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Abstract

Water splitting is a promising but challenging solution to alleviate the urgent fuel crisis.
While the hydrogen-evolution reaction provides the powerful hydrogen gas as a renewable
energy source, the high energy barrier of the anodic oxygen-evolution reaction (OER) lim-
its the overall water splitting efficiency. While heavy metal oxides have been found to be
the highly efficient OER catalysts, nature employs the oxygen-evolving complex (OEC) in
the photosystem II, which consists of a MnsO5Ca cluster. It generates most of the Oq
in the world in a highly efficient and persistent manner. Inspired by the OEC cluster, in
this dissertation, we synthesized biogenic manganese oxides (BioMnOy) using a multicopper
oxidase Mnx for OER catalysts. Chapter 1 will provide background information about the
OER catalysts, the Mnx protein and Electron Paramagnetic Resonance (EPR) spectroscopy.
Chapter 2 will explore the potential of the BioMnO, as OER catalysts and the structure-
function relationship. Chapter 3 will investigate Co-doping effect of BioMnO, as well as the
structural elucidation of Co-doped BioMnOy using X-ray Absorption Spectroscopy (XAS).
On the mechanistic side of the story, Chapter 4 investigates the first row transition-metal
ion-inhibition effect of Mnx. EPR spectroscopy has been proven to be a powerful tool to
selectively probe the active sites and the metal binding sites of Mnx. Understanding the
mechanism of the inhibition effect provides fundamental knowledge about the Mnx mecha-
nism and provide information for formulating and optimizing BioMnO, synthesis. Chapter

5 extends the usage of EPR spectroscopy to other metalloprotein and inorganic systems.
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CHAPTER 1

Introduction to water oxidation catalysts and multicopper oxidase

1.1. Water Oxidation Catalysts (WOC)

The world’s power consumption is expected to surge to 30 TW by 2050 and 50 TW by
2100. [1] Due to their high energy density, high accessibility, high controllability and mature
industrialization processing techniques, fossil fuels have become our main energy source.
However, as we exponentially expand our use of fossil fuels, the detrimental effects of fossil
fuels have become a major concern. On the one hand, the combustion of fossil fuels generates
toxic gases such as SO, that leads to significant environmental pollution and also endangers
people’s lives in many countries and the notorious global warming gas CO, that leads to
inevitable global climate change. [2, 3] On the other hand, fossil fuels are the byproducts
of photosynthesis that have been accumulating for millions or even billions of years. [4]
The ever-increasing demand of fossil fuels conflicts with its nature of non-renewability, thus
leading to an alarming call that we should find an alternative energy source that is carbon-
neutral, and largely accessible, and environmentally friendly. A promising solution is water
splitting to generate hydrogen fuel generation, the clean energy source. [5]

Upon applying electrical current to a hydrogen fuel-cell system, a water-splitting elec-
trolysis can occur. Depending on the pH of the electrolyte, the water splitting can be
mediated by either H" or OH™ (Figure 1.1). The overall net potential is -1.23 V. The step-
wise reaction of water oxidation requires a large overpotential due to the high kinetic barrier
of the reaction intermediates. [6] The major challenge of water electrolysis is the large over-
potential caused by the high energy barrier of the OER, a process that involves the transfer

of four electrons per molecule of Oy generated. [7, 8]



In nature, water oxidation is conducted by the highly efficient Oxygen Evolution Com-
plex (OEC) in the photosystem II (PSII). OEC will be briefly discussed in the next section.
Synthetically, researchers have found that noble metal oxides are by-far the most efficient
water oxidation catalysts. Platinum wire as the cathode coupled with IrO, as the anode
generates a significantly-high-current-density system. [9] Besides, Rh, Ir and Ru oxides have
been identified as highly active heterogeneous OER catalysts. [10,11,12]

Though noble metal oxides exhibit high current density and high OER efficiency, a
global-scaled industrialization of these catalysts is still very challenging due to the extreme
scarcity. [13] Thus, Earth-abundant element-based OER catalyst is a more promising solu-
tion to this concern. Most of the Earth-abundant elements that can form stable and active
WOC are among the first row transition metal. [14] TiO5 was proposed as a good photocata-
lyst but due to its large band gap (> 3 V), the catalytic efficiency is limited and there was no
significant progress. [15,16] BiVO, has been identified as a promising photoanode material
due to its lower band gap (~2.4 eV). [17] Though bulk oxides are not conductive due to their
high band gaps, the titanium and vanadium oxides are moderate OER catalysts when in the
form of thin films. In addition, a-Fe,O3 was identified as an efficient OER catalyst. [18]
Though CuO, Cu(OH),; and ZnO have been shown as efficient OER catalysts, Cu- and Zn-
oxide-based WOCs are not as efficient as Mn/Ni/Co-oxide-based OER catalysts. [19,20,21]
NiO, were also studied extensively as a promising OER catalyst. [22,23]

While CoOy has been shown to be a stable OER catalyst at high pH with positive
potentials, [14] Kanan et al. electrodeposited Co®" in phosphate buffer to acquire a highly
active and stable CoPi catalyst that is stable at neutral pH (pH = 7). [24] This discovery has
then inspired loads of research about the mechanism of the CoPi catalyst and the discovery of
new cobalt-oxide-based OER catalysts. Co(IV) was shown to form during the electrolysis of
CoPi and it was also shown that CoOg octahedra with O-O bond formation at the edge are the
major structure for most of the Co-oxide-based catalysts. [25,26,27,28] In addition to CoP4,

other Co oxides such as Co304 [29,30,31], Co,O4 cubane [32] and Co-Mn layered hydroxide



[33] are also shown as extremely active OER catalysts. Note that Co,O4 cubane has similar
structure to the OEC in PSII. The other promising candidate of first-row transition metal
oxide OER catalysts are manganese oxides. Inspired by the fact that WOC in PSII is
composed of mostly Mn, extensive research have been conducted to investigate the potential

of manganese oxides as OER catalysts, which will be briefly summarized in the next section.

1.2. Oxygen Evolution Center (OEC) complex and MnOy

Oxygenic photosynthesis, developed around 2.4 billion years ago, [34] converts the sun-
light energy into chemical energy by organisms such as plants, algae and cyanobacteria. [35]
Oxygenic photosynthesis is the main source of most of the oxygen content and supplies most
of the biological energy necessary for the complex life on the Earth. [36] Among all the oxy-
genic photosynthesis machinery components, photosystem II (PSII) harvests the sunlight
and catalyzes the water-oxidation reaction to produce dimolecular oxygen. The catalytic
unit in the PSII is called the Oxygen Evolution Complex (OEC). [37] OEC is composed
of a CaMn4Oj5 cluster with a CaMnzO,4 cubane and a dangler Mn. [38, 39, 40] While X-
ray crystallography alone cannot provide all the information about the structure, results
from the X-ray absorption spectroscopy, [41,42] EPR spectroscopy, [40,43] FT-IR spec-
troscopy, [44,45] mass spectrometry, [46] and computational methods [47] are combined
to provide the complementary information about the location of the small molecules as well
as the insights about reaction dynamics. [48] As a result, the “Kok cycle” of the OEC was
proposed and confirmed to describe a mechanism of water oxidation with proton-coupled
electron transfer (PCET) (Figure 1.3). [49,50] In this mechanism, the tyrosine residue near
the active site (Y161) is oxidized by P680 to form oxygen radical cation, which then cat-
alyzes the oxidation of Mn clusters. [51] Depending on the oxidation states of Mn atoms,
the OEC center is oxidized from Sy to Sy, followed by release of dimolecular oxygen. While
S, state is the least stable intermediate, the other paramagnetic Mn-cluster states have been

extensively studied via EPR spectroscopy. [52,53]
3



1.3. Current methods of synthesizing catalytic MnO,

As Mn can adopt multiple metal oxidation states, [54] there are multiple types of man-
ganese oxides and also additional ways to synthesize manganese-oxide catalysts include com-
proportionation reactions from reacting Mn?* with permanganate and oxidizing Mn?* from
lower oxidation to higher using an external oxidant. Though aqueous manganese complexes
are not stable during electrolysis under alkaline solution, [14] MnOs has been shown as a
reasonably good OER catalyst in alkaline electrolyte solution. [55] Then, nano-sized MnyO3
and layered Na-birnessite, with intercalation of divalent cations in particular, were shown as
promising OER catalysts. [10,56,57,58] It was proposed that surface-active Mn(III) sites
are critical for water oxidation at neutral pH. [55,59,60] Besides different manganese-oxide
compositions, particle sizes, methods of preparation, ion conductivity and carrier mobility
within the material in combination determines the enhanced activity of manganese-oxide
OER catalysts. As a result, the method to prepare manganese-oxide WOCs is especially
critical for the catalytic activity.

One of the most common methods of synthesizing manganese-oxide single crystal or
nanomaterials is hydrothermal synthesis, which crystallizes nanomaterials from high tem-
perature aqueous solution at high pressure. [61] Various manganese oxides materials such
as MnOy or MnyO3 have been reliably synthesized using this method. [62,63,64,65] The
advantages of the hydrothermal synthesis are two folds. First, by varying the temperature
and pressure, it allows the crystallization of the materials which may have vapor pressure
similar to the melting point. Second, by accurately controlling the composition, a good-
quality crystal can be obtained. [61] However, the disadvantages are obvious, due to their
harsh synthetic conditions and high demand on the precision of the instruments.

