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ABSTRACT: Solar energy provides one major pathway to Biogenic MnO, as OER catalysts

addressing global energy issues. Inspired by photosynthesis, jpp.o po i multi-copper oxidase — BioMnO,
nonbiological solar energy systems are designed for both absorbing Mnx catalyzed Mn(ll) oxidation — birnessite
light and “splitting water” to generate hydrogen fuel. However, o, — bare FTO /|,

during this process, the oxygen evolution reaction (OER) at the Mn(lh) —=5 BoMnox

anode has a high kinetic barrier and overpotential, which reduces
the overall efficiency. To improve the efficiency of the OER,
significant efforts have been made to develop promising OER
catalysts... Inspired by the hlghly efficient oxygen-eyolvmg complex 4H* + 0. + de-
(OEC) in photosystem II in nature, manganese-oxide catalysts have FT0 electrod QH N~y
garnered significant attention due to their low cost and minimal T
toxicity. However, the synthesis of most manganese-oxide catalysts

requires strong oxidants, external high electric potentials, or highly

basic conditions, which make large-scale production energy-consuming and less efficient. In this study, we present a natural and clean
process for synthesizing manganese-oxide catalysts by using an oceanic bacterial manganese oxidase named MnxG. The biogenic
manganese oxides, as generated under different conditions, have different morphologies and crystalline structures and are as eftective
as or even more effective than synthetic birnessite. Spectroscopic analyses, including XANES, XPS, and EPR, suggest that the
monoclinic-birnessite component, together with the surface Mn(III) species, plays a crucial role in the OER activity of biogenic
MnO,. This work provides insights into the development of efficient OER catalysts that can be produced by using a gentle and
sustainable process.
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1. INTRODUCTION application infeasible.”"" As a result, attention has shifted to
low-cost, abundant, and efficient metal-oxide catalysts, such as
the first-row transition-metal-containing catalysts cobalt
phosphate (CoPi) and NiFeO,.”'”" It is worth noting that
to produce the majority of oxygen gas in the atmosphere,
nature employs the highly efficient photosystem II as the
biological catalyst, where the oxygen-evolving complex (OEC)
Mn,OsCa (Figure 1) is the active site for water oxidation."*
The OEC complex consists of a cubane-like structure of
Mn;0,Ca with an outer manganese atom connected by two p-
oxo ligands.” Although the oxygen evolution mechanism of
the OEC in photosystem II remains elusive, the structural/

Clean and affordable renewable energy sources are crucial to
reducing our reliance on fossil fuels. Therefore, currently, there
is intensive research in this area.'~* Among the various energy
sources available, sunlight provides a large amount of clean
energy.” In nature, solar energy is efficiently converted to
chemical energy via photosynthesis.” One potential approach
to mimic this process in nonbiological solar energy systems,
such as the “Artificial Leaf”, has been investigated to capture
solar energy and “split water” to generate hydrogen fuel.”
However, one major challenge in such artificial systems is the
large overpotential caused by the high energy barrier of anodic
oxygen evolution reaction (OER), a process that involves the
transfer of four electrons per molecule of O, generated.” To Received:  December 16, 2023
improve the efficiency of O, evolution (or water oxidation), Revised:  April 13, 2024
significant efforts have been made to develop promising OER Accepted: April 15, 2024
catalysts.” Noble metal oxides, including IrO, and RuO,, have Published: April 24, 2024
been identified as highly efficient water oxidation catalysts.

However, their high cost and toxicity make large-scale
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Figure 1. Crystal structure models of (A) monoclinic birnessite (cif: 9001270) and (B) the dark state of the oxygen evolution complex (OEC) in
photosystem II (PDB: SKAF). The OEC structure was reproduced with permission from ref 15. Copyright 2016 Springer Nature.
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Figure 2. Overview of investigating the catalytic water oxidation potential of the biogenic MnO, (BioMnO,). Tunneling electron micrograph
(TEM) of a spore from Bacillus sp. SG-1 with biogenic MnO,, formed on the exosporium. The spore was isolated from marine sediment off Scripps
pier, San Diego, CA, 1980.°>°' The TEM image was adapted with permission from ref 61. Copyright 1999 Caister Academic Press.

