,
respectively (Kennedy and Frese, 1978). The absolute
energy of SHE is �4.44 eV, and the absolute vacuum scale
(eV) is related to the conventional electrochemical potential
Eh (V) by the relation: E(eV) = Eh(V vs SHE) + 4.44
(Morrison 1990). The Ufb corresponds to the position of
EF of semiconductor at the flat band condition, which
equals the intrinsic EF of semiconductor. The ECB at flat
band condition is �0.31 V (vs SHE).

Here, the overall Mn(II) oxidation is represented by
reaction (1)
Mn2þ
aq þ 1

4
O2aq þ 3

2
H2O ! MnOOHc þ 2Hþ: ð1Þ

The reaction (1) can be split into two half-reactions of oxi-
dation (2) and reduction (3):

Mn2þ
aqþ2H2O ! MnOOHcþ3Hþþe- ð2Þ

and

O2aq þ 4Hþ þ 4e� ! 2H2O ð3Þ
where subscripts aq and c stand for the aqueous and crys-
talline phases, respectively. The redox potential of O2/
H2O redox couple (reaction (3)) at pH 7.5 is 0.77 V (vs
SHE). It is also calculated from the Nernst equation that
the redox potentials of the redox couple c-MnOOH (man-



Fig. 10. (a) ADF-STEM image of the area where the spectrum
images were obtained and shown in (b) and (c). (b, c) Results of
MLLS fitting using the outer-shell (b) and core-nanowire (c)
spectra. Mn-L2,3 edges obtained from box 4 and 1 indicated in (a)
are used for the MLLS fitting of (b) and (c), respectively. The
arrows indicate the boundary between two nanowires. The contrast
profiles of b and c are extracted from a line shown in a. The scale
bars in the upper right of the images are 10 nm. Box 18 is referred
to in Fig. 12.
ganite)/Mn2+ are 0.29 V (vs SHE) at pH 7.5, using the ther-
modynamic data in Bard et al. (1985). Taking the uncer-
tainty in the thermodynamic parameters of fine-grained
metastable phase (Navrotsky, 2001) into account, only
manganite/Mn2+ redox potential will be considered below.

In the presence of dissolved O2 in electrolyte, the oxygen
is preferably adsorbed on the most negatively charged
facets on hematite, and can further be reduced (McAlpine
and Fredlein, 1983). In Fig. 14a, the relative positions of
the ECB and the redox potential of the half-reaction (3)
allow the adsorbed O2 to be reduced by capturing free elec-
trons in hematite (Chernyshova et al., 2011a, b). Such inter-
facial ET generates a space charge layer in the
semiconductor, and results in the conduction and valence
band bending (Fig. 14b). Electrons flow from semiconduc-
tor hematite to the adsorbed oxygen until the equilibrium is
attained between semiconductor and redox couple (3) at
which the EF of the semiconductor is equal to the redox
potential of O2 reduction. The resulting downward shift
of EF makes the ET from Mn(II) to hematite possible
(Fig. 14b). The ET can be caused by the surface states-
mediated catalytic reaction by the electrons tunneling
across the interfacial barrier under strongly electron-
depleted conditions (Morrison, 1990; Chernyshova et al.,
2011a, b). When electrons are injected into the semiconduc-
tor, these electrons are moved away from the Mn(II)
adsorbed on the anodic surface sites by the potential drop
in the space charge layer toward the O2 adsorbed cathodic
surface sites where oxygen consumes the electrons
(Fig. 14b). Thus, the net reaction (1) can proceed via the
electrochemical route which is promoted by n-type semi-
conductor hematite.

Another proposed ET mechanism involves the inner-
sphere adsorption of Mn(II) on the Fe oxide surfaces which
promotes the oxidation of Mn(II) by reducing the activa-
tion energy for ET which results in the ET between com-
plexed Mn(II) and O2 (Davies and Morgan, 1989; Stumm
and Morgan, 1996). For the semiconducting NPs, the ET
process is achieved by the direct injection of electrons
between Mn(II)aq and the conduction band of semicon-
ducting NPs (Schoonen and Strongin, 2005). Such an inter-
facial catalytic pathway considers that the reduction and
oxidation half-reactions occur at the same adsorption site
or neighboring adsorption sites. In this study, the mangan-
ite/Mn2+ redox potential (reaction (2)) is below the ECB,
suggesting that the direct electron injection into the conduc-
tion band of the semiconductor is unlikely to happen (Xu
and Schoonen, 2000). In order to clarify the mechanism
of the ET process, further consideration on the electro-
chemical properties of catalyst NPs and product Mn oxides
will be necessary.