An alternative common method for synthesizing manganese-oxide WOCs is electrode-
position. A three-electrode system is typically set up with an external potentiostat as the

potential source to reduce the iR resistance. [66] Components of a three-electrode system



involves a working electrode, a reference electrode and a counter electrode. The working elec-
trode in the water oxidation reaction regime is the manganese-oxide catalyst on a FTO/ITO
plate, [67] while the counter electrode is commonly Pt metal, [67] or Ni foam [68], or any
conductive materials that are too inert to undergo reduction reaction. [66] Ag/AgCl elec-
trode is a common reference electrode, which provides a steady and well defined potential at
0.2225 V in 3.0 M KCL. [69] Electrodeposition has been proven to be an effective way of syn-
thesizing MnO, WOCs. [67,68,70] Some advantages of electrodeposition for electrocatalyst
synthesis are its low cost and improved interfacial bonding between the coating material and
substrate. [71] Another benefit is that it allows in-situ synthesis and catalysis of the thin film
catalyst. However, one of the main drawback of this method is that the doping of some ele-
ments that do not have anodic reactions may not be efficient. For example, nitrate reduction
has to be performed to rapidly raise the pH around the working electrode to facilitate La?*
and Mn?T/Mn3* co-deposition on the anodes. [72] While the result of this process can have
beneficial effects on catalytic activity, the resulting product of the electrodeposition method
is defect-prone and amorphous thin film. These properties also adds unpredictability to the
resulting product. [73]

The most fundamental synthesis of manganese-oxide catalysts is chemical synthesis.
According to the Pourbaix diagram, [14] an easier synthesis can be achieved under strong
basic conditions. For example, MnO nanoparticle can be synthesized by reacting manganese
acetate with NaOH solution for 12 hrs. [74] However, without further manipulation of the
procedure and recipe, impurities and non-homogeneity of the shape and size can easily occur
with this simple chemical synthesis.

While the majority of manganese-oxide syntheses require strong oxidants, [75,76,77]
strongly basic conditions, [78] or an external electric potential to oxidize Mn(II), [79,80,81,

| researchers have developed green synthesis using plant or even plant extracts. [83,84] Mn-
oxidizing microorganisms such as bacteria, [85,86,87,88 89] fungi, [90,91] and algae [92,93]

are also used to synthesize manganese-oxides nanoparticles that can be utilized in various



fields. [94] While bio-mediated green synthesis of manganese-oxide nanoparticles has become
a hot topic in different fields, the disadvantages of bio-mediated synthesis have become more
and more obvious. First, it is much more difficult to control the synthesis conditions with
bacteria as the reactants due to the sophisticated nature of the cell machinery. Second,
bacteria can exert biological safety issue, which, in particular, will generate a significant
amount of biohazard waste in a large-scale reaction. [94]

To solve this problem, the enzyme-catalyzed synthesis needs to be developed to synthe-
size manganese-oxide catalysts, whose characteristics can be easily manipulated and which
can easily avoid the bio-safety issue. In this PhD dissertation, I propose to use an enzymatic
pathway to synthesize manganese-oxide minerals under mild conditions and examine the
OER activity of those for the application. On the other hand, mechanistic studies of the
enzymatic Mn oxidation are also essential. Thus, in this PhD dissertation, I also present
some research results of mechanistic investigation of the Mn-oxidizing enzyme, a.k.a. Mnx

complex.

1.4. Mn-oxidizing bacteria

While the inorganic process of Mn(II) oxidation happens extremely slowly under ocean
water condition in a highly energy-inefficient manner, the biological pathway can expedite
this process by 5 orders of magnitude. [95] In nature, Mn-oxidizing bacteria and fungi are
universal and responsible for this biological pathway in the global Mn cycle. Mn-oxidizing
organisms are defined as a phylogenetically diverse group of microorganisms, which is cat-
egorized by the capacity to catalyze the oxidation of divalent, soluble Mn(II) to insoluble
manganese oxides. [95] They accumulate Mn in the form of manganese oxides and can be
found in deep sea manganese nodules, oxic/anoxic interfaces, manganese-rich surface films of
shallow lakes and freshwater lake sediments and ferro-manganese deposits, and etc. [96,97]

Many presumable functions for bacteria to evolve and maintain the highly energy-consuming
6



Mn oxidation pathway have been proposed by investigators. For example, investigators spec-
ulated that Mn oxides can act as a electron acceptor for survival under anaerobic or low oxy-
gen conditions. [98] Many species couple oxidation of the recalcitrant organic carbon, such as
lignin, with reduction of MnOy to provide energy in the nutrient-poor environment. [99] Re-
searchers also found that accumulation of MnO, can also react with reactive oxygen species
(ROS) and thus prevent oxygen damage [100,101,102] or even radiation damage [103].
Mn(IT)-oxidizing bacteria have been identified in a growing number of divergent phylo-
genetic lineages in the bacterial domain, such as Firmicutes, Proteobacteria and Actinobac-
teria [104]. Among the above Mn-oxidizing bacteria, some of the bacteria utilizes peroxides
to oxidize Mn(II) indirectly. For example, a heme peroxide has been identified in two al-
phaproteobacteria species and the reactivity enhancement via addition of Ca?* and Hy0,
reveals that this calcium-binding enzyme undergoes a peroxide type of Mn oxidation mecha-
nism. [105] Other bacteria encode multicopper oxidases (MCO) to directly oxidize Mn(II) to
Mn(III) by one electron, coupled with oxygen reduction. For example, MnxG has been iden-
tified in Bacillus sp. strain SG-1. [106,107] The structure and mechanism of Mn-oxidizing

multicopper oxidases will be discussed in details in later sections.

1.5. Multicopper oxidases

Copper is an essential trace element to nearly all organisms. [108,109] Since the Cu(III)
active sites have not been observed in biological systems, most of the two-electron redox
processes can be achieved with the Cu(I)/Cu(II) redox pair by maintaining either more than
two copper centers or one copper and a redox-active cofactor. [108] The roles of coppers in
the copper-containing enzymes involves electron transfer, oxidation of organic and inorganic
substrates (such as tyrosinase [110]), dismutation of superoxide (such as peroxide dismutase
[111]), transport of iron (such as human ceruloplasmin [112]) and reduction of inorganic
small molecules (such as nitric oxide reductase [113]). Human ceruloplasmin is an essential
cofactor protein in human blood to transport irons. [114] It has been shown that copper is

essential for maintaining ceruloplasmin activity and maximizing the iron metabolism. [114]
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Ceruloplasmins catalyze the oxidation from Fe(II) to Fe(IlI), which is then removed from
the blood and stored in ferritin. [115]

Multicopper oxidase (MCO) is a large subdivision of the copper-containing enzymes,
which oxidizes a wide range of organic or inorganic substrates with the simultaneous re-
duction of the dioxygen. [116] For example, laccases are able to catalyze direct oxidation
of ortho- and para-diphenols, aminophenols, polyphenols, polyamines, and aryl diamines as
well as some inorganic ions. [117, , , , , | The reduction potential needed
for the oxidation of the substrate ranges from 420 mV to 790 mV. [117, ] Among all the
oxidation substrate for multicopper oxidases, the oxidation from Mn(II) to Mn(III) has a
reduction potential of 1.5 V, which poises a large kinetic barrier for most of the enzymatic
processes. However, the water-oxidation reaction at physiological conditions requires 1.23 V
vs NHE, which would precede Mn(II) oxidation. Thus, to this end, the manganese oxidase
is presumed to be highly regulated and thus understanding the structure and mechanism of
manganese oxides is of critical significance. [106, , , , , ]

The functions of the MCO are mostly achieved by majorly three types of coppers:
Type I copper (T1Cu), Type II copper (T2Cu) and Type III copper (T3Cu). T1Cu, also
known as the blue copper, is typically coordinated in a trigonal pyramidal geometry by one
cysteine and two histidine side chains. The intense ligand-to-metal charge transfer transition
gives the characteristic UV-vis peak at around 590 nm, which is often used to quantify the
T1Cu-containing protein concentration. [12&8] T2Cu, also known as the “normal copper”, is
typically in square planar geometry, coordinated by histidine side chains and hydroxo groups.
T3Cu is a binuclear copper site where two copper atoms are bridged by oxo or hydroxo
groups. T3Cu is usually coupled with a T2Cu to form the trinuclear copper site (TNC),
which serves as an electron sink in MCO to reduce the dioxygen to water (Figure 1.4). [117]
Typical reactions for MCO involve the sequential one-electron oxidation of the substrate,

electron transfer through side chains to TNC site, and the reduction of the oxygen to water.



1.6. MnxEFG complex

Manganese oxides widely exist on Earth’s crust and surface and have been used for
thousands of years in pigments, glass, battery and so on. [129] While abiotic manganese
oxidation happens slowly in the seawater condition, biological manganese oxidation occurs
much faster by 3 to 5 orders of magnitude. [130] A gene cluster, called mnzG, was discovered
in marine Bacillus species to be responsible for the majority of the Mn(II) oxidation in
the ocean. [106] Numerous attempts to purify an active Mn-oxidizing MCO enzyme were
unsuccessful until 2012, [131] when the Tebo lab succeeded in heterologously producing an
active manganese oxidase Mnx, from Bacillus sp. PL-12, a halotolerant organism isolated
from marine sediments, | , | but closely related to species from soil environments.
Mnx is a complex of MnxG, a large (138 kDa) multicopper oxidase, tightly bound to small
(12 kDa) accessory proteins, MnxE and MnxF, in the form of hexamers. [131,133] MnxG
has been shown to be catalytically active towards manganese oxidation, whereas MnxEF
hexamer is found to be essential for preventing aggregation and stabilizing MnxG. [128]
While MnxE and MnxF do not have close homologues, MnxG was found to be similar to
the human ferroxidase ceruloplasmin. [106] MnxG has been found to have two T2Cu, one
T1Cu and one T3Cu whereas MnxEF hexamer has three T2Cu that is different from the
T2Cu in the MnxG. [128] Human ceruloplasmin, on the other hand, consists of two T1Cu,
one T2Cu and one T3Cu. [134] However, besides the coppers consisting of the TNC site,
the exact function of the extra T2Cu in the MnxG is still unknown. In addition to the
Cu binding sites, MnxG also possesses two types of Mn(II) substrate binding sites as are
identified by Electron Paramagnetic Resonance (EPR) spectroscopy: mononuclear Mn(II)
site and a binuclear Mn(II) site. [81]

