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Abstract

The energy conversion in Earth’s surface environments over geological history heavily involves the redox reactions of nat-
ural minerals. Natural Mn(III/IV) oxides and Mn>*(aq) is one of the most important redox couples that significantly dictate
the electron flow in nature. Elucidating their formation and redox reactions is of critical importance for understanding numer-
ous elemental cycles and the evolution of redox environments on Earth and other planets. Previous studies generally consider
biotic processes as the dominant oxidation pathway for Mn?*(aq) in natural environments. In this study, we demonstrate
rapid abiotic oxidation of Mn?*(aq) through photocatalytic reactions in the presence of natural Fe oxide minerals at rates
comparable to those of currently known biotic/abiotic oxidation processes. Fe oxide minerals not only facilitate the electron
transfer, but also serve as templates for the heterogeneous nucleation of tunnel structured Mn oxides. This finding highlights
an important yet previously overlooked abiotic process on the formation of Mn oxides, which offers a new pathway for
explaining the commonly observed co-occurrence of Fe and Mn oxide minerals in nature and the origin of diverse structures
of Mn oxides.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION soils, and sediments, and significantly influence the biogeo-
chemical cycling of numerous metals, nutrients, and
organic compounds through adsorption, precipitation,
and redox reactions. They are among the strongest natural
oxidants and can participate in a wide range of redox reac-
tions involving organic and inorganic species (e.g., Stone
and Morgan, 1984; Fendorf and Zasoski, 1992; Sunda
and Kieber, 1994; Murray et al., 2007). In the absence of

oxygen, Mn oxides can be used by dissimilatory metal-

Mn(III, IV) (oxyhydr)oxides (hereafter noted as Mn oxi-
des) are a group of metal oxides of great environmental,
geological, and public health significances. They exist in
nearly all environmental settings, such as aquatic systems,
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reducing bacteria as the terminal electron acceptor for the
oxidation of organic matter (Nealson and Saffarini, 1994),
thus further affecting the carbon cycle. Moreover, due to
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the high reduction potential of Mn, the widespread occur-
rence of Mn oxides was suggested to be indicative of highly
oxidizing aqueous environment, providing clues for the
early evolution of redox environments on Earth and Mars
(Lanza et al., 2014). For example, the Mn redox cycle is
built into the fundamental frameworks of several newly
proposed paleo redox proxy systems for tracking Earth’s
oxygen evolution history, such as the Ce, Mo, Cr, and TI
isotope systems (Frei et al., 2009; Crowe et al., 2013;
Planavsky et al., 2014b; Owens et al., 2017; Goto et al.,
2020), as Mn oxides play critical roles in the redox cycles
of these elements and related isotope fractionations. Thus,
understanding Mn oxide formation can greatly advance
our knowledge of the operation and evolution of planetary
surface environments.

The formation of Mn oxides originates from the oxida-
tion of Mn(II) or soluble Mn(IIT) complexes. Although the
oxidation of Mn?*"(aq) by molecular oxygen via one-
electron transfer is thermodynamically favorable at pH
higher than ~8 (Luther III, 2010), abiotic homogeneous oxi-
dation of Mn>*(aq) in aqueous condition takes years (Diem
and Stumm, 1984). With the common presence of Mn oxide
coatings on the surface of natural minerals, heterogeneous
oxidation of Mn?*'(aq) by molecular oxygen on mineral
surfaces has been considered as a possible abiotic pathway
for Mn oxide formation. Studies of heterogeneous oxida-
tion of Mn>"(aq) on the surface of Fe/Al oxides and silica
showed that mineral surface-catalyzed heterogeneous oxi-
dation of Mn?*(aq), with a half-life of 5-2,800 days, is fas-
ter than homogeneous oxidation of Mn?>*(aq) in solution
by molecular oxygen (Sung and Morgan, 1981; Davies
and Morgan, 1989; Wehrli et al., 1995). However, except
for the study on the heterogeneous nucleation of Mn(III)
oxide by ~7 nm hematite nanoparticles (Table S1)
(Madden and Hochella, 2005), the rates of these heteroge-
neous oxidation reactions are much lower than those
observed in nature (a half-life of ~1.4 days) (Wehrli et al.,
1995). In addition, while Mn(IV) is the most dominant oxi-
dation state of natural Mn oxides, only Mn(III) oxides were
observed in previous laboratory studies of heterogeneous
oxidation processes (Sung and Morgan, 1981; Davies and
Morgan, 1989; Wehrli et al., 1995). In contrast, compared
to the slow abiotic processes, microbially mediated pro-
cesses show much faster oxidation of Mn*(aq) to Mn
(IV) within hours (Webb et al., 2005b; Hansel et al., 2012;
Butterfield et al., 2013). Thus, based on the ubiquitous pres-
ence of Mn(II)-oxidizing microorganisms, biotic processes
are generally considered to be the dominant contributor
to the formation of natural Mn oxides in surficial systems.

A few earlier studies showed that mineral-catalyzed or
photochemical processes might also contribute significantly
to the oxidation of Mn?'(aq) in environmental systems.
Madden and Hochella showed 1-1.5 orders of magnitude
higher rate of heterogeneous oxidation of Mn>*(aq) on
~7 nm hematite nanoparticles as compared to that of
~37 nm hematite nanoparticles (Table S1) (Madden and
Hochella, 2005). Anbar and Holland showed rapid anoxic
oxidation of Mn?*(aq) by UV light (180-240 nm) (Anbar
and Holland, 1992), which became insignificant upon the
addition of Fe’*(aq). Following these seminal studies on

mineral/photochemistry assisted oxidation of Mn*'(aq),
several recent studies have sparkled interests in the re-
assessment of light-induced biotic/abiotic processes in the
oxidation of Mn(Il) and formation of Mn oxides. For
example, studies showed the oxidation of Mn?*(aq) by pho-
totrophic organisms (Learman et al., 2011a; Chaput et al.,
2019; Daye et al., 2019). In abiotic processes, reactive oxy-
gen species (such as superoxide) generated from the photo-
chemical reduction of oxygen in the presence of organics or
nitrate (i.e., an indirect photochemical oxidation process)
are reported to show considerable Mn>'(aq) oxidation
(Nico et al., 2002; Learman et al., 2011b; Jung et al.,
2017a). These studies used high concentrations of organic
matter (5 mg/L) (Nico et al., 2002) or nitrate (14 mg/L)
(Jung et al., 2017a) as compared to their typical concentra-
tions in surface waters (~0.5 mg/L organic matter and
~0.7 mg/L nitrate (Millero, 2016)). Considering the wide
range of dissolved organic matter (~0.1 to ~50 mg/L) and
nitrate concentrations (0 to ~20 mg/L) in surface waters
(Mulholland, 1997; World Health, 2003), such abiotic pho-
tochemical oxidation of Mn>*(aq) might be significant in
certain environmental settings.

