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Environmental significance

Photochemically facilitated todorokite
nanoparticle formation in circumneutral pH
environments

+2° Zhenwei Gao *a

Haesung Jung, 12 and Young-Shin Jun
The formation of Mn oxides and their reactivities affect electron flows and important redox-sensitive
element cycles in nature. Thus, understanding the formation of nano-Mn oxides provides critical
information about Earth's redox systems. Natural Mn oxides mostly occur with both layered and large
tunneled (todorokite) nanostructures. However, while biotic/abiotic processes well explain how the layered
structures form, the widespread occurrence of tunneled todorokite nanomaterials in nature remains
puzzling owing to the difficulty in reproducing their formation under environmentally relevant conditions.
Here, we show that todorokite forms directly via the oxidation of Mn®*(aq) by superoxide generated from
photochemical reactions under circumneutral aqueous conditions. We also explore that Mn(in) plays a key
role by accommodating Mg(OH)* through charge compensation, with Mg(OH)* acting as a framework unit
in the formation of nanoscale todorokite. This study suggests a new paradigm for the homogeneous
formation of todorokite, which has been hitherto believed to be a secondary mineral phase resulting from
diagenesis of layer-structured Mn oxides, under environmentally relevant conditions. In addition, our
findings suggest a sustainable and facile pathway for the synthesis of todorokite nanostructures with

potential applications in energy storage and catalysis.

Natural nanostructured Mn oxides play a pivotal role in controlling environmental redox processes, with their nanoscale crystalline structures strongly
governing the redox reactivity. However, the origin of various crystalline structures of Mn oxides remains elusive. This study reveals a new mechanism for
the homogeneous formation of todorokite (a tunnel-structured MnO,) via abiotic oxidation of Mn*>*(aq). Our findings challenge the longstanding view that
todorokite forms only through slow, high-temperature transformations of layer-structured Mn oxides. This report shows that todorokite nanostructure can

form directly at circumneutral pH, suggesting a potential pathway that explains its widespread occurrence in various environments. This insight has
implications for more accurately predicting the fate and transport of Mn oxides and their reactivities towards contaminants in environmental systems.

Introduction

The manganese oxidation states (Mn(u), Mn(m), and Mn(wv))

oxides can provide valuable evidence about planetary
environmental conditions, such as the presence of oxygen on
early Earth and Mars.”'® For these reasons, gaining a deeper

play critical roles in redox cycles of natural elements, organics,
and heavy metals in environmental systems.'™ Together with
the profound roles of Mn redox cycles in carbon cycles and
photosynthesis, the fundamental understanding of electron
and energy flow of Mn oxide nanomaterials has received
highlights in environmental chemistry and energy
applications.”® In addition, thanks to the high reduction
potential of Mn (~500 mV, Mn>*/Mn(v)O,), natural nano-Mn
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understanding of the formation of Mn oxide nanostructures
can not only shed light on the redox chemistry in
environmental systems but also facilitate the design of
engineered Mn oxides with tailored redox properties.

In nature, Mn(im/v) oxides form through the oxidation of
Mn*'(aq). studies investigated the abiotic
homogeneous oxidation of Mn>"(aq) by dissolved O, under
circumneutral pH conditions in the dark to explain the
ubiquitous formation of Mn oxides in environmental
aqueous systems."’* The studies showed that Mn(OH),(aq)
serves as the key reactive species controlling oxidation
kinetics in the dark. For the abiotic heterogeneous oxidation
of Mn**(aq) by dissolved O, in the dark, previous work
examined bidentate complexation of Mn*(aq) on the surface
of minerals, such as iron oxides, aluminum oxides, etc.'*™*3

Previous
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However, both abiotic homogeneous and heterogeneous
oxidations of Mn?'(aq) are typically sluggish reactions
compared to biotic processes.”'*'"'>'® preceding studies
estimated the relative rates of abiotic homogeneous, abiotic
heterogeneous (surface-catalyzed), and biotic oxidation of
Mn>‘(aq) in representative natural waters to be on the order
of 1:10:1000.>" Furthermore, the oxidation rate of Mn>"(aq)
in natural waters is similar to that of biotic processes.'”> From
the observed fast biotic oxidation of Mn**(aq) and its
ubiquity in natural systems,'® biotic processes have often
been believed to be the dominant contributors to the
formation of natural Mn oxide nanomaterials. Interestingly,
recent studies have revealed a new mechanism of the rapid
oxidation of Mn*'(aq) via reaction with superoxide (0,7),
which is generated through abiotic photochemical or
extracellular biotic processes.'”?°?* The studies further
demonstrated that abiotic oxidation of Mn>(aq) to Mn(iv) by
superoxide occurs under environmentally relevant conditions.
Given the ubiquitous presence of superoxide in terrestrial
and marine systems,>**® the equally abundant abiotic
oxidation of Mn**(aq) in nature can be more important than
we have considered in elucidating the formation of natural
Mn oxides and the electron discharge of natural Mn oxides to
maintain redox reactivity in nature.'”>*>"2¢