While, though the properties of the Mn(II) EPR signals, kinetics and inhibition ef-
fects can be probed, [135] the Mn(IT) oxidation mechanism and the exact structure of the
Mn binding sites still needs investigation. Many studies lean towards the one-electron ox-

idation mechanism, i.e. Mn(II) to Mn(III) and then to Mn(IV). [131, , 137] Detailed



spectroscopic and kinetic measurements [81, , , | led us to propose a mechanism
for Mn(II) oxidation shown in Figure 1.2. Two Mn(II) ions bind to Mnx, inducing a con-
formational change that brings the two Mn(II) together via a hydroxide bridge, following
deprotonation of Mn(II)-bound HyO. [136] The Mn(III)/Mn(II) reduction potential is then
lowered sufficiently to permit oxidation by the T1Cu, producing a doubly hydroxide-bridged
binuclear Mn(III) intermediate. This intermediate disproportionates to oxo-bridged Mn(IV)
and Mn(II), which recycles back to the Mn(II) substrate site. The oxo-bridged Mn(IV) then
condenses to form MnO, nanoparticles. [137]

To explore the details of the structure of the active sites and the mechanism of Mnx
complex, electron paramagnetic spectroscopy (EPR) is used to look at the paramagnetic
Cu(II) species with spin 1/2 in the oxidized Mnx complex as well as the paramagnetic
Mn(II) species with spin 5/2 to investigate the course of the reaction. The most critical
advantages of EPR in this project involves:

1. EPR allows the detection of catalytic active sites, in this case Cu(Il) protein binding
sites and Mn(II) substrate binding sites, without the interference from other parts of the
protein.

2. EPR gives the active-site structures at the molecular level while other protein struc-
tural characterization techniques are not applicable. So far, no molecular-level structures of
the Mnx complex have been obtained via X-ray crystallography, TEM or NMR. [133]

3. EPR allows tracking of the electronic-structure change or metal coordination envi-
ronment change in the active sites. These changes can be reflected by the changes in the g
values or hyperfine patterns or hyperfine values.

4. Fast-freezing of the protein sample during a reaction course also provides a way to
trap reactive paramagnetic intermediates, which can then be identified by EPR measurement.
Knowing the information about the coordination environment and electronic structures of

these intermediates is critical for investigating the mechanism of an enzymatic catalysis.
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With the above advantages, EPR has been shown to be essential techniques for obtaining
the structural and mechanistic information of metalloprotein as well as other inorganic or
organic systems with paramagnetic centers. The Britt group, a.k.a. the CalEPR facility
at the University of California-Davis, are home to six EPR instruments ranging from 9 to
263 GHz. In Chapter 4, I will mention some EPR studies related to Mnx complex while
in Chapter 5, I will mention some of my collaboration work on various systems to show
the power of EPR spectroscopy in Chemistry research. Below, I will briefly introduce the

fundamentals of EPR spectroscopy.

1.7. Electron Paramagnetic Resonance (EPR)

1.7.1. Introduction to basics of spins. Each electron has a spin s = 1/2 with mag-
netic components of mg = +1/2 and mg = -1/2. Under a non-zero magnetic field, the
electrons with different magnetic spin quantum numbers will align either parallel (mg =
+1/2) or antiparallel (mg = -1/2) to the external magnetic field and the energy for each
electron spin is defined as in Equation (1.1), where g, is the electron’s g-factor and up is the
Bohr magneton, which describes the magnetic moment of an electron due to its orbital or

spin angular momentum.

(11) E = msgeMBBO

This phenomenon is known as the Zeeman effect. Due to the Maxwell-Boltzmann
distribution, the antiparallel spins with lower energy state have more spin population than
the parallel spins under low thermodynamic temperature (e.g. 298 K). As a result, an
antiparallel electron can change the mg under the resonance condition by absorbing the

photon of the energy as shown in Equation (1.2).

(1.2) AE = hv = g.upBy
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This is the foundation of Electron Paramagnetic Resonance (EPR) spectroscopy. Continuous-

wave (CW) EPR is designed to sweep the external magnetic field at a fixed frequency and

an absorption peak appears when the resonance condition is reached. X, K, Q, W and D

band are commonly used as an alternative name for the microwave frequencies of around 9,

26, 45, 85 and 140 GHz. A typical outcome CW EPR spectrum is in the first derivative

form due to the field modulation. Applying a small additional oscillating magnetic field and

then

using the phase-sensitive detection to filter the signal can result in an enhancement

of the signal-to-noise ratio. The resulting spectrum is in the first derivative because of the

lock-in detection mode. As an example for an EPR spectrum, a spin system with S = 1/2

has a spin transition at 340 mT with the microwave frequency of 9.5 GHz. This leads to an

absorption peak and a first-derivative peak with field modulation (Figure 1.5).

1.7.2. Spin Hamiltonians. The above situation is a spin system of S = 1/2 with one

electron. When two or more electron or nuclear spins are present, interactions between those

spins and between spins and the magnetic field can happen. Spin Hamiltonians are used to

describe and quantify the interactions. Examples of the spin Hamiltonians are electron

Zeeman interaction, nuclear Zeeman interaction, hyperfine interaction, zero-field splitting

and nuclear quadruple interaction.

The electron Zeeman (EZ) that describes the interaction between electron spin and the

magnetic field can be represented by the spin Hamiltonian in Equation (1.3). Here, g is a

dimensionless matrix and S is the total electron spin.

(1.3)

I:—,EZ = HBEOQS

In contrast to the EZ, the nuclear Zeeman interaction (NZ) describes the interaction

between nuclear spin and the magnetic field. In Equation (1.4), uy is the nuclear magneton,

gn the nuclear g-value and I the total nuclear spin. The negative sign compared to EZ is

due to the charge difference between the nucleus and the electron.

12



(1-4) [:[NZ = —MNgong

The hyperfine interaction (HFI) spin Hamiltonian describes the interactions between
electron spin and the nuclear spin, as shown in Equation (1.5). S and I are the electron
spin and the nuclear spin while A is the matrix value for the hyperfine constant. A can be
separated into isotropic component, Ay, and dipolar component, Ag;,. The Cu** system, for
example, has a total spin S = 1/2 and shows the characteristic four-line hyperfine structure

due to the nuclear spin I = 3/2 for both %3Cu and %°Cu.

(1.5) Hypr = SAI

Zero-field splitting (ZF'S) values describes the dipolar interaction between electron spins
for a spin system with S > 1/2, which breaks the degeneracy of the mg levels at the zero
magnetic field. The spin Hamiltonian of ZFS is shown in Equation (1.6) and Equation (1.7).
A large ZFS is observed for Mn(II) spin system where the total electron spin S = 5/2 and the

nuclear spin of **Mn, I = 5/2, complicates the EPR. of the simple Mn(II) even more. [139]

(1.6) Hyps =SDS

(1.7) Hyps = D(S? —1/3(S(S + 1) + E/D(S2 - 52)))

Other spin Hamiltonians include nuclear quadruple interaction (NQI), caused by the
interaction between the electric quadruple moment and the electric field gradient of the

nucleus in the spin system with I > 1.
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1.7.3. Cu(II) EPR. Because the Mnx is a multicopper oxidase that consists of T1Cu
and T2Cu, here introduces the typical Cu(II) EPR. Cu(II) has an electronic configuration
of d°. In the aqueous environment, Cu(II) mainly adopts an axially elongated octahedral
geometry, which results in the total electron spin S = 1/2. On the other hand, the two most
stable isotopes for Cu both have nuclear spin I = 3/2, which leads to the same hyperfine
structure. So in this case, the spin Hamiltonian can be represented in Equation (1.8). Due
to the fact that EZ is much larger than NZ and NQI for Cu(II), the latter are typically

neglected to the degree of approximation.

(1.8) Hrotar = Hpz + Hypr = MBgogS + SAI

Figure 1.6 shows the EPR spectrum of Cu?* in H,O. The spectrum shows an axial
powder form with g > g, and A > A, where || means parallel to the z direction and
L means parallel to the x, y plane. This axial powder form results from the Jahn-Teller
distortion of d? electronic configuration where the direction parallel to the z direction is the
unique axis. The quartet feature results from the hyperfine interaction between the unpaired

electron from the d orbital and the nuclear spin of the copper.

1.7.4. Mnx Cu(II) EPR. The EPR spectrum of 25 M of as-isolated Mnx EFG is
shown in Figure 1.7. The simulation was performed using EasySpin software package. [140,

| The EPR spectrum shows three types of copper, T1Cu and two types of T2Cu. EPR
spectrum of the MnxEF hexamer alone shows the signal for only the T2Cu-B, revealing that
T2Cu-B exists in MnxEF and also inferring that T2Cu-A exists in MnxG. [142] No T3Cu
signal is shown on EPR because the dinuclear T3Cu site is antiferromagnetically coupled and
thus EPR silent. T1Cu is buried in the signals of the T2Cu and cannot resolve well under
either X band or Q band EPR spectra though the peak at 590 nm and the mutagenesis study

on the T1Cu-binding residue H140A reveals the presence of T1Cu. [128] In Chapter 4, I will
14



show that the addition of Co?" to the as-isolated Mnx selectively removes the T2Cu-A, thus
exposing the T1Cu signal on () band EPR.