Based on the known high photocatalytic performance of
Fe oxide minerals in engineering systems and considering
the widespread co-existence of Fe and Mn oxides in nature,
we are inspired to systematically explore the possibility of
natural Fe oxide minerals assisted direct photocatalytic oxi-
dation of Mn?*(aq) in sun-lit environments, as well as the
roles of Fe oxides in the formation of different structured
Mn oxides. A recent study demonstrated that the photon-
to-electron conversion by semi-conducting Fe oxides on
rock surfaces is possible (Lu et al., 2019). The ubiquitous
occurrence of Mn/Fe oxide enriched rock varnishes on
sun-lit rock surfaces strongly suggests the possibility of
photocatalytically induced formation of Mn oxides in the
presence of Fe oxides (Lu et al., 2019). A recent study
reported the photochemical oxidation of Mn?*(aq) on nat-
ural Fe oxides and TiO,, and the authors proposed an indi-
rect pathway of Mn”'(aq) oxidation by reactive oxygen
species (ROS) generated through the transfer of photo-
excited electron to dissolved oxygen in solutions (Xu
et al., 2019). We hypothesize that, in the presence of light
and minerals, direct photocatalytic oxidation of Mn?"(aq)
(i.e., electron transfer from Mn>*(aq) to the valence band
of natural minerals) is a possible reaction pathway, and
the rate of oxidation relies on the photocatalytic reactivity
of the mineral substrate and solution chemistry. We further
hypothesize that the mineral particles might serve as an
underlying template to lower the formation energy and
facilitate the heterogeneous nucleation of Mn oxides, and
the phase of Mn oxides might be influenced by the mineral
substrate structure and surface properties.

On the other hand, previously studied biotic or abiotic
homogeneous oxidation processes typically induced the
precipitation of highly disordered nanocrystalline layered
Mn oxides that are structurally similar to vernadite (o-
MnO,) or hexagonal birnessite (Learman et al., 2011b;
Jung et al., 2017b). This phase is highly reactive and can
subsequently undergo abiotic transformations or ripening
to form more ordered and crystalline phases such as
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triclinic birnessite, feitknechtite, and todorokite (Bargar
et al., 2005; Feng et al., 2010; Elzinga, 2011; Learman
et al.,, 2011b). As the other dominant structure category
of Mn oxides, tunnel structured Mn oxides are also com-
monly observed in nature (Potter and Rossman, 1979;
Post, 1999). Yet their formation and occurrence are still
not fully understood. One study reported the direct micro-
bial precipitation of tunnel structured Mn oxides such as
todorokite (Santelli et al., 2011) but with no detailed reac-
tion mechanism proposed. To our knowledge, no previous
studies have reported the direct formation of tunnel struc-
tured Mn oxides through abiotic processes under condi-
tions similar to low temperature circumneutral
environments (Feng et al., 2004, 2010; Yang et al., 2018,
2021).

In this study, we designed systematic laboratory exper-
iments to explore the photochemical oxidation of Mn>"
in the presence of natural Fe oxide minerals (hematite
and goethite) under simulated freshwater and seawater
conditions. We found that the photocatalytic oxidation
of Mn®"(aq) by these Fe oxides under circumneutral
pH conditions is not only viable, but comparable to pre-
viously reported biotic/abiotic processes. This exciting
finding suggests that such mineral-catalyzed photochemi-
cal oxidation of Mn”'(aq) may serve as an important
yet previously overlooked pathway for Mn oxide forma-
tion. We also found that large tunnel structured Mn
(ITI/TV) oxides can occur through heterogeneous nucle-
ation on Fe oxides and in the presence of large cations
in circumneutral conditions. Considering the ubiquitous
presence of Fe oxides in nature, our findings provide a
new perspective for understanding the occurrence and
diversity of Mn oxide phases in sun-lit natural
environments.

2. METHODS
2.1. Materials and reagents

Three environmentally abundant Fe oxide minerals (fer-
rihydrite, goethite, and hematite) were synthesized follow-
ing previous procedures (Cornell and Schwertmann,
2003). After synthesis, the solids were repeatedly washed
by deionized (DI) water, dialyzed, and freeze dried. X-ray
diffraction (XRD) analysis confirmed the synthesized min-
erals to be phase pure (Fig. S1). Surface area of the minerals
was analyzed using the Brunauer—-Emmett-Teller (BET)
method with N, gas adsorption (Autosorb-1-MP surface
pore analyzer, Quantachrome Corp.), and the measured
specific surface areas are 236.11 + 1.49, 38.44 4+ 0.39, and
117.96 + 0.43 m*> g~' for ferrihydrite, goethite, and hema-
tite, respectively.

To simulate natural freshwater and seawater conditions,
photochemical experiments were conducted in both DI and
artificial seawater (ASW). ASW contained 0.42 M NaCl,
0.025 M MgSO,, 0.0091 M CaCl,, 0.0089 M KCI, and
0.0024 M NaHCO;, with an initial pH of 8 (Montserrat
et al.,, 2017). During the 8 h experimental course, pH of
the ASW stayed at 7.95 + 0.05. The pH of the DI water
was initially titrated to 7.5 using HCl and NaOH. Through-

out the reaction, the pH value of the DI water dropped by
~0.3 unit per hour, and was manually adjusted to 7.5 + 0.1
using 0.1 M NaOH every hour.