Previous reports on the fast oxidation of Mn**(aq) by biotic
processes or superoxide have shown only the formation of
layer-structured nano-Mn oxides (i.e., phyllomanganate).>*"*’
In natural systems, however, todorokite (ie., a tunnel-
structured Mn oxide, tectomanganate) is as common as layer-
structured Mn oxides.*® Todorokite's large tunnels incorporate
a wide variety of elements, including alkalis, transition metals,
and rare earth metals,> and its unique structure is of interest
in environmental remediation and energy applications.**!
The formation of todorokite in solution has not been well
elucidated in environmentally relevant systems. The most
widely investigated pathway for the formation of todorokite has
been via the phase transformation of layered Mn oxides.>*>"**
Moreover, the phase transformation of layer-structured Mn
oxides to todorokite in laboratory systems has been achieved
mostly under elevated temperature conditions or with pH
values outside circumneutral conditions, which are far from
natural environments.>***** Considering that todorokite is
found ubiquitously under natural low temperature
conditions, such as in deep sea Mn nodules and the
oxidized zone of terrestrial Mn deposits,*® the widespread
occurrence of todorokite remains an outstanding puzzle in
geoscience and environmental science. Lately, using an
electrochemically driven process, Jung et al (2020) showed
transformation of layered Mn oxide to todorokite under
room temperature and neutral pH conditions.® Even so,
because this result still reflects a phase transformation
pathway and provides limited insight into direct formation
mechanisms, it remains unclear whether todorokite
formation in nature occurs exclusively through phase
transformation or can also proceed via direct formation
during the oxidation of Mn>*(aq).
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Studies have explored the direct formation of todorokite
through the oxidation of Mn*'(aq) on engineered materials.
Heo et al. (2025) reported the heterogeneous formation of
todorokite on fluorine-doped tin oxide (FTO) via
electrodeposition at pH values above 8.*> Nevertheless, this
electrochemical approach cannot be directly applicable to
explain todorokite formation in natural environments. On
the other hand, Jung et al (2021) demonstrated the
heterogeneous formation of todorokite on TiO, through
photocatalytic oxidation of Mn**(aq) by superoxide, but this
process is still representative of engineered systems rather
than natural environmental conditions.*® To examine more
environmentally relevant conditions, Gao et al. (2025) studied
photochemically induced oxidation of Mn*'(aq) to form
todorokite in high initial pH solution.’” In that study, the
solution pH was not strictly controlled and gradually
decreased from pH 9 to pH 6, as the addition of pH buffer
would have interfered with Mn>'(aq) oxidation and altered
Mn oxide speciation. To further assess the environmental
relevance and ubiquity of todorokite formation, a systematic
investigation under circumneutral pH conditions (between 7
and 8) is necessary.

To address the knowledge gaps discussed above, in this
study, we examined the direct homogeneous formation of
todorokite nanostructures through the oxidation of Mn**(aq)
under the environmentally relevant conditions. Unlike our
prior work, this novel formation pathway occurs at
circumneutral pH (between 7 and 8) maintained by manual
titration in the presence of Mg>*, a common cation in natural
and synthetic todorokite nanomaterials that occupies the
tunnels as a large hydrated cation.”®*®*° In what follows, we
analyze this newly revealed todorokite formation mechanism
in detail and discuss its possible occurrence in
environmental systems. We employ a comprehensive
characterization suite, including synchrotron based X-ray
absorption spectroscopy (XAS) and X-ray diffraction (XRD)
data, to identify detailed todorokite nanostructures. This
study complements our earlier high pH work by revealing a
distinct, circumneutral pH formation route driven by
photochemically generated reactive oxygen species.

Materials and methods
Materials and solution preparation

Chemicals used in this study were at least American
Chemical Society grade. Experimental solutions for all
conditions were prepared with 100 uM MnCl, (Beantown
Chemical) and 1 mM NaNO; (J.T. Baker), representing
freshwater conditions. In addition to freshwater conditions,
we also investigated saline water conditions. To mimic the
oxidation of Mn*‘(aq) in seawater, 500 mM NaCl (VWR
Chemicals BDH), 50 mM MgCl,, and 10 mM CaCl, were
added. All chemicals were dissolved in deionized water
(resistivity = 18.2 OM cm). To investigate the effect of pH on
the formation of Mn oxides, two different pH programs were
tested: either the pH was adjusted to between 7 and 8 every

This journal is © The Royal Society of Chemistry 2026
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30 min, or an initial pH 6 was used, without further pH
adjustment. To clarify the effect of aqueous species on the
formation of todorokite, a control experiment was conducted
at an initially adjusted pH value of 9, using 10 mM NaOH,
without further pH adjustment during the photochemical
oxidation. The experiments at initially adjusted pH value of 6
or 9 show pH drops through the photochemical reaction (Fig.
S1). Because of potential issues arising from adding a pH
buffer chemical, such as ion or surface complexation, buffer
chemicals were not applied in this study. Instead, during pH
adjustments, 10 mM NaOH was slowly added dropwise, and
the solutions were vigorously mixed by a magnetic stir bar.
To study the effect of Mg** on the formation of Mn oxides, 1,
10, or 100 mM MgCl, (VWR Chemicals BDH) was added to
the solution. To isolate the role of Mg?*, control experiments
were conducted by replacing Mg>" with Na®. Instead of
MgCl,, 1 or 100 mM NacCl (Sigma Aldrich) was added to the
solution at pH 7-8. The thermodynamic equilibrium of Mg>*
in solutions was calculated using Visual MINTEQ and the
‘thermo.vdb’ database. The equilibrium concentration of
Mn(u) in comproportionation was obtained based on an
equilibrium constant value of 107, as suggested in
experimental studies of the formation of manganite (y-Mn(im)
OOH) via comproportionation.*®*!