elemental similarity between the OEC and manganese oxides
has inspired a significant amount of research on exploring
manganese-oxide catalysts.'®"*" For example, one of the
commonly studied manganese-oxide OER catalysts is layered
birnessite, which consists of an edge-sharing lattice of
octahedral manganese-oxide units and intercalating alkaline
metal cations between layers to balance the negative charges
created by defects (Figure 1)1

While most of the manganese oxides are synthesized using
strong oxidants,”*™*¢ strong bases,'® or external electric
potentials to oxidize Mn(II),*>*"~** manganese oxide minerals
in nature are usually synthesized through enzymatic pathways
under mild conditions. Abiotic oxidation of soluble Mn(II) to
Mn(III) and Mn(IV) oxides usually proceeds slowly in
seawater (pH 8.16).””' However, manganese-oxidase en-
zymes can expedite this process by 3—5 orders of magnitude.*
Within the marine Bacillus bacteria, a multicopper oxidase,
MnxG, has been found to enzymatically generate manganese
oxides via Mn(II) oxidation.””** In 2013, MnxG was first
expressed and purified in the form of a protein complex,
named Mnx, where the MnxG (~138 kDa) subunit is
combined with three MnxE (~12 kDa each) and three
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MnxF (~12 kDa each) accessory protein subunits.*>*® Since

then, the Mn(II)-oxidation mechanism and the structure of
Mnx have been intensively investigated via electron para-
magnetic resonance (EPR) spectroscopy and kinetics stud-
ies.”’7* In addition, the product of Mn(II)-oxidation
catalyzed by Mnx has been characterized as defected and
layered Mn(IILIV) oxides with a rod-shaped morphology.***'
However, the potential of biogenic manganese oxides as an
OER catalyst has yet to be explored. Here, we employ the Mnx
enzyme to synthesize biogenic manganese-oxide catalysts
(denoted by biogenic MnO,). We investigate the efficiency
of biogenic MnO, as the catalyst for the OER under near-
neutral pH conditions (Figure 2). By utilizing a combination of
microscopic and spectroscopic techniques, including scanning
electron microscopy (SEM), X-ray absorption spectroscopy
(XAS), X-ray photoelectron spectroscopy (XPS), and electron
paramagnetic resonance (EPR) spectroscopy, we have
established the structure—function relationship between
biogenic MnO,, and the OER activity. This work provides
insights into the development of efficient OER catalysts that
can be produced using a gentle and sustainable process.

https://doi.org/10.1021/acscatal.3c06119
ACS Catal. 2024, 14, 7232-7242


https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c06119?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c06119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

A

BioMnO -l

Mn(ll) : Mnx = 10,000
aging for 0.5 h

BioMnO_-II

Mn(ll) : Mnx = 50,000
aging for2 h

BioMnO Il

Mn(ll) : Mnx = 100,000
aging for2 h

>270.nmy

>l
m 200 rim
_ el

BioMnO,-IV

Mn(ll) : Mnx = 4,200,000
aging for 72 h

Monoclinic
birnessite

C

Intensity (a.u.)

Powder XRD Pattern

\ BioMnO, -l

\W—w
\'\"J\s—m

BioMnO,-IV

Monoclinic
birnessite

8 18 28 38 48 58 68 78

Figure 3. (A) Protocols for synthesizing BioMnO, samples. (B) Scanning electron micrographs (SEM) of BioMnO,-I, -II, -III, and IV, and
monoclinic birnessite with the scale bars provided. The length and width of BioMnO,-II and -III are denoted. (C) pXRD spectra of BioMnO,

samples and monoclinic birnessite.
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Figure 4. (A) Linear sweep voltammetry (LSV) and (B) chronoamperometry (CA) of BioMnO,-, -II, -I1I, and -IV, monoclinic birnessite, and bare
FTO plate as a control (black). LSV was taken with a scan rate of 10 mV/s. CA was measured at 1.6 V (vs NHE, 77 = 830 mV). The current density
was normalized to the weight of the catalysts (12 ug). The electrolyte is 0.5 M NaPi (pH 7.8).