4.2. Role of hematite NPs in the formation MnOOH

structures

When the redox potentials of the manganite/Mn2+ with
those of a-MnOOH (groutite)/Mn2+ (0.35 V (vs SHE)) and
b-MnOOH (feitknechtite)/Mn2+ (0.49 V (vs SHE)) are
compared, the latter two are positioned below the redox
potential of manganite/Mn2+ redox potential, indicating
that the formation of manganite may be easier to achieve.
This electrochemical consideration apparently contradicts
the present experimental results in which groutite and feit-
knechtite formed first, not manganite. It is suggested that
the incipient formation of metastable groutite and feit-
knechtite may be controlled by different mechanisms from
the hematite-catalyzed Mn(II) oxidation. The possible
mechanism of metastable groutite and feitknechtite forma-
tion will be discussed in the next section. According to the
previous studies in the absence of hematite (Stumm and
Giovanoli, 1976; Hem and Lind, 1983; Murray et al.,
1985; Kirillov et al., 2009), hausmannite precipitated first
and subsequently altered to manganite with aging when
Mn(II) in solutions with similar Mn(II) concentration and
pH to the present study was oxidized in the presence of
O2 at room temperature. On the other hand, the precipita-
tion of feitknechtite and groutite was observed when the
experiments were conducted under similar chemical condi-
tions but at different temperature (near 0 �C) (Hem and
Lind, 1983). In this study, the hausmannite NP aggregates



Fig. 11. Core-loss EELS spectra of the O-K edge (a) and Mn-L2,3 edge (b) extracted from the outer-shell and core-nanowire. The outer-shell
and core-nanowire spectra were extracted from boxes 1 and 4 in Fig. 10(a), respectively. The O-K edge onset energy in (a) is 529.6 eV for
outer-shell and 529.3 eV for core-nanowire. The Mn-L3 onset energy and I(L3)/I(L2) ratio in (b) is 639.3 eV and 2.8 for outer-shell, and
639.7 eV and 2.3 for core-nanowire.
did not change in size, shape and structure during the reac-
tion, suggesting that they are not the precursor of mangan-
ite nanowires. Rather, TEM results indicated that the
feitknechtite and groutite appear to be a precursor of man-
ganite nanowire. This conclusion is consistent with the
results of Mn(II) oxidation on the surfaces of hematite by
Junta and Hochella (1994). In their case, the feitknechtite
was directly precipitated and no hausmannite formation
was observed. Comparing the results in the previous studies
without hematite with those in this study and Junta and
Hochella (1994), it is concluded that the hausmannite for-
mation at intermediate stages is skipped by the presence
of hematite NPs.

In the present study, no crystalline Mn oxide phase was
found on the surfaces of hematite NPs after reaction even
with the use of tumbler mixers which was able to supply
gentle stirring to reaction mixtures. On the other hand,
Junta and Hochella (1994) observed the precipitation of a
feitknechtite layer on cleaved hematite surfaces. It remains
unsolved whether such difference in modes of occurrence of
the products is due to the influence of the size of hematite
catalyst or the stirring. However, the adsorption of Mn
on the surfaces of hematite NPs revealed by EDS analyses
and EFTEM mapping suggested that the hematite NPs not
only catalyze Mn(II) oxidation, but also provide a site for
at least initial nanowire formation.
4.3. First stage formation of groutite/feitknechtite and their

transformation to manganite

TEM observations indicated that the groutite and feit-
knechtite nanowires are formed by way of manganite nano-
wire formation. The thermodynamic equilibria for the three
MnOOH polymorphs are illustrated in Fig. 15a using reac-
tion (1). The differences in the solubility of solid phases pre-
dict that when the oxidation of Mn(II) proceeds in the
solution with 10�3 M Mn and pH 7.5, the MnOOH would
precipitate in the order of feitknechtite, groutite, and man-
ganite with Mn(II) concentration decrease. This thermody-
namic prediction is nearly concordant with the present
observations. Such sequential crystallization of polymorphs
may be explained by the Ostwald Step Rule. Whether or
not the Ostwald Step Rule is operative in the system is
ascribed to the differences in the nucleation rates of thermo-
dynamically stable and metastable phases (Markov, 1995).
The differences in nucleation rates among different poly-
morphs are related to the surface free energies and their
morphologies at the given reaction conditions. In general,
the metastable phases have smaller surface free energies
than stable phases, which leads to crossovers in the stability
of polymorphs at the nanoscale (Navrotsky et al., 2010;
Navrotsky, 2011). Feitknechtite has a layer structure
(Bricker, 1965), while groutite and manganite have tunnel