Using sodium dithionite can make all Cu sites EPR silent due to the formation of
diamagnetic Cu(T) with an electronic configuration of d'°. This creates the reduced version
of the Mnx, called red-Mnx, which does not undergo manganese oxidation under anaerobic
environment. The benefits of the red-Mnx are: 1. It allows us to focus on the EPR signal
of the substrate ion, such as Mn(II), without the interference of Cu(II) signals at the center
field; 2. The non-reactive nature of red-Mnx helps us investigate the structure of the Mn(II)
substrate binding sites; 3. Upon re-exposing to the oxygen, the red-Mnx will be oxidized
and resume the oxidase activity. In this case, by freeze-quenching the reaction mixture with
liquid nitrogen, a Mn(III) intermediate can be trapped and investigated. Thus, the red-Mnx
can facilitate the investigation of the binding site structure and properties as well as the

manganese oxidation mechanism.

1.7.5. Spin quantification of Cu(II). The intensity of the peak-to-peak amplitude is
reflective of the quantity of the Cu(II) spins. In reality, the slight variation of the individual
Cu(II) spin environment can cause variations in the g and A tensors, which causes broadening
of the peak. As a result, the Cu(II) spins can be quantified by integrating the absorption
spectrum. [143] Previously, the number of the Cu(II) in Mnx was estimated based on the
comparison of the integral with that of a standard Cu(II) spectrum. [128]

Here, I present the spin quantification of a series of known concentrations of Cu(II) in
H,O as a standard curve for Cu(II) quantification in the sample (Figure 1.8). The EPR
spectra of different known concentrations of Cu(Il) in HyO are taken under 15 K and 40
dB where Cu(II) signal is checked to be unsaturated. The first derivative plots were then
baseline-corrected and integrated to acquire the absorption spectra. The integral of the
absorption spectra was then calibrated with Q values to get the final spin quantification
value. As shown in Figure 1.8, the EPR signal and the corresponding absorption spectra

increase linearly in the intensity when the concentration increases. In Figure 1.8C, the linear
15



relationship between the measured Cu(II) concentration and the theoretical concentration is
illustrated and then compared with that acquired from ICP-MS, a technique that measures
the amount of total Cu in the sample.

The two standard curves show reasonable accuracy of Cu(II) concentration with high
R-square values. The two standard curves both give a slope less than 1, indicating that the
actual Cu(II) concentration is slightly lower than the expected Cu(Il) concentration. One
reason that EPR curve has a lower slope than ICP-MS is that some of the Cu(II) becomes
EPR silent probably due to dimerization. In many cases in biology, dimerization of the two
monomeric copper means degradation of a copper active site or the loss of function. Thus, to
this end, compared to ICP-MS, quantitative EPR is a great tool to quantify the mononuclear

Cu(II) spins, which are essential for the enzymatic activity of copper-containing proteins.

1.7.6. Cu(Il) in different buffer systems. Many copper-containing enzymes are
studied in different buffer systems such as HEPES and Tris buffer because their pKa is
close to the physiological pH. However, the solubility of copper in different buffer systems
are different. With the Cu(II) concentration standard curve determined via EPR, a brief
investigation of the Cu(Il) in six buffers can be determined. 100 uM of CuSO, was made in
different buffers at pH 7.8 and the precipitate was filtered out with 3 kDa microfilter. The
concentration standard curve determined in Section 1.7.5 was used to determine the actual
concentration of soluble Cu(II) in the buffer. As shown in Figure 1.9, Cu(II) in phosphate,
HEPES and MOPS buffers do not form soluble Cu-buffer complex while Cu(II) forms stable
complexes in Tris, Imidazole and TES buffers. These results alert us that when working with

copper-containing proteins, the buffer choice is critical due to the potential precipitation.
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In aqueous acid:

Anode: 2H,0 () >
Cathode: 4H +4e >
Total: 2 H,0 (I) >
In aqueous base:

Anode: 4 OH- >
Cathode: 4HO(l)+4e >
Total: 2H,0 () >

O,(g)+4H +4¢e
2H,(9)
0,(9) +2H, (9)

0,(g) +2H,0() +4e
2 H, (g) + 4 OH-
0,(9) +2H, (9)

E°=-1.23V
E°=-0.00V
E°=-1.23V
E°=-040V
E°=-0.83V
E°=-123V

FIGURE 1.1. Scheme of water splitting half reactions at low and high pHs.
Regenerated with permission from Hunter, et al. [2]
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FI1GURE 1.2. Proposed Mnx mechanism of Mn(II) oxidation and MnO,
formation: Two Mn(II) bind at the Mnx substrate site (Mn(II) binding
step), and form a hydroxide-bridged activated complex, [Mn(IT),Mn(II)](OH),
following a protein conformation change and Mn(II)-OHsy deprotonation
(Mnx activation step). Electron transfer and Mn(III) translocation leaves
[Mn(II),Mn(III)](OH), and turnover produces a dihydroxide-bridged Mn(III)
intermediate, [Mn(III),Mn(III)](OH); Mn(II) — Mn(III) turnover step). Two
of these intermediates subsequently disproportionate to two Mn(II) ions, which
are recycled, and a dioxo-bridged Mn(IV) product, [Mn(IV),Mn(IV)](O),
(Mn(IIT) — Mn(IV) disproportionation step), which then condenses into MnO,
nanoparticles(nucleation step).
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Ficure 1.3. Simplified Kok cycle.
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j \ 02
Substrate T1 (blue) Cu T3 Cu (binuclear)
Substrate one- Trinuclear site: oxygen reduction

0, +4e +4H* 2 2H,0
Overall MCO reaction: 4 Substrate + 4 H* + O, = 4 Substrate*+2 H,0

FIGURE 1.4. The copper actives sites of the human ceruloplasmin (PDB:
denz) [134]
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FIGURE 1.5. X-band CW EPR spectral simulation for S = 1/2 system.
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Ficure 1.7. X-band CW EPR spectrum (Red) and simulation (Black) of
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F1cure 1.8. Cu(II) spin quantification with known concentration of Cu(II).
C shows two standard curves with ICP-MS and EPR.
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FIGUrE 1.9. Cu(Il) EPR spectra (A) and spin quantification (B) of 100 uM

Cugy in different buffer systems at pH 7.5.
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CHAPTER 2

The biogenic manganese oxides by MnxEFG for water oxidation

2.1. Abstract

Solar energy provides one major pathway to addressing global energy problems. In-
spired by photosynthesis, non-biological solar energy systems are designed to both absorb
light and “split water” to generate hydrogen fuel. However, during this process, the oxy-
gen evolution reaction (OER) at the anode has a high kinetic barrier and overpotential,
which reduces the overall efficiency. To improve the efficiency of OER, intensive efforts
have been put forward developing promising OER catalysts. Inspired by the highly efficient
oxygen-evolving complex (OEC) in photosystem II in Nature, manganese-oxide catalysts
have garnered intensive attention due to the availability and minimal toxicity. However, the
synthesis of most manganese-oxide catalysts requires strong oxidants, external high electric
potentials, or highly basic conditions, which makes large-scale production energy-consuming
and less efficient. In this study, we present a natural and clean process for synthesizing
manganese-oxide catalysts using an oceanic bacterial manganese oxidase named MnxG. The
biogenic manganese oxides, as generated under different conditions, have different morpholo-
gies and crystalline structures and are as effective or even more effective than synthetic
Mn birnessites. Spectroscopic analyses, including XAS, XPS and EPR, suggest that the
monoclinic-birnessite component, together with surface Mn(III) species, plays a crucial role

in the OER activity of biogenic MnOy (Figure 2.1).

The content in this chapter is reproduced from a manuscript submitted to ACS Catalysis, under review.
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2.2. Introduction

Clean and affordable renewable energy sources are greatly needed to reduce our de-
pendence on fossil fuels. Research in this area is currently under intensive investigation.
[5, 7, , ] Amongst the various energy sources available, sunlight provides a large
amount of clean energy. [1] In nature, solar energy is efficiently converted to chemical energy
via photosynthesis. [146] A route to exploiting this capability in non-biological solar energy
systems such as the “Artificial Leaf” have been explored in order to harness solar energy and
“split water” to generate hydrogen fuel. [147] However, a major challenge in such artificial
systems is the large overpotential caused by the high energy barrier of the anodic oxygen
evolution reaction (OER), a process that involves the transfer of four electrons per molecule
of Oy generated. [7, | To improve the efficiency of Os evolution, intensive efforts have
been put forward to develop promising OER catalysts. [2] Noble metal oxides including IrO,
and RuO, were identified as highly efficient water oxidation catalysts. However, due to their
high cost and toxicity, large-scale water oxidation would not be feasible. [2, , | As
a result, attention was shifted toward abundant, efficient, and low-cost first-row transition
metal oxides such as cobalt phosphate (CoPi) and NiFeOy. [7,24,151] In Nature, the highly
efficient MnyO5Ca oxygen-evolving complex (OEC) of photosystem I produces the majority
of oxygen gas in the atmosphere. [152] The OEC complex consists of a cubane-like Mn3z04Ca
structure with a p-oxo ligand connecting to a dangling Mn atom. [39] Although the oxygen
evolution mechanism of the OEC remains elusive, the structural similarity of manganese
oxides to the OEC has inspired a significant amount of research on manganese oxide-based
catalysts. [37,39,78, , , ] For example, one of the commonly studied manganese
oxide-based OER catalysts is layered birnessite, which consists of an edge-sharing lattice of
octahedral manganese oxide units and interstitial alkaline metal cations between layers to
balance the negative charges created by defects. [58, 68, , ]

While the majority of manganese oxide syntheses require strong oxidants, [75,76,77]

strongly basic conditions, [78] or an external electric potential to oxidize Mn(II), [68, 79,
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, 82] most naturally existing manganese oxide minerals are synthesized through enzy-
matic pathways under mild conditions. Abiotic oxidation of soluble Mn(II) to Mn(III)
and Mn(IV) oxides occurs very slowly in seawater (pH 8.16). [130,157] However, aerobic
biological manganese oxidation can expedite this process by three to five orders of mag-
nitude. [158] Within the marine Bacillus bacteria, a multicopper oxidase (MCO), MnxG,
has been found to enzymatically generate manganese oxides. [81, | In 2013, MnxG was
first expressed and purified in a form of a protein complex named Mnx, where the MnxG
(138 kDa) subunit is combined with three MnxE (~12 kDa each) and three MnxF (~12
kDa each) accessory protein subunits. [131, ] Since then, the structure and mechanism
of Mnx have been intensively investigated via electron paramagnetic resonance (EPR) spec-
troscopy. [81, , , | The product of the Mn oxidation of Mnx was also character-
ized as defected layered Mn(IILIV) oxides (denoted by BioMnOy or biogenic MnO,) with
a tunable rod-shaped morphology. [159, | However, the potential of BioMnO, as OER
catalysts has yet to be explored. Here, we employ the Mnx enzyme to synthesize biogenic
manganese-oxide catalysts (denoted by BioMnOy). We investigate the efficacy of BioMnOy
as a catalyst for OER under near-neutral pH conditions. By utilizing a combination of
microscopy and spectroscopy techniques, including SEM, XPS, XAS, and EPR, we estab-
lished the structure-function relationship between biogenic MnO, and OER activity. This
work provides valuable insights into the development of efficient OER catalysts that can be

produced using a gentle and sustainable process.