2. RESULTS AND DISCUSSION

2.1. Synthesis of Biogenic MnO, with Diverse
Morphologies and Crystalline Structures. As shown in
Figure 3, the biogenic MnO, samples with diverse
morphologies and crystalline structures were synthesized by
varying the ratio of Mn(II) to Mnx protein (denoted as
Mn(II)/Mnx) and the mineralization time. When the ratio of
Mn(II)/Mnx was as low as 10,000, and mineralization was
allowed to continue for 0.5 h, the biogenic MnO, showed a
uniform “cabbage-like” morphology (BioMnO,-1, Figure 3B).
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Increasing the ratio of Mn(II)/Mnx to 50,000 and the length
of mineralization to 2 h, the morphology of the biogenic MnO,,
became sets of short-ordered “rods” with a length of ~#100 nm
and a diameter of %20 nm (BioMnO,-1I, Figure 3B). When the
ratio of Mn(II)/Mnx was increased to 100,000, long-ordered
“rod-net” biogenic MnO, formed, with the diameter of the
rods ~10 nm (BioMnO,Ill, Figure 3B). Powder X-ray
diffraction (pXRD) patterns (Figure 3C) of these three types
of biogenic MnO, show weak and broad peaks, indicating that
the samples with a short mineralization time (< 2 h) are

https://doi.org/10.1021/acscatal.3c06119
ACS Catal. 2024, 14, 7232-7242
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Figure S. Mn K-edge XANES linear combination fitting (LCF) spectra of BioMnO,-I (A), -1I (B), -1II (C), and -IV (D). The synthetic birnessite
consisting of feitknechtite (51.3%) and triclinic birnessite (48.7%) is used as an LCF standard and the percentage of each component is provided
(as shown in Figure S7). Manganite-Ref and Groutite-Ref are the Mn K-edge XANES spectra of manganite and groutite from the ref 47. The
Manganite-Ref and Groutite-Ref data were adapted with permission from ref 47. Copyright 2012 Mineralogical Society of America.

amorphous and lack long-range ordering. Further increasing
the ratio of Mn(II)/Mnx to as high as 4,200,000 and extending
the mineralization time to as long as =72 h, the biogenic
MnO, crystallized to form the “fiber-like” MnO, solids
(BioMnO,-1V, Figure 3B). The pXRD pattern of BioMnO,-
IV showing long-range ordered crystalline structures contains
manganite (84.28%, Crystallography Open Database, COD,
ID: 9009774) and groutite (15.72%, COD ID: 9011546), both
of which are polymorphs of Mn"'O(OH) (see Figure S1).” In
addition, as a standard control, monoclinic birnessite was
synthesized via the electrodeposition method (see Methods for
details),*® with its characteristic pXRD peaks at 12, 26, and 38°
(Figure 3C).

Based on the different morphologies and crystalline
structures of biogenic MnO,, we propose the following
mechanism for forming biogenic MnO,. The initially generated
MnO, solids coat around the Mnx protein complex (Note: the
diameter of the Mnx protein complex is ~10 nm.*®) by
forming the “cabbage-like” MnO, morphology (BioMnO,-I).
When more Mn(II) in the aqueous solution (corresponding to
a higher ratio of Mn(II)/Mnx) is available, the cabbage-shaped
MnO, further grows along one direction by forming rods
(BioMnO,-II) or rod-net structures (BioMnO,-IIl), or
eventually crystallizing into the fiber-like manganite/groutite
structures (BioMnO,-IV).

2.2. OER Activities of Biogenic MnO,. Having
synthesized the above sets of biogenic MnO, with diverse
morphologies and structures, we employed them as electro-
catalysts for water-oxidation reactions as previous reports

suggested that synthetic MnO, with varying morphologies
show varying OER activities.””*"***> Both linear sweep
voltammetric (LSV) and chronoamperometric (CA) studies
were performed. As shown in Figure 4, all these biogenic
MnO,, show activities for anodic O, evolution, i.e., employing
smaller overpotentials (7 < 880 mV at 8.3 A/g-cm’ normal
hydrogen electrode which is used through this paper) than that
of the bare FTO electrode (7 > 930 mV at 8.3 A/g-cm® vs
NHE, Figure 4A) and showing higher CA current density at
1.6 V (vs NHE) (Figure 4B).

