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Abstract

Mn oxides are among the most ubiquitous minerals on Earth and play critical roles in numerous
elemental cycles in biotic/abiotic loops as the key redox center. Yet it has long puzzled
geochemists why the laboratory synthesis of todorokite, a tunnel structured Mn oxide, is extremely
difficult while it is the dominant form over other tunneled phases in low temperature natural
environments. This study employs a novel electrochemical method to mimic the cyclic redox
reactions occurring over long geological timescales in accelerated manner. The results revealed
that the kinetics and electron flux of the cyclic redox reaction are key to the layer-to-tunnel
structure transformation of Mn oxides, provided new insights for natural biotic and abiotic redox

reactions and explained the dominance of todorokite in nature.
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Introduction

Mn(I11,1V) (oxyhydr)oxides (hereafter Mn oxides) are a group of minerals that exist
ubiquitously in terrestrial and aquatic environments. They are among the most reactive minerals
in nature and mediate the fate and transport of numerous contaminants and nutrients via adsorption,
coprecipitation, and redox reactions. They are also highly impactful in the evolution of biotic
systems on Earth over geological time scales, as their formation and structure dictate the
bioavailability of the critical micronutrient Mn, an important constitute or activator of multiple
enzymes for a number of physiologic processes such as photosynthesis.! As one of the most
powerful group of natural oxidants, Mn oxides contribute significantly to the oxidation of
recalcitrant organic carbon, such as the degradation of lignin/litter to bioavailable substrates that
feed into the microbial food web.? They also play key roles in a range of critical redox processes
such as microbial respiration and photochemical reactions, and significantly impact the flow of
electrons and energy in natural systems,*® functioning as Nature’s Battery.

In natural systems, the formation of Mn oxide solid phases commonly starts with the
oxidation of Mn(ll) species (e.g., dissolved Mn?*) through a range of biotic and abiotic processes,
such as those catalyzed by microbial enzymatic activities, reactive oxygen species, and mineral
surfaces.®> 1% The newly formed oxides typically occur as poorly crystalline, highly disordered,
and highly reactive layered phases that are structurally similar to 6-MnO2 (vernadite) or
birnessite.!® These fresh oxides can subsequently undergo diagenesis and transformation at oxic-
anoxic interfaces such as those in ocean sediments, which can induce a gradient of reduction
potential within a few centimeters in the sediments and result in continuous redox cycles between
Mn(11) and Mn(I1V).% 12 Through complex biogeochemical processes such as precipitation,

dissolution, ripening, and transformation, natural Mn oxides occur in more than 30 species in
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current environments and are commonly classified as layer (i.e., phyllomanganates) and tunnel
structures (i.e., tectomanganates).*?

Although both composed of MnOs octahedra as the main building blocks, layer and tunnel
structured Mn oxides exhibit distinctively different redox, sorption, electrochemical, and
photochemical reactivities.}**° Such differences can give rise to large uncertainties in geochemical
models involving Mn oxides as critical components, as demonstrated in several newly emerged
powerful paleoproxy systems (e.g. the Cr, Mo, and Tl isotope systems) for tracing Earth’s oxygen
evolution history.?52% Although extensive research efforts have improved our understanding of
biotic/abiotic formation mechanisms of layered Mn oxides in the past decades,® 2! and some recent
studies are providing new insights on the formation mechanism and structure of todorokite in
synthetic/engineered systems,??4 the formation, pathway, and kinetics of tunneled Mn oxides in
natural biogeochemical systems still remain elusive.'® 2 Besides layer structured birnessite, tunnel
structured todorokite (3 x 3 tunnel size) is the other most commonly observed phase in natural
systems.?® Yet, laboratory efforts attempting to produce todorokite under low temperature
circumneutral environmental conditions have been surprisingly difficult. To date, it appears that
laboratory syntheses of todorokite from layered Mn oxides require pH values far deviating from
natural circumneutral conditions and/or elevated, non-ambient temperatures (e.g. those under
hydrothermal or reflux settings).?> 2-2 Such observations are significantly inconsistent with the
dominant presence of todorokite in natural low temperature environments, which presents a
puzzling mystery for geoscientists. Moreover, the phase selection mechanism(s)/pathway(s)
during layer to tunnel structure transformation is even less explored and is elusive as well. The
predominant occurrence of todorokite in natural environments over other tunnel structured Mn

oxides, such as pyrolusite (B-MnOz, 1 x 1 tunnel size), is also not supported by thermodynamics,
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as pyrolusite (not todorokite) is the most thermodynamically stable Mn(V1) oxide with a formation
energy of -465.1 kJ/mol. 230