Superoxide-mediated oxidation of Mn**(aq) and the
formation of Mn oxides

Nitrate photolysis was used to generate superoxide for
oxidizing Mn**(aq) to Mn(iv) and subsequently forming Mn
oxides, using a 450 W Xe-arc lamp (Newport 6279NS)
equipped with a water optical filter to remove infrared light
and maintain a controlled reaction temperature.**>***** The
experiment solutions were contained in a cylindrical glass
reactor with a quartz window facing the light source. After 6
h of reaction, the synthesized solid products were collected
by centrifugation at 10000 rpm for 30 min. To remove any
residual traces of the liquid supernatant, the collected solid
products were sequentially washed in DI water and
centrifuged at 5000 rpm for 5 min: this process was repeated
five times. The resulting solid products were dried at room
temperature for further characterization. The oxidation rate
was obtained by colorimetry using leucoberbelin blue
(LBB).>"* Due to the difficulty arising from the mixed
oxidation states of Mn oxides, we used KMn(vi)O, to calibrate
the LBB colorimetry and then calculated the Mn(w)
equivalent concentration.*

Mn oxides solid phase characterization

High-resolution X-ray diffraction (HRXRD, using a Bruker D8
Advance X-ray diffractometer with Cu Ko radiation (4 =
1.5418 A)) identified the mineral phase of Mn oxide samples.
The Mn oxidation state and the existence of Ca or Mg in the
Mn oxide samples were identified by X-ray photoelectron
spectroscopy (XPS), using a PHI 5000 VersaProbe II, UlvacPHI
with monochromatic Al Ko radiation (1486.6 eV). The C 1s
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peak (284.8 eV) was the reference peak, and asymmetric
fitting using MultiPak provided the ratio of Mn(u), Mn(m),
and Mn(v). Because Mn 2p is less sensitive to the bonding
environment of Mn oxides and Mn 3s overlaps Mg 1s, we
used the highly sensitive Mn 3p peak in analyses of the
oxidation state of Mn.”® As reference materials, we selected
B-Mn(iv)O,, y-Mn(u)OOH, and Mn(u)O (Fig. S2). The
morphology and phases of Mn oxides were characterized by
high-resolution transmission electron microscopy (HR-TEM),
using a JEOL-2100F. The Mn oxides solid products were first
sonicated for about 15 min to disperse them well. Then a
droplet of the suspension was placed on an ultrathin lacey
carbon film coated-Cu grid (LC400-Cu-UL, Electron
Microscopy Science, PA) for imaging. Lattice fringes were
obtained to identify the phases of Mn oxides. For XAS, the
Mn K-edge was measured in transmission mode on beamline
7D at the Pohang Accelerator Laboratory in South Korea. Two
sets of Si(111) crystals, giving a focused beam size of 1 mm
by 2 mm and a resolution of 2 x 107 AE/E, were used to
create monochromatic X-ray. The energy flux was 2 x 10" at
10 keV, and the energy range for this station was 5-21 keV.
Energy calibration was monitored by using the pre-edge
feature of Mn metal foil (6539.0 eV). The reference spectra of
extended X-ray absorption fine structure (EXAFS) of
todorokite, asbolane, and 8-MnO, were obtained from data
deposited at Harvard Dataverse."”

Results
Rapid formation of todorokite nanostructures

In our experiments, todorokite nanomaterials formed rapidly
through the oxidation of Mn>'(aq) by photochemically
generated superoxide in the presence of Mg>*. Importantly,
the nanoscale formation occurred even under circumneutral
pH (between 7 and 8) conditions at room temperature, which
has never previously been considered feasible (Fig. 1). X-ray
diffraction (XRD) clearly showed diffractions at ~10, ~5, and
~3.3 A, a pattern manifested only by todorokite, buserite and
asbolane among more than 30 different Mn oxide
polymorphs (Fig. 1A). Buserite, which has an expanded
layered structure of birnessite due to hydration, also has
similar diffractions at ~10 and ~5 A, coming from the (001)
and (002) basal planes, respectively. Buserite, a hydrated
form of layered birnessite, shows similar reflections at ~10
and ~5 A that originate from the (001) and (002) basal
planes, respectively. However, buserite is structurally
unstable upon drying. Because interlayer water is readily
removed during sample preparation for XRD, particularly
under drying at 100 °C, buserite undergoes collapse of the
interlayer spacing.*® This dehydration results in birnessite-
like reflections at ~7.2 and ~3.6 A, corresponding to the
(001) and (002) basal planes. The absence of these
dehydrated basal reflections after drying therefore suggests
that buserite is not the predominant Mn oxide phase.
Hereafter, we use ‘birnessite’ to express layer-structured Mn
oxides (i.e., birnessite and &-Mn0,).** Notably, the
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Fig. 1 The formation of todorokite at pH 7-8 in the presence of Mg?*.
(A) X-ray diffraction of Mn oxides shows the clear diffractions of
todorokite (blue bar) at pH 7-8. At pH 6, only birnessite (or 5-MnO,)
was observed after 6 h reaction. (B) The analysis of extended X-ray
absorption fine structure supports the formation of todorokite at pH
7-8. TEM images of the platy show the morphology of poorly
crystalline todorokite (C) and the large d-spacing of todorokite (D)
prepared at 100 mM Mg?* pH 7-8.