Especially, while the amorphous BioMnO,-III exhibits
comparable activity (7 & 760 mV) for O, evolution to the
standard monoclinic birnessite, the BioMnO,-II shows a much
higher activity for O, evolution, with # ca. 700 mV, i.e.,, 60 mV
smaller than that of monoclinic birnessite. In addition, the CA
current density of BioMnO,-Il at 1.6 V (vs NHE) was
stabilized at ~6 A/g-cm? which is 2 A/g-cm” higher than that
of monoclinic birnessite (Figures 4B and S2 and S3). The
BioMnO,-II also exhibits a higher electrochemically active
surface area (ECSA) than the monoclinic birnessite (see
Figure S4 and Table S2).

2.3. Mn K-edge XANES of Biogenic MnO,. We
employed X-ray absorption spectroscopy (XAS) to investigate
the bulk structural composition of biogenic MnO,, due to the
noncrystalline property of BioMnO,-II and BioMnO,-IIL
Linear combination fitting (LCF) analysis on the Mn K-edge
XANES region (Figure S5) was performed by employing a set
of standard manganese oxides (Figure S6), including
monoclinic birnessite (COD ID: 9001270), synthetic
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Figure 6. (A) Mn 3s XPS and (B) Mn 2p XPS of biogenic MnO, samples and monoclinic birnessite.

birnessite (Figure S7), f-MnO, (COD ID: 1514117), Mn,0,
(COD ID: 1514103), Mn;0, (COD ID: 1514104), and MnO
(COD ID: 1010393). As shown in Figure S, BioMnO,-II
consists of 75.1% monoclinic birnessite, as well as 12.8%
feitknechtite®® and 12.1% triclinic birnessite; meanwhile,
BioMnO,-III consists of 42.4% monoclinic birnessite, as well
as 23.5% feitknechtite, 22.4% triclinic birnessite, and 11.0%
Mn,0;. LCF analysis suggests that monoclinic birnessite is the
major component for both BioMnO,-II and BioMnO,-III,
which could be the reason that these two samples show at least
comparable OER activity to monoclinic birnessite. To be
noted that, for BioMnO,-I, monoclinic birnessite is also the
major component (54.9%, Figure S). However, achieving a
homogeneous suspension sample of BioMnO,-I was challeng-
ing (different from the other samples), which could affect the
attachment of the suspension onto the surface of the FTO
electrode. Therefore, the low activity of BioMnO,-I (Figure 4)
that we measured may not correspond to its actual catalytic
activity (vide infra). In the following sections, we will not
correlate the surface properties of BioMnO,-I with the
measured activity and will focus on understanding the key to
the activity of BioMnO,-II and BioMnO,-III. In addition, for
BioMnO,-1V, consistent with pXRD analysis (vide supra), LCF
analysis suggests that it contains manganite (67.3%) and
groutite (32.7%),"” both of which show lower activity than
monoclinic birnessite (Figures S and S8 and S9). This explains
the low level of the OER activity of BioMnO,-IV, as shown in
Figure 4.

2.4. Spectroscopic Characterization of Surface Mn
Species. To understand the origin of the higher and
comparable activity of BioMnO,-II and BioMnO,IIl, as
compared to the standard monoclinic birnessite, respectively,
we employed XPS and EPR spectroscopy to characterize the
surface Mn oxidation states of biogenic MnO,.