Recent studies suggested the important roles of Mn(I1) adsorption and interlayer Mn(l11)
for the transformation from layer structured 8-MnOz to tunnel structured Mn oxides.?*? These
studies, though still conducted under pH or temperature conditions deviating from low temperature
circumneutral conditions, motivated us to investigate the roles of Mn(lll) supplies in natural
environments in inducing the layer-to-tunnel phase transformation. It should be noted that many
natural geochemical reactions more commonly do not occur in one-pot and finish in one run as in
designated laboratory syntheses. The varying, sometimes cyclic fluctuations of elemental
concentration and electron flux in natural environments (e.g. those caused by day-night cycles,
tidal cycles, oxic-anoxic interfaces, and microbially induced micro-environments, etc.) means that
reaction kinetics can play very important roles in addition to the thermodynamic driving forces.
We hypothesize that redox fluctuation (such as those commonly observed at natural oxic-anoxic
interfaces) is a key driving factor for the layer-to-tunnel phase transformation of Mn oxides in
nature. Such transformation overall involves the formation of Mn oxides, biotic/abiotic reduction
of Mn oxides, production and adsorption of dissolved Mn?*(aq), and formation of interlayer Mn(111)
under the fluctuated redox environments. Investigation of such redox fluctuating/cyclic processes
is very challenging as they may spread over very long geological timescales. Here we report our
novel approach of using an electrochemical method to mimic and simulate such processes in an
accelerated manner and to testify our hypothesis. The phase transformation mechanism of 5-MnO2
(the most common structural analog for the freshly precipitated layered Mn oxides) was
investigated using cyclic voltammetry (CV), which can mimic repeated redox cycles such as those

occurring at the oxic-anoxic interfaces in natural systems (e.g. sediments),® 2 as well as
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complementary structural characterizations. The results reveal that repeated redox cycling indeed
is key for triggering 6-MnO2 transformation to tunneled Mn oxides (e.g. todorokite) at room
temperature and circumneutral pH conditions. Further analyses also elucidated the factors

controlling the phase selection among different tunnel structured Mn oxides in natural settings.

Results and Discussion
Redox cycling induced phase transformation from 6-MnO> to todorokite

Cyclic Voltammetry (CV) as a popular electrochemical method is widely used to
investigate redox reactions. It can be used as a good simulator for the fluctuating/cyclic long-time-
scale geochemical reactions, where the reactions can be reasonably accelerated with facile
controlled current density and voltage scanning rate. In this study, the investigation on Mn oxide
formation was conducted with CV scanning on a 3-MnO: electrode/Pt electrochemical cell
between -1 and 1 V (vs Ag/AgCI reference electrode). This voltage range simulates natural redox
interfaces such as the oxic-anoxic interface within ocean sediments and enables the redox cycling
of 8-Mn02.3' Upon continuous redox cycling, we observed the transformation from layer
structured 6-MnO2 to tunnel structured phase as revealed by X-ray diffraction (XRD) (Figure 1).
Despite the strong diffraction peaks from graphite in the carbon paste (as conductive additive) in
the 8-MnOz electrode, low intensity and broad diffraction peaks of 3-MnQO2 at ~11.2° and 37° 20
can be clearly observed, consistent with its poorly crystalline nature and the few-layer stacking
structure (4—6 layers) (Figure 1A).32 After 300 redox cycles at 100 mV/s rate, no noticeable shifts
in the hk bands at 37° of 8-MnO2 were observed, but a shift of the (001) basal plane of 5-MnO2
from ~11.2° to ~8-9° 20 (Figure 1A) was observed, corresponding to a change in d-spacing from