diffraction patterns remained unchanged even after drying at
100 °C for 1 day (Fig. S3), which is inconsistent with the
expected dehydration behavior of buserite. Asbolane, a
phyllomanganate with an incomplete Me(OH), (e.g., Ni(OH),)
octahedral layer in its interlayers, also exhibits reflections at
approximately 10 A, 5 A, and 3.3 A. While the (002) reflection in
asbolane exhibits stronger diffraction compared to the (001)
reflection,®® our result showed that the stronger diffraction at
around 10 A relative to 5 A only occurred after a longer reaction
time of 12 hours (Fig. S3). To robustly distinguish among
todorokite, buserite, and asbolane, we further analyzed the
synthesized Mn oxides using extended X-ray absorption fine
structure (EXAFS) spectroscopy (Fig. 1B and S4). Todorokite
and layer-structured Mn oxides have significant differences in
the region between 8 and 9.5 A™, known as indicator region
(boxed in Fig. 1B).*>*'* The obtained EXAFS spectrum of the
synthesized Mn oxide in this study showed less sharp and
broader peaks at ~8 and ~9.2 A than that of the references of
layer-structured Mn oxides (i.e., asbolane and 8-MnO,) (Fig. 1B
and $4). In addition, the steadily rising slope from 8 to 9.2 A™*
is also a feature of todorokite, as shown in the EXAFS spectra
of reference Mn oxides in Fig. 1B.*>** The similarity of the
EXAFS spectra between the synthesized Mn oxide in this study
and reference todorokite supports the formation of todorokite
via photochemical reaction in the presence of Mg>". While the
combined XRD and EXAFS analyses provide strong evidence for
direct todorokite formation, the relatively poor crystallinity
indicated by the XRD results, together with the limited dataset
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derived from ex situ analyses at a single reaction time, suggests
that minor contributions from other Mn oxide phases, such as
birnessite or asbolane, cannot be completely excluded. Future
studies employing in situ structural characterization can
support the assessment of the potential presence of minor Mn
oxide phases, including birnessite and asbolane, under
environmentally relevant conditions.

Instead of fibrous morphology which occurs from
synthesized well-crystalline todorokite through hydrothermal
reactions, nucleated todorokite under environmentally
relevant system shows a platy morphology (Fig. 1C) that is
known for the shape of the poorly crystalline structure of
todorokite.>**> High resolution transmission electron
microscopy (HR-TEM) images of Mn oxides prepared at 100
mM Mg>" at pH 7-8 clearly show d-spacings of ~10 A and ~5
A occurring from the (001) and (002) basal planes of
todorokite, respectively (Fig. 1D).

We note that the observed rapid formation of todorokite
nanomaterials is a direct process, resulting from the fast
oxidation of Mn*"(aq) by superoxide in the presence of Mg>"
under circumneutral pH conditions within 6 h. Although
birnessite might occur first and then transform to todorokite
in a short time, this scenario is unlikely because the phase
transformation is a very slow reaction in the absence of
elevated temperatures.®*** To transform to todorokite,
birnessite must undergo charge redistribution of the Mn (),
but this could occur in a short time only under high
temperature conditions.®® However, even at a high
temperature (~90 °C), a 6 h reaction is insufficient to clearly
observe this transformation.’*** Reported hydrothermal
studies show that obtaining substantial evidence of
todorokite formation at ~90 °C requires more than 48 h, and
that faster transformation rates occur only at higher
temperatures, indicating that phase transformation at room
temperature is not feasible within 6 h.**** Even nano-sized
layer-structured Mn oxides (biogenic Mn oxides) with Mg>*
inserted at the interlayer, which might be more feasibly
transformed due to their less stable structures, show the
phase transformation to todorokite only under hydrothermal
temperature conditions (100 °C) for more than 8 h.** Thus,
under our experimental conditions at room temperature, the
observed todorokite was judged to have directly formed from
the oxidization of Mn**(aq) by superoxide within 6 h, rather
than through a transformation from a pre-nucleated layered
Mn oxide phase.

Of interest, we found that even a small pH difference can
change the nanostructure of the Mn oxides. When the same
reaction was performed at an initial pH of 6, which is slightly
lower than the pH 7-8 at which we observed todorokite, after
6 h reaction with superoxide in the presence of Mg>", XRD
showed only a birnessite-like structure (with basal plane
diffractions stronger than those of &MnO,), instead of
todorokite (Fig. 1A).