Figure 6A,B shows Mn 3s and Mn 2p XPS spectra of the
biogenic MnO, catalysts, respectively. Three XPS spectro-
scopic features are related to the surface Mn oxidation state:
(1) the energy splitting (AEy, 3,) in Mn 3s spectra: the lower
AE,, 35 the higher oxidation state of surface Mn;** (2) Mn
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2ps,, binding energy: high binding energy of Mn 2p suggests a
high oxidation state of surface Mn species;*’ (3) the energy
splitting (AEyy, 5,) between the Mn 2p, , and the satellite peak
(the broad peak as indicated in Figure 6B): the lower AEy, 5,
the lower oxidation state of surface Mn species.*® Therefore, as
summarized in Table 1, the oxidation state of Mn of BioMnO -
IV is the lowest (see Table 1), as the XPS spectra show the
lowest Mn 2p;,, binding energy (641.8 eV), the smallest
AEy, o (9.9 V), and the largest AEy, 5, (5.5 V). This is
consistent with its crystalline structures containing manganite
and groutite, both of which are polymorphs of Mn™'O(OH).
In addition, the surface of BioMnO,-II and BioMnO,-III
consists of a mixture of Mn(III) and Mn(IV) species, with
AEy, 35 and AEy, 5, ca. 5.1 and 11.0 eV, respectively, while
monoclinic birnessite contains more surface Mn(IV) by
showing lower AEy, 5, (4.6 eV) and larger AE, » (11.5 eV).

We further employed X-band parallel-mode continuous-
wave (CW) EPR spectroscopy to probe the surface Mn(III)
species, as it has been considered as the key for OER activities
in previous studies.’’ Five- or six-coordinate Mn(III) ions
(3d*) are typically high-spin with a total spin of S = 2. For such
an integer spin system of S = 2 (e.g, Mn(II[)’' ™ and
Fe(I1)°**°), transitions between the M, = | +2> spin manifold
can be detected by using parallel polarization (B, Il B;) or a
high-field EPR technique. Here, for probing surface Mn(III),
pyrophosphate (PP) was employed as the chelator of surface
Mn(III) of the BioMnO, samples. As shown in Figure 7, EPR
spectra of BioMnO,-I, BioMnO,-II, and BioMnO,-III show a
sextet centered at ~80 mT (g.4 = 8.20) with™Mn (I = 5/2)
hyperfine splitting of 140 MHz, which is a typical signal of
Mn(III)PP.>**® The EPR signals suggest the presence of
Mn(III) species at the surface of BioMnO,-I, BioMnO,-II, and
BioMnO,-III, which is consistent with the above XPS analysis.
In contrast, no Mn(II)PP signal was detected for the
crystallized samples of BioMnO,-IV, monoclinic birnessite,
and the Mn,O; standard, implying the absence of Mn(III)
species at the surface that are accessible and chelated by PP, as
depicted in Figure 7.
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Table 1. Summary of Mn 2p and 3s XPS Experimental Values of Manganese Oxides with Mn Oxidation States between II and

v

catalysts
MnO

Mn;0,

Mn,0;

MnOOH

Mn;Oyq

MnO,

Li,MnO;

Nag3;MnO, 4 nanofiber
La,_,Sr,MnO;
Mn(IILIV) oxides
BioMnO,-1
BioMnO,-1I
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BioMnO,-IV
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Mn oxidation state

1
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I

Il

I

I

II

1

Il

2.0

I

II

I

L, 11
ILIII

L, 1II
11, III
1L, 1II
ILIII
2.66
2.68-2.85
1l (o)
I ()
I

1

I

1

I

1

1

1 (y)
1

I (y)
1 (7)
1L, IV
I, IV
3.89 (a)
3.66 ()
3.78 (1)
v (5)

222222 ¢%

v (8)

40
3.32
3.0-33
1L, IV
-1V
I, IV
111, IV
I

I, IV

Mn 2p;, binding energy (eV)

640.7
640.9
641.7
640.9

640.8

641.4
641.0

641.5
641.9
641.7
641.8
641.8
641.2

641.7

641.7

642.2
642.5
642.4
641.9

642.0

642.4

642.8
642.0
642.0
641.9
642.2
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AMn,, splitting (eV)
6.3

6.0
6.0

10.5

10.5
103

10.0

10.0
10.0

11.8
11.8
11.8

11.8
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9.9
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AMny, splitting (eV)
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Figure 7. Depiction of the surface Mn(III) extraction by pyrophosphate (PP) on BioMnO, and monoclinic birnessite. The Mn(III)PP signals are
shown on the X-band (9.37 GHz) parallel-mode EPR spectra. As a control experiment, the EPR spectrum of the standard Mn(III) oxide (Mn,0;)
was measured and shown in the gray trace. The corresponding perpendicular-mode EPR spectrum of the powder BioMnO,-II is shown in Figure
S10. The higher sodium content as an intercalating cation in the BioMnO,-1I is supported by the energy-dispersive X-ray spectroscopy (Figure
S11). EPR experimental parameters: temperature = 8 K; microwave frequency = 9.371 GHz; microwave power = 10 mW; conversion time = 40 ms;

modulation amplitude = 0.8 mT; modulation frequency = 100 kHz.