2.3. Experimental procedures

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,
MnSO4-HyO (MW 169.01 g/mol) was used as Mn?*(aq) source. MnyO3 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 Mn(III) chelator. All chemicals were purchased from Sigma Aldrich
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unless otherwise noted. Unless noted otherwise, all standard manganese oxides and cobalt

oxides were purchased from Sigma Aldrich.

Synthetic birnessite synthesis. Synthetic birnessite was synthesized using a modified
protocol previously reported. [161] First, MnCl, - 4H,0 solution (MW 197.91 g/mol, 3.166 g
in 32 mL H,0) was added dropwise to NaOH solution (MW 40 g/mol, 11 g in 36 mL H,0O),
followed by vigorously stirring to obtain Mn(OH), as a pink precipitate. Then KMnO,
solution (MW 158.034 g/mol, 1g in 32 mL H,O) was then added dropwise to the above
mixture to yield a dark grey precipitate. After stirring for an hour, the mixture was heated
at 55 °Cfor 24 hours. Then the supernatant was discarded and the remaining suspension
was centrifuged for 20 minutes at 27500 xg. The resulting pellet was collected, washed five
times with 1 M NaCl and then washed ten 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). The synthetic birnessite was used as
one of the X-ray Absorption Near Edge Structure (XANES) spectroscopy standards for Mn
K-edge XANES Linear Combination Fitting (LCF) analysis.

MnxEFG protein complex overexpression and purification. Mnx protein com-
plex (Mnx E3F3G, ~211 kDa, denoted as MnxEFG) was overexpressed in Escherichia coli
BL21 (DE3) using the pASK/IBA3plus vector (IBA Lifesciences, Germany) containing the
mnxEFG gene construct and Strep-tag I1. The protein was purified via Strep-tag affinity chro-
matography (IBA Lifesciences, Germany) and size exclusion chromatography with a HiLoad
16/600 Superdex 200 pg (GE Healthcare, IL, USA) column as described previously [128&].
The eluted protein was dialyzed to remove excess Cu®" and stored in the storage buffer
containing 20 mM HEPES, 20 mM KCI and 20% v/v ethylene glycol. The MnxEFG protein

complex was then ready for aerobic Mn oxidation experiments.

Aerobic Mn oxidation experiments and biogenic MnO, (BioMnO,-I, -II, -II1,

or -IV) sample preparation. Biogenic MnO, was synthesized via aerobic oxidation of
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Mn?*(aq) by MnxEFG. 10 pL of 100 uM MnxEFG solution (final concentration = 20 nM)
was added to 50 mL of buffer (10 mM HEPES, 50 mM NaCl, pH = 7.8) in a 50 mL conical
polypropylene centrifuge tube under ambient conditions and was allowed to equilibrate.
Varying amount of MnSO, solution was added and then the tube was gently inverted for
6 — 8 times to ensure thorough mixing (Table 2.2). The reaction was then incubated for 2
hours with the tube loosely capped to ensure sufficient oxygen supply. Following incubation,
the reaction mixture was centrifuged at 12000 rpm for 30 min, and the resulting pellets
were washed with Milli-Q water 5 times followed by gentle centrifugation (6000 rpm for 2
min). After washing, the precipitate was resuspended, added dropwise to the petri dish and
dried on the bench for 2 - 3 days. The resulting dried pellets were collected. The resulting
biogenic manganese oxides were classified as BioMnOy-1, -1I, -III, or -IV (Table 2.2) based

on the initial amount of MnSO, and the duration of incubation.

Electrodeposited monoclinic birnessite (monoclinic birnessite) sample prepa-
ration. The monoclinic birnessite sample was prepared using a protocol modified from ex-
isting literature. [57,68] Electrodeposition was performed on a Princeton Applied Research
(Oak Ridge, TN, USA) 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, USA) working
electrode, a nickel foam (MTI Corp., CA, USA) counter electrode, and an Ag/AgCl in 3 M
NaCl (0.203 V vs NHE; BASi, IN, USA) reference electrode. Na-birnessite was electrode-
posited onto a 10 cm x 9 cm FTO plate submerged in the electrolyte (2 mM MnSO, and
50 mM NaCl). During electrodeposition, a 1.0 V potential (vs. NHE) was applied for 300 s,
followed by the application of a 1.2 V potential (vs. NHE) until a total charge of 27 C ( 300
mC/cm?) was transferred. The electrodeposited FTO plate was then washed 3 times with
Milli-QQ water and dried under air for 3 days. The monoclinic birnessite powder was then

obtained by gently scraping the film with a clean razor.
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Electrochemical measurements. Linear sweep voltammetry (LSV) and Chronoam-
perometry (CA) were conducted on Princeton Applied Research Model 263 A potentio-
stat /galvanostat in a three-electrode system. The reference electrode used was Ag/AgCl (3
M NaCl), the counter electrode was nickel foam, and the working electrode was prepared by
drop-casting 12 pg Mn oxide sample from a sonicated suspension in Milli-Q water onto 1 cm?
of FTO, followed by drying on the bench overnight (Figure 2.7). The LSV was measured
from 0 V to 1.5 V (vs Ag/AgCl) and CA was taken at an overpotential of 800 mV for 1000
s. All LSV and CA measurements were conducted under stirring in 15 mL 0.5 M sodium
phosphate buffer (pH 7.8). For all electrochemical measurements, LSV and CV curves were
measured at the beginning to charge the double layer and to remove the air-oxidized surface

layer and a second LSV and then CA were taken and recorded as electrochemical data.

Electrochemically active surface area measurements (ECSA). The ECSA was
calculated from the measurements of cyclic voltammetry at different scan rates. The poten-
tial range from 350 mV to 515 mV, was chosen to minimize the faradaic current response.
CV was conducted within the stirring solution in this range with the scan rate of 300, 200,
100, 50, 20 and 10 mV/s. At each potential vertex, the working electrode was held at the
vertex potential for 10 s to allow double-layer charging. The slope of the resulting current
vs scan rate plot is equal to the double layer capacitance, Cpy,, which is then equal to the

ECSA multiplied by specific capacitance, Cs [162]: (Equation 2.1).

(2.1) Slope = Cpp, = (ECSA) x Cy

Powder X-ray Diffraction (pXRD). pXRD patterns were measured on a Bruker
D8 ADVANCE Eco instrument using Cu K, irradiation (A = 0.154 nm). The sample was
ground and filtered with a 100-mesh sieve to obtain a fine powder, then mounted via ethanol

solvent smear onto the SiOy zero-background plate. pXRD measurement was performed
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with 26 from 5°to 75%n 3421 steps. The pattern was background-corrected, Ko-stripped and

peak-matched using Crystallographic Open Database (COD).

Scanning Electron Microscopy (SEM). SEM was performed with 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 suspension
sample on a silicon wafer. The surface morphology of the sample was examined using an

Everhart-Thornley detector (ETD) with acceleration voltage of 5 kV and spot size of 2.5 A

X-ray photoelectron spectroscopy (XPS). High-resolution XPS of cobalt, man-
ganese, and oxygen (PHI 5000 VersaProbe, Physical Electronics, Enzo, Chigasaki, Japan)
was obtained with an Al K, source. All measurement were performed on the carbon tape

and calibrated to the adventitious carbon 1s peak at 284.8 eV.

Electron Paramagnetic Resonance (EPR) spectroscopy. Manganese oxide pow-
der was grounded and filtered through a 100-mesh sieve. Fine manganese oxide powder
( 0.3 mg) was suspended in 200 pL sodium pyrophosphate solution (20 mM NaPP and 20%
ethylene glycol) by vortex mixing and sonication. The mixture was centrifuged at 13300
rpm ( 20000 xg) 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 using
a EleXsys E500 spectrometer (Bruker, Billerica, MA). Cryogenic temperature were achieved
and controlled using an ESR900 liquid helium cryostat in conjunction with a temperature
controller (Oxford Instruments ITC503) and gas flow controller. Parallel-mode EPR exper-
iments (BO || B1) 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.