Fig. 12. The cross-sectional profiles of I(L3)/I(L2) ratio (a) and O-
K peaks separation (b). The numbers (1, 4 and 18) indicate the
positions of boxes in Fig. 10(a). Arrows indicate the interface
between two nanowires shown in Fig. 10. (c) The contrast profiles
of the phase maps in Fig. 10(b) (Mn(II,III)) and (c) (Mn(III)). The
horizontal axis shows the distance from the bottom of the maps.
structures (Kohler et al, 1997). From the structural points
of view, topotactic transformation from a layered structure
to a tunnel structure may be possible as seen in the
vernadite-to-todorokite transformation (Bodeı̈ et al.,
2007). On the other hand, the structural conversion from
groutite (1 � 2 tunnel) to manganite (1 � 1 tunnel) requires
the reconstruction of MnO6 octahedra associated with dis-
solution and recrystallization processes. Because the direct
contact between the MnOOH nanowire and hematite NPs
have not been observed in this study, how the ET on hema-
tite surfaces influence the crystallization and dissolution-
recrystallization processes are unclear. It is necessary to
quantitatively understand not only the kinetics of Mn oxi-
dation related to the ET on hematite catalysts, but also
the thermodynamics of product polymorphs with different
sizes and morphologies at the nanoscale.

4.4. Formation of hausmannite outer-shell on manganite core

The third stage of reaction was characterized by the
presence of manganite/hausmannite core-shell nanowires.
Hem and Lind (1983) documented that the hausmannite
nanocrystals precipitated on manganite wires at intermedi-
ate stages of Mn(II) oxidation toward the final Mn(IV)-
bearing oxide (i.e. pyrolusite, MnO2) in an open system
with respect to O2 gas. They considered that the formation
of hausmannite was attributed to the cyclic processes of
oxidation and disproportionation reactions. According to
TEM images presented by Hem and Lind (1983), their
pseudocubic hausmannite nanocrystals appear to be physi-
cally attached on the manganite needles. This morphology
is quite different from the core-shell structure observed in
the present study (Figs. 8 and 9). The formation of mangan-
ite is thermodynamically more favorable than that of haus-
mannite when decreasing the concentration of aqueous Mn
(II) at pH 7.5 (Fig. 15). This suggests that the formation
mechanism of the core-shell nanowire would be different
from the aforementioned cyclic oxidation and dispropor-
tionation process as proposed by Hem and Lind (1983).

Corrosive replacement of manganite by hausmannite is
another possible mechanism of the core-shell nanowire for-
mation. It can be described as the reductive transformation
of manganite under O2 depleted conditions:

2c�MnOOHc þMn2þ
aq ! Mn3O4c þ 2Hþ: ð4Þ

The thermodynamic equilibrium curve of reaction (4) is
also illustrated in Fig. 15. As the system becomes depleted
in Mn(II), the formation of hausmannite becomes unfavor-
able. Moreover, if the reductive transformation of reaction
(4) is the case, the core-shell structure must be a snapshot of
replacement processes by hausmannite which proceeds
toward the core of precursor manganite nanowire. Such
corrosive replacement is expected to proceed so as to main-
tain similar dimensions to the original nanowire. In our
experimental observation, however, the third stage nano-
wires became longer and wider than the second stage nano-
wires as the reaction proceeded (Fig. 6). The sharp interface
between hausmannite outer-shell and manganite core
(Fig. 9b) is unlikely to be achieved by inward replacement
(Putnis, 2009). Rather, the hausmannite outer-shell appears
to be in coherent contact with the surface of the core man-
ganite. These morphological features suggest that the core-
shell structure is not the product of corrosive replacement
by hausmannite after the precursor manganite nanowire.