Both XPS and EPR analyses suggest that the surface Mn(III)
species contributes to the higher and comparable OER activity
of BioMnO,-II and BioMnO,-III, as compared to the standard
monoclinic birnessite, respectively.

3. CONCLUSIONS

In this work, we show that efficient OER manganese-oxide
catalysts can be synthesized through a mild and tunable
biological method. High OER activity of the biogenic MnO, is
achieved as compared to synthetic birnessite. Spectroscopic
analysis suggests that the monoclinic-birnessite component,
along with the surface Mn(I1I) species, is potentially crucial for
the OER activity of biogenic MnO,. This work provides
valuable insights into the development of efficient OER
catalysts that can be produced by using a gentle and
sustainable process. Further investigations will focus on
developing more efficient OER catalysts, for example, via the
introduction of a second transition metal ion onto the surface
of biogenic MnO,.

4. METHODS

4.1. General Procedures and Materials. Milli-Q water
(18 MQ-cm resistivity) was used to make solutions and rinse
the electrodes and glassware. For the sample preparation,
MnSO,-H,0 (MW 169.01 g/mol) was used as the Mn**(aq)
source. Mn,O; powder (MW = 157.87 g/mol) was used as a
reference Mn(III) oxide. Sodium pyrophosphate (NaPP, MW
265.90 g/mol) was used as the Mn(III) chelator. All chemicals
were purchased from Sigma-Aldrich unless otherwise noted.
All standard manganese oxides were also purchased from

Sigma-Aldrich.
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4.2. Overexpression and Purification of the Mnx
Protein Complex. The Mnx protein complex (MnxE;F;G, ~
211 kDa, denoted as Mnx) was overexpressed in Escherichia
coli BL21(DE3) using the pASK/IBA3plus vector (IBA
Lifesciences, Germany) containing the mnxEFG gene construct
and Strep-tag IL*" The protein was purified via Strep-tag
affinity chromatography (IBA Lifesciences, Germany) and size
exclusion chromatography with a HiLoad16/600 Superdex 200
pg (GE Healthcare, IL) column as described previously.”” The
eluted protein was dialyzed to remove excess Cu** and then
was stored in the storage buffer containing 20 mM HEPES, 20
mM KCl, and 20% v/v ethylene glycol. The protein was
quantified by a Thermo Scientific Pierce bicinchoninic acid
(BCA) protein assay or by the extinction coefficient of T1Cu
(€500 am = 5600 M '-cm™") in the Mnx protein complex. The
final protein sample was flash frozen in liquid nitrogen and
stored at —80 °C for following experiments.

4.3. Biogenic MnO, (BioMnOx-I, -lI, -lll, or -IV) Sample
Preparation. Biogenic MnO, was synthesized via aerobic
oxidation of Mn?*(aq) by the Mnx protein complex. As shown
in Table S1, 10 uL of 100 uM Mnx protein was added to 50
mL of buffer solution (10 mM HEPES, 50 mM NaCl, pH =
7.8) in a conical polypropylene centrifuge tube under ambient
conditions, with a final concentration of Mnx enzyme 20 nM.
Then, a varying amount of MnSO, solution was added, and the
tube was gently inverted 6—8 times to ensure thorough mixing
(Table S1). The reaction mixture was incubated for varying
lengths of time with the tube loosely capped to ensure
sufficient oxygen supply. After incubation, the reaction mixture
was centrifuged at 12,000 rpm for 30 min. The resulting
biogenic MnO, solid was then collected and washed five times
with Milli-Q water, followed by gentle centrifugation (6000
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rpm for 2 min). After washing, the biogenic MnO,, solid was
air-dried at room temperature for 3 days. The resulting
biogenic MnO, was denoted as BioMnOx-I, -II, -III, or -IV
(Table S1) based on the initial amount of MnSO, and the
allowed mineralization time.