X-ray Absorption Spectroscopy (XAS) and data analysis. All XAS scans were

taken at the Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC National
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Accelerator Laboratory. Powder and thin film samples were taken in either beamline stations
4-3 or 2-2. Enmergy calibration of the beam was performed using elemental Mn for Mn
K-edge. The fluorescence data were collected using a Lytle 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 using the Athena package within the Demeter XAS-
processing software. Scans of each sample were aligned and averaged to generate a merged
spectrum. All of 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, 6539 eV. The
average oxidation states (AOS) of Mn in manganese oxides samples were estimated following
the method described by Wong, et al. [163] The standard curve for AOS was plotted based
on the edge energies of Mn foil, MnO, Mny0O3, 5-MnOy and KMnO,. The XAS spectra
of MnO, Mn3O4, MnyO3, S-MnO,, 6-MnO, and synthetic birnessite were collected and
used as standard components for Mn K-edge 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 the unknown composition. The R-factor was reported to examine

the quality of fitting (Equation 2.2).

S (data — fit)?
(22) > data?

2.4. Results and Discussion

2.4.1. Synthesis of biogenic MnO, with diverse morphologies and crystalline
structures. As shown in Figure 2.2, 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 allowed to continue for 0.5 h, the biogenic MnO,
show a uniform “cabbage-like” morphology (BioMnOy-I, Figure 2.2B). Increasing the ratio
of Mn(II)/Mnx to 50,000 and the length of mineralization to 2 h, the morphology of the
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biogenic MnOy became sets of short-ordered “rods” with the length of ~100 nm and the di-
ameter of ~20 nm (BioMnO,-II, Figure 2.2B). When the ratio of Mn(II)/Mnx was increased
to 100,000, long-ordered “rod-net” (BioMnO,-III, Figure 2.2B) biogenic MnO, formed, with
the diameter of the rods ~10 nm. Powder X-ray diffraction (pXRD) patterns (Figure 2.2C)
of these three types of biogenic MnO, show weak and broad peaks, indicating that the sam-
ples with a short ageing time (< 2 h) are amorphous and lack of 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 MnOy crystallized to form the “fiber-like” MnO solids
(BioMnO,-1V, Figure 2.2B). The pXRD pattern of BioMnO,-1V showing long-range ordered
crystalline structures contains manganite (84.28%, COD cif: 9009774) and groutite (15.72%,
COD cif: 9011546), both of which are polymorphs of Mn(III)O(OH) (see Figure 2.8). [164]
In addition, as a standard control, monoclinic birnessite (COD: 9001270) was also synthe-
sized via electrodeposition method (see Experimental procedure for details), [57] with its
characteristic pXRD peaks at 12°, 26°and 38°(Figure 2.2C).

Based on the different morphologies and crystalline structures of biogenic MnO,, we
propose the following biogenic MnO, growth mechanism. The initially generated MnO,
solids coat around the Mnx protein complex (Note: the diameter of Mnx protein complex is
~10 nm. [133]) by forming the “cabbage-like” MnO, morphology (BioMnOy-I). When more
Mn(IT) in the aqueous solution (corresponding to higher ratio of Mn(IT)/Mnx) is available,
the cabbage-shape MnOjy further grows along one direction by forming rods (BioMnO,-II) or
rod-net structures (BioMnO,-III), or eventually crystallizing into the fiber-like manganite/

groutite structures (BioMnO,-IV).

2.4.2. OER activities of biogenic MnO,. With the above sets of biogenic MnOy
with diverse morphologies and structures synthesized, we employed them as electrocatalysts
for water-oxidation reaction. [68,160] Both linear-sweep voltammetric (LSV) and chronoam-
perometric (CA) studies were performed. As shown in Figure 2.3, all these biogenic MnO,

show activities for anodic Og evolution, i.e., employing smaller overpotentials (n < 880 mV
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at 0.1 mA-cm™, Normal Hydrogen Electrode which is used through this paper.) than that
of the bare FTO electrode (n > 930 mV at 0.1 mA-cm™ vs NHE, Figure 2.3A), and show-
ing higher CA current density at 1.6 V (vs NHE) (Figure 2.3B). We note that MnOx with
varying morphologies have also been reported to show varying OER activities. [165, ]
Especially, while the amorphous BioMnO,-III exhibits comparable activity (n ~ 760 mV)
for O4 evolution to the standard monoclinic birnessite, the BioMnOy-II shows a much higher
activity for O, evolution, with n ca. 700 mV, i.e., 60 mV smaller than that of monoclinic
birnessite. In addition, the CA current density of BioMnO,-II at 1.6 V (vs NHE) was sta-
bilized at 5.8 A gl.-cm™, which is 2 A-gl-cm™ higher than that of monoclinic birnessite
(Figure 2.3B). The BioMnO-II also exhibits a higher electrochemically active surface area
(ECSA) than the monoclinic birnessite (Figure 2.9).

2.4.3. Mn K-edge XANES of biogenic MnO,. We employed X-ray absorption spec-
troscopy (XAS) to investigate the bulk structural composition of biogenic MnOy, due to the
non-crystallinity property of BioMnO,-II and III. Linear combination fitting (LCF) analysis
on the Mn K-edge XANES region (Figure 2.10) was performed by employing a set of stan-
dard manganese oxides (Figure 2.11), including monoclinic birnessite, synthetic birnessite
(Figure 2.12), 6-MnOy, 8-MnOs (cif: 1514117), MnyOs3 (cif: 1514103), MnzOy (cif: 1514104)
and MnO (cif: 1010393). As shown in Figure 2.4, BioMnOy-II consists of 75.1% monoclinic
birnessite, as well as 12.77% feitknechtite [167] and 12.13% triclinic birnessite; meanwhile,
BioMnO,-III consists of 42.4% monoclinic birnessite, as well as 23.54% feitknechtite, 22.36%
triclinic birnessite, and 11% MnyO3. 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, for BioMnO,-I, monoclinic birnessite is also the major component (54.9%, Fig-
ure 2.4). However, a homogenous suspension of BioMnO,-I was difficult to achieve (different

from the other samples), which could affect the attachment of the suspension onto the FTO
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electrode. Therefore, the low activity of BioMnO,-I (Figure 2.3) we measured may not cor-
respond to the actual catalytic activity (vide infra). In the following sections, we will not
correlate the structure/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 addi-
tion, for BioMnO,-IV, consistent with pXRD analysis (vide supra), LCF analysis suggests it
contains manganite (67.3%) and groutite (32.7%), [168] both of which show lower activity
than monoclinic birnessite (Figures 2.4, 2.13& 2.14). This explains the low OER activity of
BioMnO,-1V (Figure 2.3).

2.4.4. Spectroscopic characterization of surface Mn. To understand the origin
of the higher comparable activity of BioMnO,-II and BioMnO,-III, as compared to the
standard monoclinic birnessite, respectively, we employed XPS and EPR spectroscopies to
characterize the surface Mn oxidation states of biogenic MnOy.

Figure 2.5A and 2.5B show the Mn3s and Mn2p XPS spectra of the BioMnO, catalysts,
respectively. Three XPS spectroscopic features are related to the surface Mn oxidation
state: 1) the energy splitting (AEMn3s) in Mn3s spectra: the lower AEy3s, the higher
oxidation state of surface Mn [169] 2) Mn 2p3/2 binding energy: high binding energy of
Mn2p suggests high oxidation state of surface Mn species [170]; 3) the energy splitting
(AEMngy,) between the Mn 2p1/2 and the satellite peak (the broad peak as indicated in
Figure 2.5A): the lower AEypmg,, the lower oxidation state of surface Mn species [169].
Therefore, as summarized in Table 2.1, the oxidation state of Mn of BioMnO,-1V is the lowest
(III, see Table 2.1), as the XPS spectra show the lowest Mn 2p3/2 binding energy (641.8
eV), the smallest AEy0, (9.9 €V) and the largest AEymss (5.5 €V). This is consistent with
its crystalline structures containing manganite and groutite, both of which are polymorphs
of Mn(IIT)O(OH). In addition, the surface of BioMnO,-IT and BioMnOy-III consists of a
mixture of Mn(III) and Mn(IV) species, with AEymss and AEy,9, ca. 5.1 eV and 11.0 eV,
respectively, while monoclinic birnessite contains more surface Mn(IV) by showing lower

AEpmss (4.6 V) and larger AEyp2, (11.5 €V).
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We further employed X-band parallel mode continuous-wave (CW) EPR spectroscopy
to probe the surface Mn(III) species, as it has been attributed as the key for OER activities
in previous studies. [171] Five- or six-coordinate Mn(III) ions (3d*) are typically high-spin
with a total spin of S = 2. For such integer spin system, transitions between the Mg = |+2>
spin manifold of S = 2 integer spin system (e.g., Mn(III) [172,173] and Fe(II) [174, 175])
can be detected by using parallel polarization (B0 || B1). Here, for probing surface Mn(III),
pyrophosphate (PP) was employed as the chelator to the surface Mn(III) of the BioMnOy
samples. As shown in Figure 2.6, EPR spectra of BioMnO,-I, BioMnO,-II and BioMnO,-I1I
show a sextet centered at 80 mT (geg = 8.20) with **Mn (I = 5/2) hyperfine splitting of
140 MHz, which is typical signal of Mn(IIT)PP. [138,176] This suggests the Mn(III) species
at the surface of BioMnO,-I, BioMnO,-II and BioMnO,-III, which is consistent with above
XPS analysis. In contrast, no Mn(IIT)PP signal was observed for the crystallized samples of
BioMnO,-IV, monoclinic birnessite and the Mn,O3 standard, suggesting no labile Mn(III)
species at the surface.

Both XPS and EPR analysis suggest that the surface the labile 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.

2.5. Conclusion

In this work, we show that efficient OER manganese-oxide catalysts can be synthe-
sized through a mild and tunable biological method. High OER activity of the biogenic
MnOy, is achieved as compared to synthetic birnessite. Spectroscopic analysis suggests that
the monoclinic-birnessite component, along with the surface Mn(III) species, is potentially
crucial for the activity of biogenic MnO,. This work provides valuable insights into the
development of efficient OER catalysts that can be produced using a gentle and sustainable

process.
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: Multi-copper oxidase Mnx
'y catalyzed Mn(ll) oxidation
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/

Biogenic MnO, doped on FTO electrode
as water-oxidation catalysts

Bacillus bacteria isolated from marine
sediment off Scripps Pier, 1980

FIGURE 2.1. Overview of investigating water oxidation potential of the bio-
genic MnOy (BioMnOy).