Prior to the start of experiments, Fe oxides (0.1 g/L)
were suspended in 180 mL DI or ASW, followed by disper-
sion via sonication. The sizes of the Fe oxide particles sus-
pended in DI and ASW were measured before light
exposure using dynamic light scattering (Zetasizer). We
used z-average (intensity-weighted mean hydrodynamic
sizes) mean value because it is sensitive to the size of aggre-
gated particles. Calculated aliquots of MnCl, stock solution
were added to the suspension to achieve 100 pM final
concentrations.

2.2. Photocatalytic oxidation of Mn”>*(aq)

Photochemical reactions were initiated by exposing the
above-prepared suspension to a 450 W Xe-arc lamp light
source (Newport) equipped with a 10 cm IR water filter
(to avoid temperature increase during reaction). A gas-
tight borosilicate reactor with a quartz window (1 in. diam-
eter) was used for the reaction. The reaction suspension was
continuously stirred on a magnetic stir plate during the
reactions. Aliquots (0.3 mL) of the suspension were period-
ically sampled for solid and aqueous phase analyses. All
experiments were conducted in replicate.

To calculate quantum yields and to estimate oxidation
rates under natural sunlight conditions, we used the irradi-
ances of 450 W Xe-arc lamp and reference solar spectral
irradiance from the National Renewable Energy Labora-
tory (NREL) website. A set of parallel experiments were
also conducted using 400, 550, and 645 nm cut-off optical
filters (Newport) to identify the photo-active wavelength
range for Mn”"(aq) oxidation.

Two sets of control experiments were conducted to eval-
uate the effects of light and oxygen exposure. Dark experi-
ments were conducted without the light source. Anoxic
experiments were conducted by purging all the reaction
solutions with ultrahigh purity N, gas. The purged solu-
tions were transferred into a controlled atmosphere glove
box (95%:5% N,/H,) (Coy), inside which the reaction sus-
pension was transferred into the gas-tight borosilicate reac-
tor. Photochemical reaction was conducted outside the
glove box. At each sampling point (typically every hour),
the reactor was transferred into the glove box for aliquot
sampling.

To test the potential formation and effect of reactive
oxygen species (ROS) on the oxidation of Mn>*(aq), a set
of parallel experiments were also conducted in the presence
of 0.1 pM superoxide scavenger, superoxide dismutase
(SOD, >2500 units/mg protein, Sigma Aldrich), or 0.1 M
hydroxyl radical scavenger, t-BuOH (Sigma Aldrich). We
chose 0.1 uM SOD for scavenging superoxide based on
the results from nitrate-catalyzed photochemical oxidation
of Mn*"(aq), which showed clear suppression of photo-
chemical oxidation in the presence of SOD (Jung et al.,
2017a). In addition, as a positive control to produce super-
oxide and confirm the scavenging performance of 0.1 pM
SOD, we tested the photocatalytic oxidation of Mn**(aq)
by TiO, nanoparticles, which have a large enough band-
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gap to produce superoxide via photocatalysis. Under the
same conditions of Fe oxides, our tests for the photocatal-
ysis by TiO; in the presence of SOD showed a clear differ-
ence on the photocatalytic oxidation of Mn**(aq) by TiO,
(date not shown), indicating that the use of 0.1 uM SOD is
sufficient to confirm the contribution of superoxide in
the photocatalytic oxidation of Mn?*(aq) by Fe oxides.
t-BuOH is the most representative scavenger of hydroxyl
radical (Wu et al., 2018). The addition of the high concen-
tration (0.1 M) of t-BuOH ensures the quenching of the
oxidation of Mn**(aq) by hydroxyl radical.

2.3. Characterization of reaction products

At each time point, aliquots of the reaction suspension
were sampled. The amount of oxidized Mn(IIL,IV) was
quantified for both unfiltered and syringe filtered (0.2 pum)
suspension using the leucoberbelin blue (LBB) colorimetric
method (Tebo et al., 2007) at 625 nm on an UV-vis spec-
trophotometer (Cary 60, Agilent). Standard calibration
used KMnY"0,. LBB has one electron transfer with Mn
species with an oxidation state higher than Mn(II). That
is, one mole of Mn(VII) oxidizes five moles of LBB. Thus,
the oxidizing equivalent can be converted to different Mn
valences. For example, 10 pM KMn""0, (oxidizing
50 M LBB) is equivalent to 50 uM of Mn™OOH (oxidiz-
ing 50 uM LBB). Due to the difference in crystal structure
and oxidation state of the produced Mn oxides, Mn(III,
IV) concentration measured by the LBB method was con-
verted to Mn(III) equivalent to enable cross comparison
among different experiments. Because the solutions in DI
and ASW systems do not contain ligands for stabilizing sol-
uble Mn(III), dissolved Mn>* concentration was directly
determined using the porphyrin colorimetric method at
468 nm on a UV-vis spectrophotometer (Madison et al.,
2011).

At the end of reactions, solid products were collected
through vacuum filtration (0.2 pum), followed by repeated
DI rinse and freeze drying. Freeze dried solids were finely
ground and characterized for structure properties using
X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), and X-ray absorption spectroscopy (XAS). Syn-
chrotron XRD was conducted at Beamline 11-ID-B (E =
58.648 keV, L = 0.2114 A) at the Advanced Photon Source
(APS) at Argonne National Laboratory (Lemont, IL, US).
XPS analysis was conducted on a K-alpha XPS system
(ThermoFisher Scientific). C 1s spectra (284.8 eV) were
used for the calibration of binding energy. Mn 3p spectra
were used for spectra fitting and obtaining Mn oxidation
state because it shows better sensitivity than Mn 2p and
3s spectra. For the fitting of Mn 3p spectra, FWHM was
limited in the range of 1.5-1.9 based on the fitting of refer-
ence Mn oxides (Mn"O, y-Mn™OOH, and p-Mn'VO,)
(Fig. S2). In addition, as shown in a previous study for
the curve fitting of Mn 3p spectra (Cerrato et al., 2011),
asymmetrical Gaussian-Lorentzian algorithm was applied
by giving a freedom on the tail mix in the Mn 3p spectra
fitting above 80%.