4.4. Synthesis of Synthetic Birnessite. Synthetic
birnessite was synthesized using a protocol that was modified
from a previously reported procedure.”” First, MnCl,-4H,0
solution (MW 197.91 g/mol, 3.166 g in 32 mL of H,0) was
added dropwise to NaOH solution (MW 40 g/mol, 11 g in 36
mL of H,0), followed by vigorously stirring to generate
Mn(OH), (pink precipitates). Then, KMnO, solution (MW
158.034 g/mol, 1 g in 32 mL of H,0) was added dropwise to
the above mixture to yield dark gray precipitates. After being
stirred for 1 h, the mixture was heated at 55 °C for 24 h. Then,
the supernatant was discarded, and the remaining suspension
was centrifuged at 27,500g for 20 min. The resulting solid was
collected, washed S times using 1 M NaCl, and then washed 10
times with Milli-Q water to remove excessive salts and bases.
Finally, the synthetic birnessite powder was collected by
lyophilization and characterized by powder X-ray diffraction
(pXRD). This synthetic birnessite sample was also used as one
of the X-ray absorption near-edge structure (XANES)
spectroscopy standards for Mn K-edge XANES linear
combination fitting (LCF) analysis.

4.5. Synthesis of Monoclinic Birnessite. The monoclinic
birnessite sample was prepared using a protocol that was
modified from previously reported procedures.””** Electro-
deposition was performed on a Princeton Applied Research
(Oak Ridge, TN) Model 263 A potentiostat/galvanostat and
was analyzed using the PowerStep software package in a three-
electrode system. The three-electrode system contains a
fluorine-doped tin oxide-coated glass (FTO; Sigma-Aldrich,
MO) as the working electrode, a nickel foam (MTI Corp., CA)
as the counter electrode, and Ag/AgCl in 3 M NaCl (0.203 V
vs NHE; BASi, IN) as the reference electrode. The birnessite
sample was electrodeposited onto a FTO plate (10 cm X 9
cm) submerged in the electrolyte (2 mM MnSO, and 50 mM
NaCl). During electrodeposition, a potential of 1.0 V (vs
NHE) was applied for 300 s, followed by applying a potential
of 1.2 V (vs NHE) until a total charge of ~27 C (~300 mC/
cm?) passed. The electrodeposited FTO plate was then washed
three times with Milli-Q water and air-dried for 3 days. The
monoclinic birnessite powder was obtained by gently scraping
the film with a clean razor.

4.6. Electrochemical Measurements. Linear sweep
voltammetry (LSV) and chromatoamperometry (CA) were
conducted on a Princeton Applied Research Model 263 A
potentiostat/galvanostat in a three-electrode system. The
reference and counter electrodes were Ag/AgCl (3 M NaCl)
and nickel foam, respectively. The working electrode was
prepared by drop-casting 12 ug of manganese-oxide sample
from a sonicated suspension in Milli-Q water onto an area of 1
cm?® of FTO plate and air-dried overnight. The LSV was
measured from 0 to 1.5 V (vs Ag/AgCl), and the CA was taken
at an overpotential of 830 mV for 1000 s. All LSV and CA
measurements were conducted under stirring conditions in 0.5
M sodium phosphate buffer (pH 7.8). For all electrochemical
measurements, the first LSV and CV curves were measured to
charge the double layer and to remove the air-oxidized surface
layer. Then, the second LSV and CA curves were recorded and
taken as the electrochemical data in this work.
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4.7. Electrochemically Active Surface Area (ECSA).
The ECSA was calculated from the measurements of cyclic
voltammetry at different scan rates. The potential ranging from
350 to 515 mV was chosen to minimize the faradaic current
response. The CV experiment was conducted in the stirring
solution with the scan rates of 300, 200, 100, 50, 20, and 10
mV/s. The potential applied on the working electrode was held
for 10 s to allow double-layer charging. The slope of the
resulting “current vs scan rate” plot corresponds to the double-
layer capacitance, Cp;, which is equal to the ECSA multiplied
by specific capacitance, Ci:*® slope = Cp; = (ECSA) X C,.