Based on the FFT pattern analyses, the interface shown
in Fig. 9b is designated as the interphase interface between

manganite [1 2 1
�
] and hausmannite [0 1 2

�
]. A multislice

image simulation of the proposed interface has been per-
formed by assuming that the manganite (101) plane runs
parallel to hausmannite (2 0 0), and the two crystals are sep-

arated by manganite (1 1 1
�
) plane (inset of Fig. 9b). The

intersecting angle between (1 1 1
�
) lattice fringes of man-

ganite and (2 0 0) lattice fringes of hausmannite coincides
well with the obtained HRTEM image. Although it is diffi-
cult to confirm how two phases are terminated from the
obtained HRTEM image and to compare it with the simu-
lated image, the results of simulation indicate that the pro-
posed interface is likely coherent. Taking the structural
coherency into account, the formation of hausmannite
outer-shell appears to be catalyzed by the core manganite
nanowire itself. Unfortunately, the semiconducting proper-
ties of manganite are not available. The surfaces of man-
ganite nanowires are likely to be negatively charged at pH



Fig. 13. EFTEM O, Fe and Mn maps and the corresponding BF image of hematite NPs. The diameters of NP1 and NP2 measured on the
TEM image and elemental maps are summarized in Table 1. The double-headed arrows and single head arrows in the TEM image show the
‘‘inner” and ‘‘outer” diameters, respectively.

Table 1
The diameters of post-reaction hematite NPs measured on the
TEM image and EFTEM elemental maps in Fig. 13.

NP1 NP2

Diameter on TEM image (nm) Outer 33.4 39.1
Inner 25.7 22.3

Diameter on EFTEM map (nm) O-K map 32.5 37.9
Fe-L map 28.6 27.9
Mn-L map 32.3 37.9
7.5, inferred from the point of zero charge (Shaughnessy
et al., 2003). The negatively charged faces facilitate adsorp-
tion of aqueous Mn(II) ions remaining in the suspension.
Once Mn(II) is adsorbed on the surface, the manganite
would accept electrons from adsorbed Mn(II) and oxidize
it to form hausmannite, depending on the relative positions
of ECB and EF against the redox potential of hausmannite/
Mn2+ redox couple. Hausmannite is known as a p-type
semiconductor with holes as major carriers. If manganite
has n-type semiconducting properties (Weaver et al.,
2002), the ET from manganite to newly formed hausman-
nite would further accelerate the oxidation of adsorbed
Mn(II) by so-called p-n junction mechanism. Conclusively,
the observed structural features of core-shell nanowires are
possibly linked to an autocatalytic reaction related to the
semiconducting nature of manganite. Further studies on
the electrochemical ability of manganite nanowires would
help to determine the conversion mechanism.

4.5. Geochemical implications

The nanoscale direct observations of reaction products
have shown that the Mn oxides formed by the Mn(II) oxi-
dation in the presence of nanohematite surfaces are the pro-
duct of complex mechanisms relating to the ET between
Mn(II) and hematite, sequential crystallization and phase
transformation from metastable phases to stable phase,
and autocatalytic reactions between the product Mn oxides
themselves and Mn(II)aq. Although further clarification of
each process is desired, this study has emphasized the
importance of characterizing structural, chemical and mor-
phological changes of solid phase products to understand
the redox chemistry in the system. Besides the formation
mechanisms of Mn oxide nanowires, the geochemical
importance of finding manganite/hausmannite core-shell
nanowires should be emphasized. This particular occur-
rence has never been observed in laboratory experiments



Fig. 14. Schematic diagram of the interfacial energetics of a hematite NP at pH 7.5. (a) The positions of the conduction band edge, Fermi
level and valence band edge at the flat band condition. The Gaussian curve on the left depicts distributions of empty electron levels of
dissolved O2 with a typical reorganization energy of 1 eV (Finklea, 2007). The O2 adsorbed on the cathodic surface site is reduced by capturing
free electrons in the n-type semiconductor hematite. (b) The interfacial energetics when band bending is induced by the ET from hematite to
adsorbed O2. CB: conduction band, VB: valence band; Eg: band gap, EF: Fermi level, ECB: conduction band energy at the flat band condition,
EVB: valence band energy at the flat band condition, |EF – ECB(bottom)|: the energy gap between EF and the bottom of the conduction band.
until now. Further, this nanomaterial has never been
observed in the field, although Hochella et al. (1999)
reported the occurrence of hydrohetaerolite (a polymorph
of hausmannite, and a Zn, Mn oxide-hydrate mineral) in
the form of 5–10 nm wide nanowires growing in association
with the mineral ferrihydrite (a hydrous ferric oxyhydroxide
nanomineral). This nanowire occurrence was in a mine
drainage floodplain setting where hydrohetaerolite growth
helped immobilize toxic levels of Zn in a highly contami-
nated area.