Along with the different mineral nano-phases of the Mn
oxides from reactions at pH 7-8 and pH 6, their oxidation
states also showed differences. Because Mn 2p is less

This journal is © The Royal Society of Chemistry 2026
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sensitive to the bonding environment of Mn oxides and Mn
3s overlaps Mg 1s, we used the highly sensitive Mn 3p peak
in analyses of the oxidation state of Mn.*® Xray
photoelectron spectroscopy (XPS) of Mn 3p clearly shows
the difference in the oxidation states of the forms from the
two pH conditions (Fig. 2). While Mn(wv) occurs most
dominantly under all pH conditions, at pH 7-8, Mn(i)
(~33%) is more prevalent than Mn(u) (~8%) (Fig. 2). At pH
6, Mn(u1) (~33%) is predominant over Mn(m) (~14%). At pH
6, the inclusion of Mn(u) creates a shoulder peak in the Mn
3p spectra at around 47.8 eV (Fig. 2 and S5). In addition,
the shift of the Mn 2p;, peak to lower binding energy at
pH 6 compared with pH 7-8 also indicates a greater
contribution of Mn(u) at pH 6 (Fig. S6). Taken together, we
observed the formation of todorokite containing a substantial
fraction of Mn(m) at pH 7-8, whereas 3-MnO, formed at pH 6
with a markedly lower Mn(m) content in our system.

Discussion

The significance of Mn(m) in the direct formation of
todorokite

The XPS analyses for the Mn oxides formed under varied pH
conditions suggest  the comproportionation  and
disproportionation processes of Mn competitively occur
depending on pH:

Mn(n) + Mn(v)O, + 2H,0
— 2Mn(m)OOH + 2H"  comproportionation (1)

— Mn 3p

—— Fitting lines
---- Fitting residue
—— Mn(IV)

—— Mn(Il)

—— Mn(ll)

Yy

Shoulder

56 54 52 50 48 46 44
Binding Energy (eV)

Fig. 2 Predominance of Mn(i) over Mn(i) in Mn oxides prepared at pH
7-8. Although Mn(v) is the most dominant oxidation state in all
reaction systems, analyses of X-ray photoelectron spectroscopy of Mn
3p show that the dominance of Mn(i) or Mn(i) changes depending on
the pH condition. The fitting lines of Mn(i), Mn(m), and Mn(v) are in
gray, green, and blue, respectively. At pH 6, a significant extent of
Mn(i) occurs at the shoulder peak at around 47.8 eV. This discrepancy
in the oxidation state results from the equilibrium of
comproportionation-disproportionation reactions, depending on the
pH condition.

This journal is © The Royal Society of Chemistry 2026
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2Mn(m) + 2H,0
— Mn(u) + Mn(iv)O, + 4H"  disproportionation (2)

Depending on the equilibrium between eqn (1) and (2), when
superoxide oxidizes Mn*'(aq) to Mn(v), Mn(wv)Og octahedra can
interact with Mn®'(aqg) in solution, resulting in
comproportionation.*>*’  While the reported equilibrium
constants of the reactions vary, depending on the structure of
Mn(v)0,,***"*® based on the reported values and previous
experimental results for the reaction,'®***! comproportionation
is more likely to dominate over disproportionation when pH is
higher than ~7 (Fig. 3). When pH is lower than ~6, the reported
studies show that disproportionation occurs dominantly during
interactions between Mn(iv)Os octahedra and Mn*'(aq) in
solution."®*>** Thus, the analyses of the structure and oxidation
state of Mn oxides in this study show that todorokite
nanostructures form at pH 7-8, with a quite significant amount
of Mn(m) in the structure, and 8MnO, forms at pH 6 with a
much less proportion of Mn(m) than Mn oxides formed at pH
7-8 in the structure.

Previous studies show that the transformation of
birnessite to todorokite is driven by Jahn-Teller active Mn(ur)
under hydrothermal reaction conditions.** The
transformation of a layered structure to a tunneled structure
releases intralayer strain when there is an agglomeration of

Jahn-Teller active Mn(m).>*"*” Specifically, the release of
0.1 100 mM Mg?* _100 mM Mg(OH)*
2+ +
0.01 10 mM Mg _10 mM Mg(CH)
= 0.001] 7 \
/
[9) i jonati / \
e 1E-4 Disproportionation , : AN
o Comproportionation
O Mn(ll)
1E-5 4 Mn(llI)
1E-6 +
1
1E-7