4.8. Powder X-ray Diffraction (pXRD). pXRD patterns
were measured on a Bruker D8 ADVANCE Eco instrument by
using Cu Ka irradiation (4 = 0.154 nm). The sample was
grounded and filtered through a 100-mesh sieve to obtain fine
powder, which was then mounted onto the SiO, zero-
background plate via an ethanol solvent smear. pXRD
measurement was performed with 20 ranging from 5° to 75°
in 3421 steps. The pattern was background-corrected, K,,-
stripped, and peak-matched using the Crystallographic Open
Database (COD).

4.9. Scanning Electron Microscopy (SEM). SEM was
performed with a Thermo Fisher Quattro S at Advanced
Materials Characterization and Testing Laboratory (AMCaT)
at the University of California, Davis. SEM samples were
prepared by drying a droplet of the sample suspension on a
silicon wafer. The surface morphology of the sample was
examined by using an Everhart-Thornley detector (ETD) with
an acceleration voltage of S kV and a spot size of 2.5 A.

4.10. X-ray Photoelectron Spectroscopy (XPS). High-
resolution XPS of manganese was obtained with an Al Ko
source (PHI 5000 VersaProbe, Physical Electronics, Enzo,
Chigasaki, Japan). All measurements were performed on the
carbon tape and calibrated to the adventitious carbon 1s peak
at 284.8 eV.

4.11. Electron Paramagnetic Resonance (EPR) Spec-
troscopy. Manganese oxide powder was grounded and filtered
through a 100-mesh sieve. Fine manganese-oxide powder
(~0.3 mg) was suspended in 200 yL of sodium pyrophosphate
solution (20 mM NaPP and 20% ethylene glycol) via vortex
mixing and sonication. The mixture was centrifuged at 13,300
rpm (~20,000 g) for 30 s. The supernatant was then pipetted
into an X-band EPR tube and frozen in liquid nitrogen. X-band
continuous-wave (CW) EPR spectra were recorded by using
an EleXsys ES00 spectrometer (Bruker, Billerica, MA).
Cryogenic temperatures were achieved and controlled using
an ESR900 liquid helium cryostat in conjunction with a
temperature controller (Oxford Instruments ITCS03) and a
gas flow controller. Parallel-mode EPR experiments (B, Il B)
were performed with a dual-mode resonator (ER4116DM). All
CW EPR data were collected under slow-passage, non-
saturating conditions. Spectrometer settings were as follows:
conversion time = 40 ms, modulation amplitude = 0.8 mT, and
modulation frequency = 100 kHz; other settings are given in
the corresponding figure captions.

4.12. X-ray Absorption Spectroscopy (XAS) and Data
Analysis. All XAS scans were taken at the Stanford
Synchrotron Radiation Lightsource (SSRL) and at the SLAC
National Accelerator Laboratory. Powder samples were taken
in either beamline stations 4—3 or 2—2. Energy calibration of
the beam was performed using elemental Mn for the Mn K-
edge. The fluorescence data were collected using a Lytle
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detector or Ge detector and then averaged together to increase
the signal-to-noise ratio.

X-ray absorption near-edge structure (XANES) data were
analyzed by using the Athena package within the Demeter
XAS-processing software. Scans of each sample were aligned
and averaged to generate a merged spectrum. All the Mn K-
edge XAS spectra were calibrated by setting the third peak of
the Mn foil spectrum in the reference channel to the edge
energy of Mn, i.e., 6539 eV. The average oxidation states of Mn
in manganese-oxide samples were estimated using the method
described by Wong et al.”” The Mn K-edge XANES spectra of
MnO, Mn;0,, Mn,0;, f-MnO,, and synthetic birnessite were
collected and used as standard components for linear
combination fitting (LCF). All fitting components were forced
to be positive contributions, but the percentage sum was not
forced to 1 to allow the presence of unknown compositions.
The R-factor, Z(data — fi)”
Y da

—, was reported as a reference for the
ta

fitting quality.
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