Synchrotron Mn K-edge X-ray absorption spectroscopy
(XAS) analysis was conducted at Beamline 4-1 at the Stan-

ford Synchrotron Radiation Lightsource (SSRL, Menlo
Park, CA, US), Beamline 5-BM-D at APS, and Beamline
6-BM at National Synchrotron Light Source-II (NSLS-II)
at Brookhaven National Laboratory (Upton, NY, US).
Solids were brushed on Kapton tapes and XAS data was
collected in both transmission and fluorescence mode. Both
XANES (X-ray absorption near edge structure) and
EXAFS (extended X-ray absorption fine structure) data
were collected. The monochromators were detuned by
40% to avoid higher order harmonics. Energy calibration
used Mn foil. Multiple scans (2-6) were collected for each
sample, averaged, and normalized for further analysis.
Analysis of the Mn XANES spectra for each sample
showed no evidence of photo-reduction under the X-ray
beam.

XAS data analysis was performed using the programs
SIXPACK (Webb, 2005) and Ifeffit (Ravel and Newville,
2005). Linear combination fitting (LCF) of the Mn XANES
region was conducted to determine the relative percentage
of Mn(II), Mn(III), and Mn(IV) species and the average
oxidation state (AOS) following previous procedures
(Manceau et al., 2012). To obtain statistically meaningful
fitting results, all possible combinations with up to four ref-
erence compounds among the 12 reference compounds in
Table S2 were applied, and 781 different fitting results were
obtained. Note that each reference compound only contains
one oxidation state of Mn(II), Mn(III), or Mn(IV), whereas
the Mn oxides produced in this study likely contain multi-
ple oxidation states. Among the obtained fitting results, 30
fittings with the lowest R factors were averaged to deter-
mine AOS and the relative percentages of different Mn oxi-
dation states. Typical error for LCF is ~10% based on the
30 fitting results. Thus, values lower than 5% are considered
negligible. Details on the reference compounds and results
for LCF analysis are in Table S2. LCF for EXAFS spectra
is also conducted to analyze the structure of the heteroge-
neously nucleated Mn oxides on Fe oxides. EXAFS spectra
of references compounds for LCF are available in the Sup-
plementary Information (Fig. S3).

3. RESULTS
3.1. Light and Fe oxide facilitated oxidation of Mn>*(aq)

Our systematic experiments investigated the photochem-
ical oxidation of Mn*(aq) in the combined presence of
light and natural Fe oxide minerals hematite or goethite.
With 8 h light exposure, both hematite and goethite oxi-
dized Mn*"(aq) and led to the production of >80 and
>60 pM Mn(III) equivalent, respectively. Here the Mn
(ITIL,IV) concentrations measured by the leucoberbelin blue
(LBB) method were converted to Mn(III) equivalent to
enable direct comparison between different experiments
(Fig. 1). Note that the oxidation rate calculation (Fig. S4)
is also based on Mn(III) equivalent. Interestingly, minimal
to negligible oxidation occurred in the presence of ferrihy-
drite. The rate and extent of oxidation were also affected
by solution chemistry, as evidenced by the differences in
DI water vs ASW (representing freshwater and marine
conditions, respectively). For hematite system, in both
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Fig. 1. The photocatalytic oxidation of Mn>"(aq) in the presence of hematite (a), goethite (b), and ferrihydrite (c) in DI water and ASW. For
the photocatalytic oxidation of Mn*"(aq) in the presence of hematite (a), the difference between filtered and non-filtered samples suggests the
formed Mn oxides are present as solid phases. As explained in the Method section, Mn(IIL,IV) concentration measured by LBB method was
converted to Mn(III) equivalent to enable cross comparison among different experiments.

DI-hematite and ASW-hematite suspensions, rapid oxida-
tion occurred within the first 6 h, followed by a plateau.
The oxidation of Mn?"(aq) (calculated using initial linear
range) in ASW-hematite suspension (18.7 + 3.1 yM h™)
was six times faster than that in DI-hematite suspension
3.2 £ 1.4 M hfl) (Fig. la and Fig. S4). In ASW-
hematite suspension, the extent of oxidation appears to be
limited by the consumption of Mn*'(aq) (Fig. S5). For
goethite system, in contrast, higher oxidation extent was
observed in DI-goethite suspension than ASW-goethite sus-
pension (Fig. 1b). Oxidation in ASW-goethite suspension
also exhibited a ~3 h delay as compared to the immediate
onset in DI-goethite suspension. After 3 h, the oxidation
rate in DI-goethite suspension (8.6 + 0.7 uM h™") was only
slightly higher than in ASW-goethite suspension (6.5 + 0.
7 uM h™ ") (Fig. S4).

Dark control experiments in the presence of hematite
and goethite showed no significant oxidation of Mn>"(aq),
suggesting that photochemical reaction was the dominant
(if not only) factor for the induction of fast oxidation,
except for the dark control experiment of ASW-hematite.
It is worth noting that the hematite system (Fig. 1a) showed
considerable oxidation under dark ASW condition (~20 uM
Mn(III) production at steady state), although no oxidation
occurred under dark DI condition (Fig. 1a). This is possibly
due to mineral catalyzed heterogeneous oxidation as previ-
ously observed on hematite surface (Table S1) (Madden
and Hochella, 2005). The dark control experiments showed
significant effects of light on the oxidation of Mn>*(aq) by
Fe oxides.

Control experiments using scavengers for superoxide or
hydroxyl radical, both being the most common and reactive
ROS species in nature, show that the photocatalytic oxida-
tion of Mn”*"(aq) by Fe oxides occur at similar rates
(Fig. 3a and b), although there is a slight difference in the
oxidation extents.

Anoxic test explored the effect of oxygen on the photo-
catalytic oxidation of Mn>"(aq). Under anoxic conditions,
both hematite and goethite showed no discernible oxidation
of Mn**(aq), indicating the necessity of oxygen for the
rapid photocatalytic oxidation by Fe oxides (Fig. 3d and

e). To reveal the effective wavelength region of photocatal-
ysis, we conducted parallel experiments for the ASW-
hematite system using 400, 550, and 645 nm cut-off optical
filters, which can block lights below 400, 550, or 645 nm,
respectively. A considerable decrease in Mn*"(aq) oxida-
tion (from ~80 to ~60 pM at steady state) was observed
only for the 645 nm filter (Fig. 3g), suggesting that electron
transfer between hematite and Mn>*(aq) occurs dominantly
at ~650 nm (~1.9 eV).