~7.8 to ~9-12 A (Figure 1B and C). With increasing number of cycles, this peak showed dynamic
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changes in its width and position between ~8.5 and 12 A (Figure 1B), suggesting a dynamic change
in the mineral structure. Among more than 30 species of naturally-occurring Mn oxides,*? the
observed diffraction peak at ~7.5-9.5° 20 only occurs in buserite and todorokite. Buserite is an
unstable hydrated form of layer structured birnessite, and its structure readily collapses to
birnessite upon dehydration in desiccator or vacuum.®® As our samples were freeze-dried before
XRD measurements, the formation of buserite can be ruled out. Therefore, todorokite, which
ideally has a 3 x 3 tunnel structure but can also occur in varied tunnel sizes such as 3 x 2 (7.3 A),
3 x4 (123 A), 3 x 5 (14.6 A), etc.,5 335 represents the only possible phase that explains the
observed diffraction peak. The formation of todorokite was also confirmed by synchrotron XRD
(SXRD) analyses (Figure S1). With increasing numbers of redox cycles, both in situ (Fig. S1A)
and ex situ SXRD (Figure S1B and C) showed emerging diffraction peaks from todorokite at ~9—
12 A. Even though all samples display a hump at ~18° (from the mineral oil in carbon paste), the
redox-cycled samples show slight shift in diffraction angle, making the peak asymmetric. The
asymmetric peak is obvious for the 300-cycled sample (Figure S1B).

To clearly confirm the formation of poorly crystalline todorokite through redox cycles, the
formation of todorokite was further confirmed by fast Fourier transform (FFT) of high resolution
transmission electron microscopy (HRTEM) images (Figure 1D). Consistent with the better
crystallinity after 300 redox cycles as compared to the pristine 3-MnO2 (Figure 1D and S2), FFT
showed distinctive diffraction rings at 4.8 and 3 A d-spacing, which were not observed in the FFT
of pristine 8-MnOz (Figure S2A).27-2 3% While the poorly crystalline nature of the samples (as
shown in in situ / ex situ XRD analyses) and the presence of carbon paste made it very difficult to
obtain atomic resolution HRTEM images as those in recent studies on synthetic todorokite,?* 3

our HRTEM and FFT analyses showed poorly crystalline todorokite at the direction perpendicular
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to the tunnels and associated diffuse scattering rings at around 7—12 A d-spacing (Figure 1E and
F). Thus, XRD and HRTEM both point to the transformation of §-MnQO2 to todorokite upon
repeated redox cycling. To the best of our knowledge, this is the first time that the transformation
of layered Mn oxide phases (e.g. 3-MnQO2) to todorokite under low temperature and circumneutral
pH conditions is achieved in laboratory settings.

While structural changes occurred during redox cycling, no significant change was
observed in the average oxidation state of the solid phases. During the 300 redox cycles, Mn(1V)
was the most dominant oxidation state as revealed by Mn K-edge X-ray absorption near edge
structure (XANES) spectroscopy and related linear combination fitting (LCF) results (Figure S3
and Table S1). LCF only showed slight fluctuation of the average oxidation state between 3.72
and 3.76 during redox cycles. Compared to pristine 6-MnOz, 300 redox cycles led to an increase
in Mn(l11) fraction from 15.4 to 17.2%, as well as a decrease in Mn(l1) fraction from 5.7 to 4.7%.
Mn K-edge extended X-ray absorption fine structure (EXAFS) spectra showed substantial changes
in local structure from redox cycling (Figure 2A and Table S2). The change primarily occurred at
7595 Al in k-space, the well-known “indicator region” for phyllo- and tectomanganate
structures.® 3-3° 5-MnQ2 and birnessite with hexagonal symmetry typically show sharp peaks at
8-9.2 AL While these peaks can also occur for tunnel structured Mn oxides at lower intensity, due
to another peak at 8.5 A, this indicator region would also show a steady rising slope.®* 3 The
EXAFS spectrum of the reaction product after 300 cycles showed the emergence of the 8.5 A
peak and accompanied decrease in height for the peaks in the 8-9.2 A region, resembling the
spectra of todorokite. Such trend was also reflected in the corresponding Fourier transforms of
EXAFS spectra (Figure 2B). As compared to pristine 6-MnOz, the peak increase of the cycled

sample at 3.2 A in R-space is characteristic of tunnel structured Mn oxides ?°. In addition, Mn-Mn
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multiple scattering at 5.2 A is weaker than that of 3-MnO2 due to the collapse of the layered
structure.*