The occurrence of mineral nanowires may be much more
common in nature than we presently realize. The discovery
of bacterial nanowires is a good example of demonstrating
how easily scientists can miss important natural nanomate-
rials without appropriate sample preparation and/or ana-
lytical techniques. The bacterial nanowire, an organic
filament-like electrically conductive appendage produced
by metal-reducing bacteria, had not been found/recognized
until recently because specimens need a specific preparation
that was not a routine method (Reguera et al., 2005; Gorby
et al., 2006). However, once these nanowires were recog-
nized, they have been increasingly found in various types
of microbes, and are now recognized as a key mechanism
that transfers electrons from bacteria to minerals (e.g. Shi
et al., 2016). Concerning minerals, morphologies described
as acicular, capillary, fibrous, filiform, or wiry all connote
mangannite-like morphologies. Although such morpholo-
gies are not exactly extensively common in the mineral
world, they are not uncommon either. As sample prepara-
tion and TEM characterization of intact sediment, soil,
and wetland samples become more common and routine,
it is likely that more nanominerals and mineral nanoparti-
cles with nanowire morphologies will be described.

Nanominerals and mineral nanoparticles with different
shapes can lead to the formation of preferred reaction sites
due to their shape or surface anisotropy. Navrotsky (2011)
exemplified ZnO nanorods as having a higher surface
energy than ZnO nanoparticles. Even though the shape
effects of nanomaterials are acknowledged, how shape of
nanoscale minerals influences the efficiency of reactions
with the surrounding environment has not been thoroughly
explored. This situation is partly because shape is difficult
or effectively impossible to garner using high through-put
analytical techniques such as solution analysis or powder
XRD. High resolution SEM, TEM, and atomic force
microscopy (AFM) imaging remain the best tools for gain-
ing precise size and shape information.

Core-shell structured nanomaterials also seem to be rare
in nature, but again, simply because it is difficult to observe,
it may be, in reality, very common, or at least not rare.
Moreover, as such nanoscale structural heterogeneity will
be most practically and reliably observed by advanced
TEM techniques, they are likely to be found much more
frequently than presently assumed in nature. In our study,
the formation of the hausmannite outer-shell completely
changes what the solution sees; the manganite–Mn(II)aq
interactions becomes hausmannite–Mn(II)aq interactions.
The nanoscale characterizations by HRTEM and analytical
TEM became crucial to construct a complete picture of the
reactions between this nanoscale mineral and its surround-



Fig. 15. (a) Theoretical log(aMn(II)) versus pH stability lines of
reaction (1) with different MnOOH polymorphs. (b) Stability lines
for reaction (1) with manganite, reaction (4) with hausmannite, and
also with Mn(II) oxidation into hausmannite expressed in reaction
(5) as Mn2þ

aqþ 1
6
O2aqþH2O ! 1

3
Mn3O4c

þ2Hþ# (5). The condi-
tions at the beginning of reaction ([Mn2+] = 10�3 M, pH 7.5) and
after 48 h of reaction ([Mn2+] = 10�7 M, pH 7.5), estimated from
Veeramani et al. (2013), are also shown in the figure. Thermody-
namic data are cited from Bard et al. (1985) and Bricker (1965).
The activity coefficient of Mn2+ is 0.87 (Stumm and Morgan 1996).
The calculation was done assuming [O2aq] = 10�3.55 M at total
pressure of 1 atm and 25 �C. Gr: groutite, Ft: feitknechtite, Mng:
manganite, Hsm: hausmannite.
ing environment. Although these two minerals were not
used in an extensive experimental aqueous Pb sorption effi-
ciency study of a number of Mn-oxides (O’Reilly and
Hochella, 2003), it was clear from this study that Pb sorp-
tion efficiencies vary dramatically depending on the Mn-
oxide species, and its size, shape, exact composition, and
so on.
This study shows that the structure of Mn oxide nano-
wires changes continuously as a result of both
nanohematite- and self-catalyzed Mn(II) oxidation. The
formation of a 2–3 nm thick hausmannite outer-shell on
the manganite nanowires observed in this study will change
the redox chemistry and phase stability in the system sug-
gesting that the self-catalytic reactions are as important as
the nanohematite-catalyzed reactions. Characterization of
nanoscale interfacial changes in structure and chemistry
of nanoscale minerals will help in the understanding of
kinetic and thermodynamic phenomena in natural
environments.
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