3.2. Heterogeneous nucleation and formation of Mn oxides

In addition to the observed fast photocatalytic oxidation
of Mn*"(aq) in the presence of hematite/goethite, we also
observed the heterogeneous nucleation and formation of
tunnel structured Mn(III/IV) oxides on the surface of Fe
oxides as reaction products. Homogeneous nucleation typ-
ically results in nanometer-sized particles in solution (De
Yoreo et al., 2015), which would have penetrated the
0.2 pum syringe filters at least during the early stages of reac-
tion. Previous study of homogeneously nucleated Mn oxi-
des in biotic and abiotic processes showed that the size of
the Mn oxide nuclei is in the range between ~6 and
~30 nm (Soldatova et al., 2019). However, no Mn(III/IV)
solids were detected in the filtrate at any time during the
reaction (Fig. la and b), confirming the heterogeneous
nucleation of Mn oxides on Fe oxide surfaces.

Mn 3p X-ray photoelectron spectroscopy (XPS) analysis
of the filtered final solids revealed that Mn(III) was the
most dominant oxidation state (92%, 66%, 51%, and 39%
for DI-goethite, ASW-goethite, DI-hematite, and ASW-
hematite suspensions, respectively), followed by Mn(IV)
(26-29%) and Mn(II) (8-35%) (Fig. S6). Notably, DI-
goethite suspension produced oxidized Mn almost exclu-
sively as Mn(III) (92%, with the remaining 8% as Mn(II)).
The presence of Mn(II) in the solid products is likely due
to its adsorption on the Fe oxide and/or precipitated Mn
oxide surfaces. Linear combination fitting (LCF) of Mn
K-edge XANES data showed similar trends as XPS-
obtained fractions of Mn(IIl) and Mn(IV) species
(Table S3). Although both techniques provided qualitative
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trends with respect to the oxidation states of Mn(IIl/IV)
species produced, as shown in the different trend in DI-
hematite and ASW-hematite suspensions, obtaining accu-
rate ratios of Mn(III)/Mn(IV) was difficult due to errors
associated with data fitting and the difference between bulk
technique (XANES) and near-surface technique (XPS)
(Ilton et al., 2016).

Reactions in hematite suspension also induced the for-
mation of romanechite-like Mn oxide phase (2 x 3 tunnel
structure) (Fig. 2a). Strong XRD peaks at ~3.4 and
~2.4 A were observed for Mn oxides precipitated in
ASW-hematite suspension. Among all known Mn(III/IV)
oxide phases, these peaks only belong to romanechite.
The observed diffraction peaks are slightly shifted from
the reference compound Ba-romanechite, possibly due to
the presence of other cations such as Ca’*", Mg?", and
Na™ (from ASW) instead of Ba®" in the tunnels. For reac-
tion products from the DI-hematite suspension, fewer and

romanechite
(2 x 3 tunnel)

hematite

K3X(K) (A
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weaker diffraction peaks were observed as compared to
the solids from ASW-hematite suspension, making accurate
phase identification difficult. However, LCF of EXAFS
spectra at 7-10 At k-space (the well-known “indicator
region” for layer and tunnel structured Mn oxides
(Fig. S7) (McKeown and Post, 2001; Webb et al., 2005a;
Saratovsky et al., 2009; Santelli et al., 2011)) also suggests
the formation of romanechite-like phase (Webb et al.,
2006), likely with other cations in the tunnels.
Photocatalytic reaction in DI-goethite suspension
induced the formation of groutite (a-MnOOH), a 1 x 2 tun-
nel structured Mn oxide phase (Fig. 2b). XRD showed the
appearance of groutite (301) and (401) diffraction peaks,
consistent with Mn XANES and EXAFS analyses
(Fig. 2c and Fig. S7 and S8). Since goethite (a-FeOOH) is
an 0-MeOOH phase with a 1 x 2 tunnel structure, the
matching lattice structure with groutite suggests a likeli-
hood of templated nucleation and growth of groutite on
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Fig. 2. Heterogeneous nucleation of Mn(III/IV) oxides on hematite and goethite surfaces. (a) XRD data showing the formation of
romanechite-like Mn oxide (2 x 3 tunnel structure) phase on hematite. Bottom green vertical lines indicate the diffraction peak positions of
Ba-romanechite reference, with green vertical bars indicating the (h k 1) of the observed diffraction peaks of romanechite in reacted samples.
(b) XRD data showing the formation of groutite-like Mn oxide phase (1 x 2 tunnel structure) on goethite in DI. Bottom blue vertical lines
indicate the diffractions of groutite reference, with blue vertical bars indicating the (h k 1) of the observed diffractions of groutite in the reacted
samples. (c) Mn K-edge EXAFS results supporting the formation of groutite on goethite. EXAFS data in the 7-10 A~! indicator region
(highlighted by dashed lines) of hematite in ASW, hematite in DI water, and goethite in ASW indicate the formation of romanechite. (d)
Schematic illustration of heterogeneously nucleated Mn oxides on hematite and goethite surfaces through photocatalytic oxidation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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goethite. For ASW-goethite suspension, weak XRD peaks
for both groutite and romanechite were observed, though
EXAFS spectra suggested the dominance of a
romanechite-like structure.