Taken together, XRD, HRTEM, and EXAFS results demonstrate the transformation of o-
MnO: to todorokite. The redox-cycled sample, however, still contain a significant amount of -
MnO:2 along with todorokite. XRD and FFT of the redox-cycled sample show amorphous-like
diffraction at 2.4 A, occurring from the hk band (20, 11) of 3-MnO2 as shown in XRD and FFT in
the pristine sample of 3-MnO2 (Figure 1A and S2A). In EXAFS and its Fourier transformed spectra,
the redox-cycled sample also showed less significant features of todorokite compared to well-
crystalline todorokite samples (Figure 2). The presence of residual 6-MnOz2 is possibly due to the
incomplete transformation caused by Kinetics constraints or experimental set up and warrants
further investigation on the influencing factors on the degree of transformation and crystallinity of
todorokite products. Previous studies on the transformation of birnessite to todorokite used
hydrothermal or reflux setups, which are homogeneous reactions induced through thermal
energy.?”-?8 The mineral transformation in our study proceeded via interfacial electron transfer,
which likely only occurred at or near the 3-MnO2 particle surface. The co-occurrence of
phyllomanganate (e.g. birnessite) and todorokite have been evidenced in a variety of naturally-
occurring Mn oxides such as Mn nodules and desert varnishes. It is plausible that natural redox
reactions, which occur as interfacial processes through electron transfers between microbes,

minerals, organics, and metals,® are at least partially responsible for such co-occurrence.

Electron transfer mechanism
After successfully obtained todorokite in ambient environment, the outstanding question is

why it only forms in such cyclic redox reactions but not in previous “one-pot” reactions. T0



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

decipher this question, we explored the electron transfer mechanism between dissolved Mn?*(aq)
and Mn(1V) via another set of CV measurements (Text S3, Figure 3). Instead of the 6-MnO2 and
carbon paste mixture used for previous experiments, in this set of experiments only carbon paste
was used as the working electrode, with 100 pM dissolved Mn?"(aq) (a representative
concentration in ocean sediment pore water®) in the reaction solution. This experiment is designed
to assign the redox peaks observed in previous 6-MnO2 voltammograms (Figure S4), and the
results revealed that the transformation between Mn(I1) and Mn(IV) is through an overall two-step,
one-electron transfer mechanism, and that Mn(l11) formed during the cyclic redox reactions plays
a key role, elaborated as follows.

To avoid the formation of Mn oxides before cycling, which typically occurs anodically at
0.8 V in the presence of dissolved Mn?*(aq) at pH 7 (Figure S4), the voltage was swept from -1 to
1 V (anodic scan), then returned to -1 V (cathodic scan). During the first cycle, only the well-
known oxidation peak of dissolved Mn?*(aq) to solid Mn(l11/1V) #* was detected at 0.8 V in the
anodic scan (red line in Figure 3). Interestingly, the returning cathodic scan of the first cycle
showed two distinctive reduction peaks at -0.05 and 0.6 V (Figure 3). In the second anodic scan,
however, a new oxidation peak occurred at 0.43 V. The difference between the first and second
cycles suggest the occurrence of two different redox reactions. The first reaction proceeds between
dissolved Mn?*(aq) and solid Mn(111/IV) oxide phase(s). The other reaction takes place between
Mn(I1) and Mn(IV) in solid Mn oxide phase(s), as evidenced from the oxidation peak produced
during the second anodic scan.

The redox peaks produced by the Mn oxide surface also provide crucial information on the
electron transfer mechanism during redox cycling (Figure 3). With increasing number of cycles,