Catalysts Mn oxi- Mn 2p3/, AMngy, AMnss  References

dation binding splitting  splitting
state energy (eV) (eV) (eV)
I1 640.7 6.3 5.9 Oku, et al. [177]
II 640.9 - 6.1 Foord, et al. [178]
I1 641.7 - 5.5 Carver, et al. [179]
I 640.9 - 5.6 Nelson, et al. [180]
I - 6.0 6.0 Gorlin, et al. [181]
I - 6.0 6.0 Gorlin, et al. [169]
MnO I - - 6.1 Ilton, et al. [182]
IT - - 5.7 Namgung, et al. [164]
I1 - - 5.7 Cerrato, et al. [183]
2.0 - - 6.2 Galakhov, et al. [184]
I - - 5.2 Lee, et al. [185]
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I 640.8 - 5.8 Junta and Hochella
[170]
I - - 5.8 Murray, et al. [186]
ILIII 641.4 10.5 5.3 Oku, et al. [177]
ILIII 641.0 - 5.6 Nelson, et al. [180]
ILIII - 10.5 6.0 Gorlin, et al. [181]
ILIII - 10.3 5.8 Gorlin, et al. [169]
Mn3z0Oy
ILIIT - - 5.6 Murray, et al. [186]
I1,11I - - 5.2 Lee, et al. [185]
2.66 - - 5.6 Galakhov, et al. [184]
2.68-2.85 641.5 - 5.45  Han, et al. [187]
I1(a) 641.9 10.0 5.2 Oku, et al. [177]
III() 641.7 - 5.2 Oku, et al. [177]
11 641.8 - 5.5 Foord, et al. [178]
11 641.8 - 5.4 Carver, et al. [179]
Mn, O3 III 641.2 - 5.4 Nelson, el al. [180]
I1 - 10.0 5.1 Gorlin, et al. [181]
111 - 10.0 5.1 Gorlin, et al. [169]
111 - - 5.5 Namgung, et al. [164]
11 - - 5.2-5.3  Cerrato, et al. [183]
III(~) 641.7 - 4.6 Oku, et al. [177]
III - - 5.4 Ilton, et al. [182]
MnOOH
III() - - 5.3 Murray, et al. [186]
III() 641.7 - 5.4 Junta and Hochella
[170]
ILIV - - 4.9 Murray, et al. [186]
MnsOg
ILIV - - 4.6 Lee, et al. [185]
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3.89(«) - - 4.5 Sun, et al. [188]
3.66(5) - - 4.7 Sun, et al. [188]
3.78(7) - - 4.6 Sun, et al. [188]
IV(3) 642.2 11.2 47 Oku, et al. [177]
I\Y 642.5 - 4.5 Foord, et al. [178]
I\Y 642.4 - - Carver, et al. [179]
v 641.9 - 4.5 Nelson, et al. [180]
MnO, I\Y - 11.8 4.5 Gorlin, et al. [181]
I\Y - 11.8 4.5 Gorlin, et al. [169]
IV - 11.8 4.5 Pinaud, et al. [57]
I\Y - - 4.4 Ilton, et al. [182]
IV(pB) - - 4.9 Namgung, et al. [164]
IV - - 4.6 Murray, et al. [186]
1Y 642.0 - 4.5 Junta and Hochella
[170]
I\Y - - 4.5 Cerrato, et al. [183]
LisMnOs 4.0 - - 4.5 Galakhov, et al. [184]
NagsMnOrg  3.32 642.4 : 51 Li et al [22]
nanofiber
La; SryMnOs 3.0-3.3 - - ~5.3 Galakhov, et al. [184]
Mn(IILIV) LIV - - 5.0-5.1  Cerrato, et al. [183]
oxides
BioMnOy-I I-1v 642.8 11.8 5.3 This study
BioMnO,-IT  TII,IV 642.0 11.0 51  This study
BioMnO,- LIV 642.0 11.2 5.3 This study

III
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BioMnO,- 11 641.9 9.9 5.5 This study
vV
Monoclinic [IL,Iv 642.2 11.5 4.6 This study

birnessite

TABLE 2.1. Literature summary of Mn 2p and Mn 3s XPS experimental pa-
rameter values of manganese oxides with oxidation states between II and IV.
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FIGURE 2.2. Panel A: recipes for BioMnO, samples. Panel B: Scanning elec-
tron micrographs (SEM) of BioMnO,-I, -1, -I1I, and -1V, and monoclinic bir-
nessite with scale bars. The length and width of BioMnO,-II and -IIT are
denoted. Panel C: pXRD spectra of BioMnO, and monoclinic birnessite. The
pXRD patterns are background-subtracted and Ka2-stripped.
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FIGURE 2.3. Linear sweep voltammagrams (A) and chronoamperometry (B)
of BioMnO,-1I, -II, -ITI, 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, n = 830 mV). The electrolyte is 0.5 M NaPi (pH
7.8).
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FIGURE 2.4. Mn K-edge XANES linear combination fitting (LCF) spectra of
BioMnO,-I to -IV (A-D). The synthetic birnessite with 51.3% of feitknechtite
and 48.7% of triclinic birnessite is used as an LCF standard and the percentage
of each component is indicated (Figure 2.13). Manganite-lit and groutite-lit
are the manganite and groutite Mn K-edge XANES spectra downloaded from
the literature. [168]
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FIGURE 2.6. X-band (9.37 GHz) parallel-mode EPR spectra of BioMnOy and
monoclinic birnessite. As a control experiment, the EPR spectra of the stan-
dard Mn(III) oxide (MnyO3) was measured and shown in the gray trace. EPR
Experimental parameters: temperature = 8 K; microwave frequency = 9.371
GHz; microwave power = 10 mW; conversion time = 40 ms; modulation am-
plitude = 0.8 mT; modulation frequency = 100 kHz.
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and monoclinic birnessite preparation schemes. The dried powder samples
were used in material characterization experiments while the samples dropcast
onto the FTO glass slide were used in electrochemical measurements.

46



—— BioMnO _-IV
—— Simulation
— Difference

* Manganite 84.28%

10 20 30 40
20 (degree)

50

60 70

Ficure 2.8. PXRD pattern of BioMnOy-IV (in orange) and simulation (in

black) using Rietveld refinement via TOPASG.
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FIGURE 2.9. Electrochemically active surface area (ECSA) of BioMnO, and
monoclinic birnessite. The error bar is calculated and shown for each sample
based on the standard deviation.
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FicGure 2.13. First derivative LCF of BioMnO.-IV. Manganite-lit and
groutite-lit are manganite and groutite XANES spectra from the literature.
[168] The first derivative spectrum of BioMnO,-IV was fitted with the first
derivative spectra of manganite-lit and groutite-lit curves because manganite-
lit and groutite-lit can be better distinguished in first derivative plots.
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FIGURE 2.14. LSV (A) and CA (B) of selected manganese oxide standards
and BioMnO,-II. LSV was taken with a scanning rate of 10 mV/s. CA was
measured at 1.6 V (vs NHE, n = 830 mV). The electrolyte is 0.5 M NaPi (pH
7.8). Manganite and groutite samples were grounded powders of the minerals
obtained from Caland Mine, Atikokan, Ontario, Canada and from Cayuna
Iron Range, Minnesota, USA, respectively.
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Reaction Sample MnxEFG Amount of  Mn*"(,)/MnxEFG Incubation
concentra- Mn** () ratio time
tion (nM) added
I BioMnO,-I 20 100 L 0.1 M 10,000 30 min
IT BioMnO,-II 20 100 pL 0.1 M 50,000 2 hr
II1 BioMnO,-III 20 100 pL 0.1 M 100,000 2 hr
1Y BioMnO,-IV 20 100 L 0.1 M 4,200,000 72 hr

TABLE 2.2. Reaction conditions for the synthesis of BioMnO,-I, -II, -III, and

-IV.

o4



CHAPTER 3

Co-doped biogenic manganese oxides as water oxidation catalysts

3.1. Abstract

In chapter 2, we showed that BioMnO, exhibits significantly higher OER activity than
electrodeposited birnessite (monoclinic birnessite). We now explored the effect of cobalt
doping on the OER activity of BioMnO, and monoclinic birnessite, a naturally occurring
phase of manganese oxide, and show that the Co doping significantly enhances the OER
activity of BioMnO,, almost comparable to the OER activity of CoP1i, but does not have the
same effect on the monoclinic birnessite. In addition, we explored the Co local environment
by XAS to rationalize the mechanism of Co doping and to explain the enhancement of the
OER activity. Finally, by using the EXAFS curve fitting, we found that Co is intercalated
into the manganese-oxide layer after the electrolysis and thus we rationalize that CoP1i is not

likely to form during the electrolysis.

The content in this chapter is not published.
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3.2. Introduction

Heavy metal oxides including IrO, and RuOs were identified as highly efficient water
oxidation catalysts but due to their high cost and toxicity, large-scale water oxidation would
not be feasible. [2, , | As a result, attention is shifted toward abundant, efficient,
and low-cost first-row transition metal oxides such as cobalt phosphate (CoPi) and NiFeOsx.
[7, 24, | CoPi has been shown to be efficient, self-repairing, and operative at neutral
pH, making it a promising OER catalyst with the potential of large-scale operations. [24,

| Structurally, CoPi forms an edge-sharing CoOg octahedron, similar to the structure
of CoOOH. [28] It has been shown that doping manganese oxides with alkaline metals or
first-row transition metals improved OER activity. [81, , , , | Similarly, we also
investigated the effects of cobalt doping on the biogenic MnO, and birnessite. Bulk and

surface structural characterizations were performed to investigate the underlying mechanism

of the enhanced activity and Co-doping effect.