4. DISCUSSION

4.1. Mechanisms for Fe oxide catalyzed photocatalytic
oxidation of Mn**(aq)

As discussed previously, we consider direct photocataly-
sis as the dominant (if not only) factor for light and Fe
oxide facilitated Mn”*'(aq) oxidation. Superoxide and
hydroxyl radical have been considered as the most effective
oxidizer in photochemical reactions due to their high reac-
tivity and environmental abundance. Recent studies have
reported the indirect oxidation of Mn?*"(aq) by photochem-
ically generated superoxide (Learman et al., 2011a; Jung
et al., 2017a)) in solution (i.e. homogenous oxidation).
However, in our study, the conduction bands of hematite
and goethite are at higher potential than the reduction
potential of oxygen/superoxide (Fig. 3c) (Xu and
Schoonen, 2000; Wu et al, 2015). Therefore, photo-
excited electrons of goethite and hematite cannot reduce
dissolved oxygen to superoxide. Previous studies also
showed that hydroxyl radical is not an effective oxidant
of Mn*"(aq) under neutral pH condition (Learman et al.,
2011a; Jung et al., 2017a) even though this process is ther-
modynamically feasible (Luther III, 2010; van Genuchten
and Pena, 2017). Our control experiments using the scav-
engers superoxide dismutase (SOD; targeting superoxide)
and t-BuOH (targeting hydroxyl radical) showed similar
Mn>*(aq) oxidation rates as compared to the experiments
without scavengers (Fig. 3a and b), suggesting negligible
contributions of superoxide and hydroxyl radical on the
observed oxidation of Mn>*(aq). The effect of singlet oxy-
gen and H,O, on the oxidation of Mn®'(aq) is ruled out
because they are not likely produced via the photocatalysis
of Fe oxides. However, since the chemistry of ROS is quite
complicated, future detailed studies are needed to explore
the effect of different geochemical factors on Mn>" oxida-
tion by ROS, such as ROS species, concentration, and
pH, etc.

We also considered another possible pathway for
Mn>*(aq) oxidation, which is the comproportionation reac-
tion on the surface of formed Mn(IILIV) oxides, Mn(II) +
Mn(IV) — 2 Mn(IIl) (Elzinga, 2016). Both sides of the
equation provide two electrons to react with LBB. On the
left side, LBB reduces Mn(IV) to Mn(II) (2 electrons) and
it does not react with Mn?*(aq) (no electron transfer). On
the right side of the equation, each Mn(III) has one electron
transfer with LBB (total 2 electrons). Thus, after
comproportionation-disproportionation, there should be
no change in the amount of oxidized LBB. Therefore, the
results indicate that the increase of Mn(III) equivalent,
which is obtained from measuring the increase of oxidized
LBB, results from the oxidation of Mn?**(aq) to Mn(III)
and Mn(III) to Mn(IV), not from comproportionation-dis
proportionation. Thus, in our system, the dominant path-
way for Mn>*(aq) photo oxidation in the presence of

goethite and hematite is the oxidation by holes in the
valence band, resulting from the photoexcitation of an elec-
tron from the valence band to the conduction band. When
goethite and hematite absorb energies greater than the
band-gap, the generated holes at the valence band accept
electrons from Mn>*(aq). This reaction is thermodynami-
cally feasible because the valence bands of goethite and
hematite are at higher energy potentials than the reduction
potential of Mn’**(aq)/Mn**(aq) and MnO,/Mn**(aq)
(Fig. 3c). Such photocatalytic oxidation does not occur if
there is no electron acceptor due to the recombination of
the photo-excited electron and the hole. Indeed, under
anoxic conditions, oxidation of Mn**(aq) was significantly
suppressed, suggesting oxygen to be the acceptor of the
photo-excited electron (Fig. 3d and e). In contrast,
although the band gap of ferrihydrite (2.7 eV) is high
enough to photocatalytically oxidize Mn>*(aq), the absor-
bance spectrum of ferrihydrite shows poor photoexcitation
(Fig. S9), which might have resulted in the insignificant
photocatalytic oxidation of Mn?*(aq).

4.2. Effect of solution chemistry in the photocatalytic
oxidation of Mn**(aq) by Fe oxides

Solution chemistry can also affect the photooxidation
process and products, as evidenced by the differences in
DI vs ASW. The small pH difference in the DI-goethite
(7.5 £ 0.1) vs ASW-goethite (7.9 4+ 0.1) conditions likely
did not induce significant differences in the oxidation rate
(Fig. 1b and Fig. S4). High ionic strength (IS) and high con-
centrations of cations in ASW likely caused the observed
differences in photooxidation kinetics/extent and products,
as detailed below.

For the goethite system, the observed delay in oxidation
for the first 3 h in ASW was likely due to the adsorption of
cations on the goethite surface. Indeed, under dark condi-
tions, the DI-goethite suspension showed minimal adsorp-
tion of Mn*"(aq) on the goethite surface as indicated by
a minimal change in Mn*"(aq) concentration (Fig. S5b).
In comparison, ASW-goethite suspension had ~10%
Mn>*(aq) adsorption on the goethite surface, and XPS
results also indicated the adsorption of Na*t, Ca®', and
Mg*" on goethite in ASW (Fig. S10). These surface
adsorbed cations possibly affected the arrangement of Mn
atoms on the goethite surface. The nucleation and growth
of groutite (1 x 2 tunnel structured Mn oxide) with similar
lattice structure as goethite (1 x 2 tunnel structured Fe
oxide) in DI-goethite suspension suggest that there was
likely no significant disturbance to the arrangement of
Mn oxides on the goethite surface in DI water. On the other
hand, in ASW-goethite suspension, romanechite (with a dif-
ferent lattice structure from goethite) occurred on the
goethite surface. Based on the phase difference of nucleated
Mn oxides in ASW-goethite suspension, we can infer that
surface impurities might affect the arrangement of Mn
atoms on the goethite surface, and subsequently delay the
nucleation event to form Mn oxide, as a critical number
of Mn(III/IV) atoms need to be close to each other to over-
come the supersaturation barrier and form a nucleus (De
Yoreo and Vekilov, 2003).
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For hematite system, although there was no delay of
oxidation during the early stage of reaction, the oxidation
rates are different under DI vs ASW conditions (Fig. 1).
As shown in a previous study on the hydrothermal transfor-
mation of layer structured Mn oxides, the presence of large
cations (e.g., Ca®" and Mg*") can facilitate the formation
of large tunnel structures (Feng et al., 2015), which is a pos-
sible explanation for the observed differences in DI-
hematite and ASW-hematite suspensions. It also highlights
the important roles of cations in the heterogeneous nucle-
ation and growth of Mn oxides. While XRD and EXAFS
analyses showed the nucleation of romanechite-like phase
in ASW-goethite and hematite suspensions, clear phase
identification of the Mn oxides on Fe oxide surface was
challenging, due to the poorly crystalline nature of the
Mn oxides and heterogeneity of the samples. Further
detailed studies at atomic scale are warranted, such as high
resolution transmission electron microscopy (HRTEM)
and electron energy loss spectroscopy (EELS) analyses.