the cathodic peak at -0.05 V shifted slightly to lower voltage and became asymmetric in shape as
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a result of the emergence of a new cathodic peak at around -0.25 V. Previous studies assigned
these two peaks to the two-step reduction of Mn(IV) oxide to Mn(l1) oxide.*! Thus, the first and
second peaks at -0.05 and -0.25 V in our cathodic scan likely resulted from the successive reduction
of Mn(1V) to Mn(l11) and Mn(111) to Mn(Il). On the other hand, although the oxidation peak at
0.43 V in the second cycle (navy line in Figure 3) is rarely observed previously, it can be assigned
based on the simultaneous evolution of shapes of the reduction and oxidation peaks. With
increasing number of cycles, the oxidation peak at 0.2 V became stronger than that initially
appeared at 0.43 V, while at the same time, the reduction peak initially occurring at -0.05 V
gradually shifted to lower voltage with more pronounced asymmetry. Based on these
corresponding gradual changes of the reduction and oxidation peaks during redox cycles, we infer
that the voltammetric peaks at 0.2 and 0.43 V result from the oxidation of Mn(ll) to Mn(l11) and
Mn(l11) to Mn(IV), respectively, and that the peaks at -0.05 and -0.25 V are from the reduction of
Mn(1V) to Mn(111) and Mn(l11) to Mn(ll), respectively. We therefore propose that redox cycles
promote a two-step, one-electron transfer mechanism between Mn(11) and Mn(1V) in the structure
with a solid Mn(111) intermediate (i.e., Mn(1VV) = Mn(l11) and Mn(111) = Mn(I1)), which facilitates
the formation of the tunnel structure. In addition, it is worth noting that with CV experiment under
different pH conditions, electron transfer in solid Mn oxide via H* participation is excluded (Figure

S5).

Roles of interlayer Mn(111) in the phase transformation
We further validate that interlayer Mn(111), occurring during the reduction from Mn(1V) to
Mn(l1), is a key factor in inducing the layer-to-tunnel structure transformation. When Mn(lIl) is

produced from the reduction of layer Mn(IV) in 6-MnO2, Mn(I11) may migrate to interlayer sites

10
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to reduce steric layer strain due to the Jahn-Teller distortion of Mn(I11) atoms,*>*? leaving a vacant
site at its original position. Previous studies highlighted the importance of interlayer Mn(l11) for
the transformation of layered Mn oxide to todorokite, which is based on the condensation of
interlayer Mn(l11) to form tunnel walls 242> 28, To elucidate the role of interlayer Mn(111) in this
transformation, we use Zn-coprecipitated 6-MnQO2 samples instead of pure 3-MnO2 as starting
material for the electrode. The reason for choosing Zn-coprecipitated 6-MnO2 is because Zn
coprecipitation with 6-MnOz2 strongly repels interlayer Mn(l11) and decreases interlayer Mn(l11)
content, due to the stronger affinity of Zn(11) for interlayer sites compared to Mn(l11).*? We tested
two Zn-coprecipitated 5-MnO2 samples named Zn5 and Zn20 based on the Zn:Mn molar ratio
during synthesis (details in Text S1 and Table S3). After CV redox cycling, sample Zn5 displayed
a broader diffraction at 6-12 A d-spacing, due to the emerging peak at ~10 A, as compared to Zn5
before cycle (Figure 4A). Interestingly, no obvious structure change was observed by XRD for
sample Zn20 (Figure 4B), which contains ~5 times higher Zn concentration than Zn5 (Table S3).
These results demonstrate that the repelling effect of Zn (due to its stronger affinity for interlayer
sites than Mn(l11)) prevented the migration of Mn(l11) (produced from Mn(1V) reduction) into the
interlayer sites and the subsequent transformation to todorokite.

Besides the direct generation of Mn(111) via CV-induced redox cycles, comproportionation
of Mn?*(aq) and Mn(IV) may represent an alternative source of Mn(l11). This reaction may occur
if the reduction of structural Mn(IV) releases Mn2*(aq) into the solution, which can subsequently
adsorb on 8-Mn02.2 However, based on the negligible concentration of dissolved Mn?*(aq)
measured in our system (Table S4), such Mn?*(aq)-driven transformation process can be ruled out
in our current set up. Thus, taken together, our findings provide further direct evidence that

interlayer Mn(l1l) is critical for the induction of layer-to-tunnel structure transformation of Mn
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oxides.