2 4 6 8 10 12 14
pH

Fig. 3 Thermodynamic  equilibrium  of  disproportionation-
comproportionation and Mgz+ aqueous species under varied pH
conditions. At pH 7-8, the formation of todorokite closely relates to
Mn(m), generated from comproportionation, and to aqueous Mg(OH)*
species. The thermodynamic equilibrium of aqueous species in the 1,
10, and 100 mM Mg?*-added solution with 100 uM Mn?*(aq) shows
the predominance of Mn(i) and the emerging concentration of
Mg(OH)* at pH 7-8. Yellow bold lines indicate the concentration
ranges of Mg(OH)* at pH 7-8 in the solutions with 1, 10, and 100 mM.
Based on the oxidation rates of Mn?*(aq) with superoxide (<~3.3 uM
h™), the concentration of Mn(in), generated from comproportionation,
is comparable to that of Mg(OH)* in the solutions with 10 and 100 mM
Mg?*. The concentrations of Mg(OH)* in the solutions with 10 and 100
mM Mg?* are orders of magnitude higher than that of Mg(OH)* in the
solution with 1 mM Mg?*. The figure information is generated from
thermodynamic calculations using Visual MINTEQ and the thermo.vdh
thermodynamic database. The equilibrium concentration of Mn(u) in
comproportionation was obtained using an equilibrium constant value
of 107°%
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concentrated strain occurs at intralayer pivots, where Mn(ir)
is agglomerated through the b direction of the intralayer.*" In
the hydrothermal transformation of birnessite to todorokite,
randomly distributed intralayer Mn(m) in birnessite is re-
distributed to intralayer pivot points to release strain under
high temperature conditions.®® However, even at a high
temperature (~90 °C), more than 48 h is needed to observe
considerable evidence of todorokite formation.?%*3*
room temperature experimental system, such a charge
redistribution of Mn(m) is unlikely to occur within a short
time (i.e.,, a few hours). Therefore, we can infer that edge-
sharing clusters of Mn(u1)Og octahedra occur, generated from
comproportionation. They then interact with other edge-
sharing clusters of Mn(iv)O, octahedra and form an intralayer
nanoscale pivot frame.

In our

Role of Mg”" in the direct formation of todorokite under
circumneutral conditions

Interestingly, in this nanoscale Mn oxide formation process,
we found that Mg>" clearly facilitates the structure formation
of todorokite by stabilizing Mn(m), as Hu et al (2018)
suggested using the DFT simulation of Mg todorokite
structure.”® To clarify the role of Mg>" in the formation of
todorokite, we conducted the photochemical oxidation of
Mn**(aq) in the solution at pH 7-8 by replacing Mg>" with
Na’. In the absence of Mg>", XRD showed that mainly
feitknechtite (B-Mn(m)OOH) formed, in lieu of todorokite
(Fig. S7). When we added either 1 or 100 mM Na' to the
solution at pH 7-8, strong diffractions were observed at
~4.7 and ~2.4 A (JCPDS 18-804), resulting from the presence
of feitknechtite, and weak diffractions from 6-MnO, were
observed as well. While the results consistently showed
evidence of comproportionation at pH 7-8, the absence of
todorokite in the presence of Na' importantly indicated that
the rapid formation of todorokite in solutions was owing to
the presence of Mg**. Moreover, in the presence of Mg*', a
high resolution XPS scan of Mg 1s showed these ions are
incorporated in Mn oxides (Fig. S8). On the other hand, for
the samples prepared at pH 6, which contained only
birnessite (Fig. 1), there were no clearly discernible signals
of Mg>" in the high-resolution scan (Fig. $8). In fact, natural
todorokite samples include Mg>" in the tunnel, and previous
studies of hydrothermal transformation of birnessite to
todorokite also show the importance of Mg®', in framing the
large tunnel structure.*’***>*® Although the formation
mechanism of todorokite in this study is entirely different
from the previously suggested hydrothermal transformation
of layer to tunnel structure, the consistent results show the
importance of Mg>" in stabilizing the structure of todorokite.
In sum, these results indicate that the rapid and direct
formation of todorokite via the oxidation of Mn**(aq) by
superoxide occurs from Jahn-Teller active Mn(u), generated
from comproportionation between Mn(v) and Mn(u) at pH
7-8, and from the incorporation of Mg>* in the newly
forming structure.
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It is important to note that the direct homogeneous
formation of todorokite from the oxidation of Mn®>'(aq) was
not observed in biotic processes, which are considered the
most effective pathway of the formation of natural Mn
oxides.'”'®?7° It might be because the studies tested biotic
oxidation and formation of Mn oxides in the presence of Na*
or Ca*", not Mg>". Also, the formation of feitknechtite and
layered Mn oxides in the presence of Na' occurred from this
study and previous studies, indicating that the difference in
oxidation kinetics and experimental conditions can
significantly control the formation of Mn oxides. Under room
temperature, Yang et al. (2019) tested the transformation of
highly adsorbed Mn(i) on layered Mn oxide in the presence
of Mg>".%® While the study also showed the transformation to
triclinic birnessite via comproportionation, transformation to
todorokite did not occur. The result may also explain the
difficulty in the transformation from phyllomanganate to
tectomanganate under room temperature, and support that
the formation of todorokite occurred directly from the
photochemical oxidation of Mn*'(aq) by superoxide in this
study. The photocatalytic oxidation of Mn>(aq) by nucleated
todorokite is negligible, as indicated by the similar oxidation
rates of Mn”‘(aq) between this study (Fig. S9) and our
previous study.*' Under identical experimental conditions
(i.e., initial pH 9, 100 uM Mn*'(aq), 1 mM NO;"), except for
the absence of Mg>', the previous study showed that the
photochemical oxidation of Mn**(aq) was solely due to
superoxide.”® The similar oxidation rates suggest that the
photocatalytic oxidation of Mn**(aq) by nucleated todorokite
can be ruled out.