In addition, the optical absorbance spectra of hematite
suspension were significantly different under DI vs ASW
conditions (Fig. S11), likely due to the larger particle size
of hematite in ASW driven by the strong IS in ASW. With
increasing size of hematite nanoparticles, the lattice struc-
ture occurs with less tetrahedral and defective coordination
of ferric ions (Chernyshova et al., 2010). In our system, the
high IS of ASW likely affected the aggregation of hematite
nanoparticles (Table S4) and subsequent light absorption
spectra (Fig. S11). DI-hematite suspension shows a higher
absorbance at wavelength below ~520 nm compared to that
of ASW-hematite suspension. However, at wavelength
above ~520 nm, ASW-hematite suspension shows higher
absorbance. Using the absorbance spectra of hematite, cal-
culations (details in Supplementary Material Text S1)
showed higher photon absorption by hematite in DI
(Fig. 3f). However, Mn>*(aq) oxidation occurred at a
slower rate and to a lesser extent in DI-hematite suspension
as compared to ASW-hematite suspension (Fig. 1a). In the
parallel experiments for the ASW-hematite system using
400, 550, and 645 nm cut-off optical filters, a considerable
decrease in Mn*"(aq) oxidation (from ~80 to ~60 uM at
steady state) was only observed for the 645 nm filter
(Fig. 3g). This suggests that electron transfer between

hematite and Mn?*"(aq) occurs dominantly at ~650 nm
(~1.9 eV). This light regime is known for the absorption
band of ligand field transitions (°A; — *T»(*G)) of Fe*"
(Sherman and Waite, 1985; Sayed and Polshettiwar,
2015). Subsequently, these results suggest that Fe*' holes
generated from the transition are more photochemically
active for Mn?"(aq) oxidation than those generated by
ligand to metal charge transfer, which occurs by a direct
0%~ 2p® — Fe** 3d transition (A < 400 nm). Hematite
showed more light absorption in ASW compared to DI
for the transition of Fe®' in octahedral environment
(Fig. 3f and Fig. S11), and the results are consistent with
the fast oxidation of Mn?*(aq) with hematite in ASW than
DI condition (Fig. 1a).

4.3. Implications for the formation of Mn oxides in natural
systems

Our results suggest that mineral catalyzed photooxida-
tion can be a significant yet previously overlooked pathway
for the formation of tunnel structured Mn oxides in natural
systems. By calculating quantum yields and extrapolating
the Xe lamp intensity to natural sunlight (details in Supple-
mentary Material Text S1), our results show that hematite
and goethite catalyzed direct photocatalytic reactions can
induce considerable oxidation of Mn*"(aq) (Fig. 4a). It is
worth noting that the calculation (0.1 g/L Fe oxides and
100 pM Mn>" in ASW) is made conservatively considering
the concentrations of Fe oxides (~60 to ~100 g/L) (Madison
et al., 2013; Hermans et al., 2019) and Mn**(aq) (~50 to
~150 uM) (Madison et al., 2013)) at the surface of ocean
sediments where the oxidation of dissolved Mn(II/IIl) dom-
inantly occur in ocean systems. The calculated oxidation
rates with natural sunlight are comparable to those of
microbial processes (Francis and Tebo, 2001; Hansel and
Francis, 2006; Learman et al., 2011a, 2011b; Toyoda and
Tebo, 2013), which are generally considered as the domi-
nant contributor for natural Mn?*(aq) oxidation and Mn
oxide formation. Note that all the oxidation rates in
Fig. 4 (including those from this study and previous studies)
are calculated using Mn(III) equivalent concentration. Due
to the difference in experimental conditions between this
study and previous biotic/abiotic processes, such as pH,

<

Fig. 3. Direct photocatalytic oxidation of Mn*"(aq) by holes in a valence band of Fe oxides. (a and b) The photochemical reaction with
hematite and goethite in ASW in the presence of ROS scavengers SOD and t-BuOH shows the insignificant effects of ROS on the oxidation of
Mn?*(aq). In the presence of SOD and t-BuOH, although different oxidation extents were observed in the first hour (likely due to different
solution conditions such as cation adsorption on Fe oxides), the oxidation rates after 1 h were quite consistent. (c) The positions of band gaps
and reduction potentials show that superoxide cannot be generated via photo-excited electrons from Fe oxides, and that the oxidation of
Mn?*(aq) occurs by the empty holes in the valence band. The positions of the valence bands were calculated at pH 8 (Li et al., 2018), and the
positions of conduction band were consequently determined based on the band-gap energy of Fe oxides (2.2 and 2.6 eV for hematite and
goethite, respectively (Gilbert, 2009; Zhang, 2011). (d) and (e) Anoxic experiments with hematite and goethite showing the important role of
oxygen in the photocatalytic oxidation of Mn*(aq). Oxygen accepts photo-excited electrons from conduction band. For panel (d) dark
anoxic experiment, the reactor lid was opened to air at 4 h, and the presence of oxygen immediately induced the oxidation of MnH(aq).
Because goethite ASW system showed overall slower oxidation than hematite, to clearly confirm the suppressed oxidation under anoxic
condition, we maintained the anoxic condition for 8 h. (f) The calculated photons absorbed by hematite in DI water and ASW. By multiplying
wavelength, constant for unit conversion, and absorbance of hematite or goethite, the photons absorbed by hematite or goethite in the
exposure of Xe-lamp or natural sunlight can be calculated at each 1 nm width of wavelength. (g) Experiments conducted in the presence of
400, 550, or 645 nm cut-off optical filters.
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Fig. 4. Fast oxidation of Mn*"(aq) by photocatalysis with Fe oxides in environmental systems. (a) Comparison of Mn**(aq) oxidation rates
based on microbial processes, nitrate photolysis, and this work (Francis and Tebo, 2001; Hansel and Francis, 2006; Learman et al., 2011a;
Learman et al., 2011b; Toyoda and Tebo, 2013; Jung et al., 2017a). The oxidation rates in the figure for both previous abiotic/biotic studies
and this study are calculated from the consideration of Mn(III) equivalent. (b) Calculated irradiance of natural sunlight at varied water depths
using extinction coeflicient of water (Boivin et al., 1986; Pope and Fry, 1997) and irradiance of natural sunlight at surface. (c) Estimated
oxidation rate of Mn>*(aq) under hematite ASW condition, which showed the fastest oxidation rate among all the conditions, based on Fe

oxide facilitated photochemical oxidation at varied water depths.