Factors governing phase selection and implications for natural systems

Although tunnel structured Mn(I1V) oxides has a number of polymorphs, such as those with
1 x 1 or 2 x 2 tunnel sizes (Figure S7), we only observed the transformation to todorokite (3 x 3
tunnel size) through redox cycles at a scan rate of 100 mV/s between -1 and 1 V. Interestingly,
todorokite is not the thermodynamically stable phase of tunnel structured Mn oxides. This implies
that kinetics plays a critical role in phase selection. To further elucidate the impact of kinetics, we
conducted CV experiments at different scan rates. Strikingly, with increased scan rate,
transformation from 8-MnO2 to smaller tunnel sized Mn oxide, e.g. hollandite (a-MnQOz2; 2 x 2
tunnel) (Figure 5D), was triggered and significantly facilitated. The currents of CV scans at
different rates are shown in Figure 5A. The integration of reduction peak area from current vs.
time and current vs. voltage plots are calculated, respectively (Figure S6 and Table S5 and S6). By
taking into account the active surface area of the electrode, the reduction kinetics from Mn(IV) to
Mn(I1) and the transferred power per active surface area are shown in Figure 5B and Figure 5C,
respectively. It appears that higher scan rate results in faster redox kinetics and greater power per
surface area of Mn oxides (also see Tables S5 and S6). Figure 5D shows XRD patterns of the
reaction products obtained at different rates; it is clear that the peaks shifted toward lower d-
spacing values with increasing scan rate (Figure 5D). Specifically, when scanned at 2 V/s rate,
new peaks occurred at 7.3 and 5.1 A with smaller peak width and higher peak intensity, indicating
the formation of 2 x 2 tunnel structured hollandite, which is also confirmed by HRTEM and FFT
analyses (Figure S8). It appears that the higher current flow at faster scan facilitates transformation

to smaller tunnel size, which has a higher energy barrier of layer-to-tunnel transition.??
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This new finding on the kinetics-dependent phase selection prompted us to think about the
reaction rates and electron flux of biotic/abiotic oxidation and reduction processes in the nature.
In order to compare the reduction rates obtained from literature (under different experimental
conditions) and the rate of electrochemical reduction of 6-MnO3 in this study, pseudo-first order
rate constants (kobs) are used by dividing reaction rate by effective surface area (Figure 6 and Table
S7). The rate of 6-MnOz/birnessite reduction induced by common environmental reductants (e.g.
organics, biotic species, and transition metals) and the redox rates of Mn observed in ocean
sediments may be similar to or slower than that obtained from our 100 mV/s CV scans (Figure 6
and Table S7). Direct comparison of Mn?*(aq) oxidation rates using pseudo-first order reaction
constants (Kobs) is limited because homogeneous oxidation rates in aqueous solution by biotic and
photochemical processes cannot be normalized by surface area. However, reduction rates without
surface area normalization are comparable to or faster than oxidation rates, suggesting that the
rates for natural oxidation processes are likely to be similar to or slower than that obtained from
our 100 mV/s CV scans (Figure S9). Thus, our findings suggest that the natural abundance of
todorokite over other tunnel structured Mn oxides is plausibly due to kinetics and electron flux
limitations posed by natural oxidation and reduction processes. Using previously reported redox
rates of Mn in ocean sediments® and assuming 300 times of redox cycles as used in this study, we
were able to preliminarily estimate the time required for the transformation of 3-MnO2 to
todorokite in sediments. We used the redox rates between Mn?*(aq) and Mn(lll) in the pore water
of ocean sediments® because there were no previously studies on for the redox rates between
structured Mn(I1) and Mn(1V) in MnO: (diagenetic process) in natural system. The estimated time
for the transformation of 6-MnOz2 to todorokite ranges from ~0.1 to ~10 years with 300 times redox

cycles (Text S5 and Table S8). We note that the estimated time has a large range due to the
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limitation of available data and the reaction time in natural systems may also vary significantly
depending on the environment factors. Nonetheless, this study and the calculated estimation
provides an initial step for future studies to explain the formation of todorokite and contribution
of diagenesis processes on the diversity of Mn oxides in the presence of repeated redox cycles in

nature.