Stabilization of todorokite through Mn(m)-Mg(OH)"
complexation

To provide insights into the roles of Mn(m) and the
complexation of Mg>" in the direct formation of todorokite,
we analyzed aqueous species in the solution under different
concentrations of Mg”* (Fig. 3). We employed Visual MINTEQ
and the ‘thermo.vdh’ database to calculate the aqueous
speciation under varied Mg>" concentrations (1, 10, and 100
mM). At pH 8, the concentrations of Mg(OH)" aqueous
species in the solutions with 1, 10, and 100 mM Mg>* are
~0.3, ~2.5, and ~10.6 pM, respectively. Considering the
oxidation rates of Mn*'(aq) to Mn(w) in this study (<~3.3 uM
h™) (Fig. S9), the concentrations of Mg(OH)" species in the
solutions with 10 and 100 mM Mg>" were comparable to the
amount of oxidized Mn>'(aq). However, in the solution with 1
mM Mg>*, the concentration of Mg(OH)" species was about
one order of magnitude lower (Fig. 3).

Furthermore, the crystalline structure of Mn oxides varied
with the concentration of Mg** in the solutions. Among the
solutions with 1, 10, and 100 mM Mg** at pH 7-8,
feitknechtite (B-Mn(m)OOH) was observed only in the
solution of 1 mM Mg>*, where the equilibrium concentration
of Mg(OH)" is about one order of magnitude lower than that
in the solutions of 10 mM and 100 mM Mg>" (Fig. S10). This
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result suggests that the concentration of Mg(OH)" is an
important aqueous species in controlling the formation of
todorokite. In such cases, owing to the smaller amount of
Mg(OH)" in the solution of 1 mM Mg>', only limited Mn
oxide precursors can interact with Mg(OH)" to form
todorokite. The remaining Mn(ur/tv), which does not
interact with Mg(OH)', develops as feitknechtite likely via
comproportionation, as confirmed from the test without
the addition of Mg®" at pH 7-8 (Fig. S7). While the
calculation and structural analyses under the varied
concentrations of Mg>" provide an insight into the critical
role of Mg(OH)", future research is warranted to
systematically examine the interactions between Mn oxide
precursors and soluble Mg species.

Based on the observed Mn oxides, oxidation states, and
aqueous species concentrations under the various pH and
cation-added conditions, we can infer that Mn(m) interacts
with Mg(OH)", and consequently, Mg(OH)" is incorporated in
the tunnel, framing the large tunnel structure. At pH value
above 7, the comproportionation reaction becomes
thermodynamically favored over disproportionation (ie.,
equilibrium constant (K,,) in eqn (1) is 107°"), and
predominates, as demonstrated by previous studies and
supported by our calculations (Fig. 3).*>*' In addition, under
these conditions, the concentration of Mg(OH)" becomes
comparable to that of Mn(m), indicating a strong likelihood
that Mg(OH)" stabilizes Mn(m). Phase analysis of Mn oxides
formed in the presence and absence of Mg>" further supports
the stabilization of todorokite through interactions between
edge-sharing Mn(m) octahedra and Mg(OH)". Moreover, a
recent study by Hu et al (2018), using density functional
theory (DFT) calculations of the polytypic features (n x 3,
where 7 is an integer referring to the number of edge-sharing
MnOs octahedron/octahedra in the [100] direction) within
todorokite, showed that hydrated Mg ions stabilize todorokite
by occupying the tunnel corner site, where they strongly
complex with neighboring Mn-O framework.>® This work
offers useful insights into how the edge-sharing clusters of
Mn(m)Og octahedra can be oriented easily in the presence of
Mg to the direction of tunnel walls. In addition, Gao et al.
(2025) employed pair distribution function analysis to
determine the location of Mg, supporting the DFT results

1. Adsorption of Mn?*(aq)
on Mn(lV)O; octahedra

Mn(m
N I . ——Mn(Il)

» 2. Comproportionation

Mn(lll)

W

2089
o

4
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and validating our hypothesis that Mg occupies tunnel corner
sites.”” Together with TEM measurements of the constrained
Mn(ur) position in todorokite at the intralayer pivot point,*
our experimental results and the DFT calculation reported by
Hu et al (2018)*° support the idea that the interaction
between Mn(m) and hydrated Mg(OH)" critically contributes
to stabilizing Mn(v) clusters and framing the large tunnel
structure by occupying intralayer pivot points and corner
sites of the tunnel, respectively.

In short, the mechanism of the observed rapid and direct
formation of todorokite nanostructure can be explained by
the occurrence of Mn(m) from comproportionation, by the
availability of Mg(OH)" aqueous species, and by their
interactions with Mn oxide precursors, as shown in Fig. 4.
Without any ligands that stabilize Mn(m), such as
pyrophosphate or siderophore, superoxide oxidizes Mn>*(aq)
to Mn(v) by two-step one-electron transfer.>*> Therefore,
Mn(m) most likely is formed by comproportionation of
adsorbed Mn**(aq) on Mn(v)Os octahedra at pH 7-8
(stage 1 in Fig. 4). This process promotes the formation
of edge-sharing clusters of Mn(m)Os octahedra (stage 2
in Fig. 4). Edge-sharing clusters of Mn(m) and Mn(v)
could interact preferentially with Mg(OH)" (stage 3 in
Fig. 4) to compensate for electron deficiency occurring
from Mn(m) in the nanostructure of Mn oxide as the
layer-structured Mn oxides accommodate cations in the
structure.*”®" Considering the large size of the hydrated
Mg(OH)" ion,>'?**° this structure can act as a
framework unit to form todorokite (stages 3 and 4 in Fig. 4).
Based on the observed Mn oxides, oxidation states, and
aqueous species under various pH and cation-added
conditions in this study, it is mechanistically plausible to
infer the direct formation of todorokite. Nevertheless, more
detailed studies using in situ analysis of nucleation and
growth at the atomic scale would be helpful to confirm the
interaction between Mg>" and Mn(m)/Mn(wv) during direct
nucleation of todorokite.