temperature, solution chemistry, etc., direct comparison of
oxidation rates is limited. Nonetheless, this approximated
comparison shows the potential importance of the photo-
catalytic oxidation by Fe oxides based on the rapid oxida-
tion and abundance of Fe oxides in nature.

Further analysis shows that such photocatalytic oxida-
tion processes can be also considerable at the surface of
ocean sediments in euphotic zone (sun-lit aquatic environ-
ments, < ~200 m) (Fig. 4b and c). Using the extinction coef-
ficient of water with the irradiance spectrum of natural
sunlight (Boivin et al., 1986; Pope and Fry, 1997), we
obtained a light spectrum as a function of the depth of
water (Fig. 4b). Due to the relatively higher extinction coef-
ficient at wavelengths higher than 600 nm, the irradiance
decreases significantly with the depth of water. However,
at ~100 m depth, ~22% of the sunlight at 250-600 nm,
which is the greater part of visible and UV light, with equal
or higher energy than the band-gaps of hematite and
goethite to excite electrons from valence band to conduc-
tion band, can still penetrate the ocean (Fig. 4b). Although
the changes in the light penetration spectrum can be
affected by many factors, such as turbidity, phytoplankton,
and dissolved organic matters, etc., the estimated oxidation

of Mn?*(aq) at various water depths shows that such Fe
oxide facilitated photocatalytic oxidation of Mn>*(aq) can
occur in both terrestrial and shallow aquatic systems.

Overall, the explored photocatalytic abiotic pathway
provides new insights on our current understanding of
Mn oxide formation and the Mn redox cycle, as well as bio-
geochemical processes involving Mn oxides as a significant
component. For example, it might provide new insights for
understanding the commonly observed co-occurrence of
Mn and Fe oxides in terrestrial and shallow aquatic sys-
tems, such as the layer-by-layer growth of Mn and Fe oxi-
des in desert varnishes and ferromanganese nodules in lakes
(Post, 1999; Lu et al., 2019). As compared to the fast oxida-
tion of Fe(Il) and formation of Fe oxides even under low
oxygen conditions, the kinetics of Mn?*(aq) oxidation is
typically slow and the ubiquitous co-occurrence of Mn/Fe
oxide is not well understood. This study demonstrates the
feasibility of fast oxidation of Mn*"(aq) and formation of
Mn oxides on Fe oxides spanning terrestrial to ocean
systems.

Our results also revealed the fast formation of tunnel
structured Mn oxides (TMO) on Fe oxide surfaces. The for-
mation of TMO via homogeneous oxidation under environ-
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mental conditions has long puzzled the geoscience commu-
nity (Feng et al., 2015), with significant knowledge gaps
involving the sluggish reaction kinetics under low tempera-
ture circumneutral pH conditions, as well as the phase
selection (e.g., tunnel size) (Jung et al., 2020). Our results
not only revealed the fast formation of TMO under circum-
neutral environmental conditions, but also indicated the
strong influences of mineral substrate and solution chem-
istry on the phase selection of Mn oxide products. In addi-
tion, during the heterogeneous nucleation of Mn oxides,
impurities on natural Fe oxides can result in changes of
the TMO tunnel size due to increased lattice mismatch at
the interface between underlying Fe oxides and nucleating
Mn oxides. Consequently, to reduce the structural lattice
strains, the formation of a larger tunnel sized TMO, such
as todorokite (n x 3, with n > 2, the most common TMO
in nature), might be more favorable on natural Fe oxides
than smaller tunnel sized Mn oxides, such as romanechite
and groutite, which are nucleated on the surface of pure
Fe oxides in this study. Thus, the impact of mineral sub-
strate, solution chemistry, and structural impurities might
help explain the common presence of TMO with diverse
structures in the natural environment (Post, 1999). Interest-
ingly, different structures of natural Mn oxide coatings on
Mn dendrites, desert varnish, stream deposits, etc. have
been reported (Potter and Rossman, 1979), suggesting dif-
ferent nucleation and oxidation processes at work. With
this in mind, one might consider using the structure of nat-
ural Mn oxides as a fingerprint for tracing the origin and
environmental conditions during formation.

The observed direct photochemical oxidation of Mn
aq) occurs via the electron transfer from Mn**(aq) to holes
generated from the photoexcitation of electrons in Fe oxide
minerals, not by the transfer between Mn>*(aq) and oxygen
related species (i.e., dissolved O, or ROS). For semiconduc-
tors, the photo-excited electrons will recombine with holes
in the absence of electron acceptors. In this study, because
oxygen is the only electron acceptor of the photo-excited
electron, the oxidation of Mn>*(aq) is suppressed under
anoxic condition. However, in natural systems, natural
organic/inorganic species with reduction potentials between
the conduction band and valance band of Fe oxides can also
accept the photo-excited electrons from Fe oxides. Given the
long existence of organic molecules throughout Earth’s his-
tory, our findings might provide possible explanations for
the inference of the formation of Mn oxides prior to the sig-
nificant rise of atmospheric oxygen level (Johnson et al.,
2013; Planavsky et al., 2014a; Ossa Ossa et al., 2016). In
the presence of natural electron acceptors, such photocat-
alytic oxidation of Mn**(aq) by Fe oxides, such as Banded
Iron Formation (BIF) (Anbar and Holland, 1992; Kappler
et al., 2005; Konhauser et al., 2017), might be feasible under
minimal or low oxygen conditions that were previously
thought to be too low for Mn(II) oxidation.
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