Conclusion

Overall, our case study on the transformation of layer to tunnel structure in Mn oxides
further emphasized the complex processes that can be involved in the formation of natural minerals.
In this case, the occurrence of tunnel structured natural Mn oxides may not always be due to single
one-run reactions, but rather more likely due to repeated redox reactions and structural evolution
cycles. In this study we used electrochemical methods to reasonably simulate and accelerate the
reactions involving Mn oxides in the nature. The results not only revealed the transformation
mechanisms in great details, but also disclosed the significant role of kinetics and electron flux in
the phase selection among different polymorphs of tunnel structured Mn oxides, which explains
the predominance of certain tunnel structured Mn oxides in natural environments. The new insights
revealed in this study may also provide new angles for interpreting the existence, evolution, and
weathering of minerals and their relationships within the geological environments of planetary

bodies such as the Earth and beyond.
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Materials and Methods (Texts S1-S5), XRD (Figures S1 and S8), HRTEM (Figures S2 and S8),
XAS (Figure S3), electrochemical tests (Figures S4-S6), structure of MnO2 (Figure S7), summary
of redox rates (Figure S9), and thermodynamics and kinetics data in comparison with data

surveyed from literature (Tables S1-S7)
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Figure 1. Transformation of 6-MnO> nanosheets to tunnel structured todorokite driven by
repeated redox cycling. (A and B) From bottom to top, XRD patterns of carbon paste, unreacted
3-MnO2 (0 cycle), and 6-MnO2 after 10-300 cycles at 100 mV/s. (C) Shift of the 5-MnO2 (001)
basal plane diffraction peak to the (100,001) peak of todorokite after 300 redox cycles. (D, E, and
F) HRTEM images and fast Fourier transform of selected areas showing atomic distances, ranging
from ~9-18 A, occurring from the direction perpendicular to tunnels, typical of todorokite after

300 cycles.
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Figure 2. EXAFS analysis of 6-MnO: reaction products. (A) Mn K-edge EXAFS spectra and
(B) Fourier transform of 6-MnO2 before and after 300 cycles, compared to a todorokite reference

compound.
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Figure 3. Cyclic voltammetry curves of a 100 uM Mn?* solution cycled 10 times between -1
and 1 V at pH 7. The voltammetric peaks, resulting from redox reactions between Mn(ll) and
Mn(1V) in solid Mn oxide, changed asymmetrically with increasing numbers of cycles. This result
suggests a two-step one-electron transfer mechanism between structural Mn(lI1) and structural

Mn(1V), with the formation of intermediate Mn(l1l1).
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Figure 4. Suppressed transformation of Zn-coprecipitated 6-MnO, to todorokite. XRD
patterns of Zn-coprecipitated 6-MnO2 samples (A) Zn5 and (B) Zn20 before and after 25-300
redox cycles. Black dashed line indicates d-spacing of (001) basal plane of Zn-coprecipitated -
MnO2 samples as shown in the broad and weak sample diffraction before cycle. Red arrow points
to a diffraction shoulder at ~10 A after 300 cycles in Zn5 that emerged from the formation of

todorokite through redox cycling.
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Figure 5. Effect of the frequency and amplitude of repeated redox cycles on the tunnel size
of 6-MnO; transformation products. (A) Current flow as a function of time under varied scan
rates. (B) Reduction rates obtained from the varied voltage scan rates. (C) Applied power resulting
from electron flux during redox reaction under varied voltage scan rates. The average and error
range were obtained by analyzing and averaging CV curves at 10, 100, 200, and 300 redox cycles.
(D) XRD showing the change of tunnel size depending on voltage scan rates. Bottom red vertical
line represents the (100,001) diffraction peak of todorokite (3x3 tunnel structure). Red arrow
indicates the emerged diffraction peak of todorokite. Bottom blue vertical lines indicate the (-

101,10-1) and (200,002) diffraction peaks of hollandite (2x2 tunnel structure). Blue arrows
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indicate the emerged diffraction peaks of hollandite. Black dashed line is a visual guideline of the

change in peak symmetry due to emerged diffraction from hollandite at 2 V/s.
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Figure 6. Correlation between the abundance of different tunnel sized Mn oxides and

environmentally relevant redox kinetics. The reduction rates of layered Mn oxides (birnessite

and 8-MnOz) under environmentally relevant conditions are within the regime observed for the

transformation of -MnO2 to todorokite by repeated redox cycling, which explains the abundance

of todorokite (3 x 3 tunnel size) over other tunnel structured Mn oxides with smaller tunnel sizes

(e.g. 2 x 2 or 1 x 1 tunnel sizes) in natural environments.
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