To further test the direct formation of todorokite in a
more complicated environmental system, such as ocean, we
examined their formation in artificial seawater containing
500 mM Na“, 50 mM Mg>*, and 10 mM Ca>" at pH 7-8. Fig. 5
shows the formation of todorokite. In other words, Mg(OH)"

3. Forming a frame via preferential

interaction between Mn(llIl/IV) clusters > 4. Todorokite

SSMHERE Pivot

Mg(OH)*

Pivot

Fig. 4 Schematic illustration of the direct formation mechanism of todorokite via the oxidation of Mn?*(aq) with superoxide in the presence of
Mg?* under circumneutral conditions. Edge-sharing Mn(i) clusters occur from comproportionation between Mn?*(ag) and Mn(v)Og octahedra
(stages 1 and 2). Edge-sharing Mn(iv) and Mn(m) clusters in solution interact with MgOH* and form a framework element of todorokite (stage 3).

Further assembly forms todorokite by conforming the frame (stage 4).
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Fig. 5 The formation of todorokite in the presence of multiple
cations. Although the concentrations of Mg®* and Ca®* are much
lower than that of Na* in the seawater mimicked solution, the XRD
result shows the formation of todorokite, suggesting the feasibility of
the reaction in environmental systems.

remains active in the formation of todorokite, in competition
with the high concentration of Na' that can promote
phyllomanganate structure. The resulting todorokite
structure can result from the selective interaction between
Mn(m) and Mg(OH)". Based on the observed sensitivity of the
phase of Mn oxides to pH and cations in this study, the
crystalline nanostructure of Mn oxides could indicate the
environmental condition when they formed. Because the
diverse crystal nanophases of natural Mn oxides are known
to depend on the locations where they formed,*>®® our
experimental results can provide a new paradigm for
understanding the structural diversity of natural Mn oxides.

Conclusions

Because of the high reduction potential of Mn(wv) oxide/
Mn>‘(aq) (~500 mV at circumneutral pH), the formation of
natural Mn(m/v) oxide nanomaterials, primarily occurring as
layered Mn oxides and todorokite, is crucial for
understanding the occurrence, fate and transport of organics
and metals in environmental systems.>”**® The sorption
and redox reactivities of layer- and tunnel-structured nano-
Mn oxides are quite distinguishable from each other (e.g.,
layer-structure Mn oxides have greater oxidative reactivity
than tunnel-structure forms).*>*® Although the reactivities of
these structures differ substantially, most studies on the fate
and transport of redox-sensitive substances in the
environment have focused only on layered Mn oxides. The
impact of todorokite on redox reactions in environmental
systems has been largely overlooked, likely due to the
challenges  of  elucidating its  formation  under
environmentally relevant conditions. While the biotic and
abiotic  formations of layer-structured Mn  oxide
nanomaterials have been deciphered well through extensive
studies, todorokite have been considered to form only by the
transformation of layer-structured Mn oxides. The evidence
from natural Mn oxides supports a transformation-driven
occurrence of todorokite, evident in the proportional increase
of todorokite compared to birnessite from outer samples
(younger  precipitates) to  inner  samples  (older
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precipitates).®”®® The presence of todorokite in younger
precipitates raises the inference of direct todorokite
formation, challenging the exclusive reliance on birnessite
transformation.®” Due to the elusive understanding of the
accurate formation mechanism, pathway, and kinetics of
tunnel-structured Mn oxides to date, the transformation of
birnessite has been regarded as the sole pathway for the
natural formation of todorokite.?®*° Here, we show how
nanoscale todorokite can occur directly, starting from the
oxidation of Mn*'(aq) under environmentally relevant pH
and cation conditions at room temperature. Our findings
open new research directions for investigating how abiotic
and biotic oxidation pathways influence the direct formation
of todorokite and for resolving its structural evolution during
early-stage formation using real-time analyses.

In addition, todorokite's unique tunnel structure makes it
of interest for engineered applications such as catalysts,
molecular sieves, and energy storage.®*”' Our suggested
mechanisms are strikingly simpler than the hydrothermal
transformation of birnessite to todorokite, which requires
many procedures, chemicals, and external energy.*** With
further research on the selective formation and optimization
of Mn oxides, this research will open a door to the synthesis
of various Mn oxides not only by photochemical oxidation
but also by another abiotic/biotic oxidation in a sustainable
chemistry pathway. This simple and environmentally benign
pathway will benefit the synthesis of new materials for
environmental catalysts and energy storage applications.””
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