3.3. Experimental procedures

Due to its extraordinary electrocatalytic behavior and well-characterized structure of
BioMnO,-II, for this chapter, all Co-doped biogenic MnO, refer to Co-doped BioMnO,-II
(Co-BioMnOy-1I). For the preparation and material characterization methods with respect

to MnOy, refer to Chapter 2 at Section 2.3.

3.3.1. Material synthesis.

Co-doped biogenic MnQO, (Co-BioMnO,-1I) sample preparation. 0.7 — 1.5 mg of MnOy
was suspended in Milli-Q water (833 puL HoO per mg of MnOy). The mixture was sonicated
to acquire homogeneous suspension and 10 mol% of Co®*(,, was added and thoroughly
mixed. The molar percentage was calculated based on the molecular weight of the MnOs,.
The mixture was incubated on the bench for 18 h. The mixture was then centrifuged
at 6000 rpm for 1 min, washed 5 times with Milli-QQ water, and dried under vacuum at

room temperature. The preparation of the resulting powder, denoted by Co-BioMnO,-II, is
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illustrated in Figure 3.8. Other transition metal-doped manganese oxides were prepared via
the same procedure, with Co?* replaced by either Ni?* or Fe?*.

Co-doped monoclinic birnessite (Co-monoclinic birnessite) sample preparation. Co-doped
monoclinic birnessite sample was prepared using the same protocol as Co-BioMnO,-II in
order to maintain consistency. 0.7 — 1.5 mg of monoclinic birnessite was suspended in Milli-
Q water (833 uL H,O per mg monoclinic birnessite) and homogenized via sonication. 10
mol% of COQJF(aq) was added and thoroughly mixed. The molar percentage was calculated
based on the molecular weight of MnO,. The mixture was incubated on the bench for
18 h, then centrifuged (6000 rpm for 1 min), and washed 5 times with Milli-Q water. The
precipitate was dried under vacuum at room temperature. The resulting powder was denoted
as Co-monoclinic birnessite. The Co-monoclinic birnessite sample preparation is illustrated
in Figure 3.8.

Cobalt phosphate catalyst (CoPi) sample preparation. The cobalt phosphate catalyst
sample was prepared using a previously-described method for electrodeposition of bulk K-
CoPi. [24] The CoPi catalyst was electrodeposited onto a 10 cm x 9 cm FTO plate submerged
in the electrolyte (0.5 mM Co(NOj)s solution in 0.1 M potassium phosphate, KPi, pH 7.0).
During electrodeposition, a 1.25 V potential (vs. NHE) was applied until 180 C (~2 C/cm?)
of charge was passed. The electrodeposited FTO plate was rinsed 5 times with Milli-Q water
and dried on the bench, after which CoPi powder was obtained by gently scraping the film
with a clean razor. The resulting powder, denoted CoPi, was collected. The CoPi sample
preparation is illustrated in Figure 3.8.

CoOOH synthesis. CoOOH was synthesized following the previously published proce-
dure. [195] Pink 5-Co(OH), powder was heated under a flow of oxygen at 125 °C for 24
hours with stirring to allow thorough mixing. We note that heating the reaction mixture
above 130 °C can lead to black Co30, formation. The resulting brown CoOOH powder was
characterized by pXRD. The CoOOH was used as one of the XANES standards for the Co
K-edge LCF.
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3.3.2. Material characterization.

FElectrochemically active surface area measurements (ECSA). The ECSA was calculated
from the measurements of cyclic voltammetry at different scan rates. The potential range
from 350 mV to 515 mV, was chosen to minimize the faradaic current response. CV was
conducted within the stirring solution in this range with the scan rate of 300, 200, 100, 50,
20 and 10 mV/s. At each potential vertex, the working electrode was held at the vertex
potential for 10 s to allow double-layer charging. The slope of the resulting current vs scan
rate plot is equal to the double layer capacitance, C'py,, which is then equal to the ECSA

multiplied by specific capacitance, C, (Equation 3.1). [162]

(3.1) Slope = Cpp, = (ECSA) x Cy

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS).
SEM was performed with Thermo Fisher Quattro S at Advanced Materials Characteriza-
tion and Testing Laboratory (AMCaT) at the University of California-Davis. SEM samples
were prepared by drying a droplet of suspension sample on a silicon wafer. The surface
morphology of the sample was examined using an Everhart-Thornley detector (ETD) with
acceleration voltage of 5 kV and spot size of 2.5 A. High resolution SEM was performed in
Stanford Nano Shared Facilities (SNSF) with FEI Magellan 400 XHR instrument. EDS was
performed with Thermo Fisher FEI Scios Dual Beam FIB/SEM located in the Center for
Nano-MicroManufacturing (CNM2). The above SEM sample was used for EDS measure-
ments. 10 keV energy of electron beam was used to cover the range for K series and L series
of Mn and Co elements.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). ICP-MS was performed in
UC Davis Interdisciplinary Center for Inductively-Coupled Plasma Mass Spectrometry (UCD/ICPMS).
MnOy (~5 mg) sample was digested and fully dissolved by adding 3% HNO3 and 30% H,0,

and heating at 95 °C. Extra portion of concentrated HNO3 and heating was applied to the
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biogenic MnO, samples to remove the white precipitate, assumed to be organic or proteina-
ceous, after general digestion. Standard curves for manganese and cobalt elements were
made by using the Laboratory Control Sample and the Initial Calibration Verification and
based on the standard curves, the concentrations (in ppm) of manganese and cobalt in the
samples were determined.

X-ray Absorption Spectroscopy (XAS) and data analysis. All XAS scans were taken at
the Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC National Accelerator
Laboratory. Powder and thin film samples were taken in either beamline stations 4-3 or
2-2. Energy calibration of the beam was performed using elemental Mn, for Mn K-edge, and
elemental Co, for Co K-edge. The fluorescence data were collected using a Lytle detector
or Ge detector and then averaged together to increase the signal-to-noise ratio. Thin film
samples were prepared by dropcasting 120 ug of the corresponding sample on a 1 cm x 1
cm area of FTO glass. The resulting thin film samples were dried under Ar prior to XAS
measurement. For the post-electrochemistry ex-situ thin film samples, we conducted the
same electrochemistry experiment series, LSV-CV-LSV—-CA, on the as-deposited thin films,
which were then dried and stored under Ar until XAS measurement. For XAS measurement
of the thin film samples, the samples were stabilized by Kapton tape on the sample holder and
fluorescence data was collected using a Ge detector. Two different spots and three scans per
spot were taken for each sample as replicates to get a better consistency and signal-to-noise

ratio. The Co foil data were collected in the reference channel for edge calibration.

Extended X-ray Absorption Fine Structure (EXAFS) analysis. The EXAFS
analysis was performed on both powder samples and thin film samples. All the EXAFS
curve fitting was performed over R-space using Artemis and the IFEFFIT software. Powder
samples were fitted with the window of 3 < k < 11 and 0 < R < 6. Shell-by-shell R-space
fitting was performed by introducing one or two shells at a time. The R-factor was used

to describe the quality of the fit (Equation 2.2). The FEFF calculation was done in the
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Demeter 0.9.26 to determine the ab initio amplitudes f;(k) and phases d;(k), which are then

used in the EXAFS equation (Equation 3.2):

N fi(k)
kD2

—2D;
(k)

(3.2) x(k) = S; exp( ) exp(—2k*07)sin(2kD; + 0;(k))

EXAFS is a technique that measures the number and type of neighboring atoms (scat-
terers) and the distance between the central atom (absorber) and the scatterers. In the
EXAFS equation, fi(k) is the parameterized scattering factor of the scatterers, which is pro-
portional to the possibility of elastic scattering from the scatterers. \;(k) is the inelastic free
mean path, which describes the inelastic losses due to excitation of the scatterers. d;(k) is
the phase change due to the presence of both absorber and scatterer. f;(k), A;j(k) and ¢; are
the three terms that are dependent on the type of scatterer. S3 is the amplitude reduction
factor due to the shake-up/off processes of the absorber. N;j, D; and o; are the degeneracy
of the absorber-scatterer path, the half of total path length of a path and the static and
thermal disorder factor of the path.

In this chapter, Mn and Co K-edge EXAFS spectra were taken and analyzed. All of the
Mn K-edge XAS spectra were calibrated by setting the first peak of the Mn foil spectrum
to the edge energy of Mn, 6539 eV. The Sy? value of Co is set to be 0.85. All of the Co
K-edge XAS spectra were calibrated by setting the third peak of the Co foil spectrum in the

reference channel to the edge energy of Co, 7709 eV. The Sy? value of Co is set to be 0.75.

3.4. Results and Discussion

3.4.1. The introduction of a second transition metal ion. Although biogenic
MnOy, especially BioMnOy-II and BioMnO,-II1I, exhibit a good OER activity (vide supra),
the overall activity of MnOy is still low, because the activity-related bond strength of M-OH
for Mn is the highest among the first-row transition metals. [7] Therefore, we introduced

a second transition metal ion (Fe?*, Co?* or Ni*") onto the surface of biogenic MnOy, in
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order to improve the OER activity. Here, BioMnO,-II was chosen for doping the second
metal ion at the surface (denoted as M-BioMnO,-II, M = Fe, Co, or Ni), since it shows
the highest OER activity among all the BioMnO, samples. As shown in Figure 3.9, the
introduction of either Fe?* or Ni?* did not improve the OER activity of BioMnOy. In con-
trast, the Co-BioMnO,-II shows significant higher OER activity than that of BioMnO,-II,
with the overpotential at 0.1 mA/cm? ca. 630 mV and the CA current density at 1.6 V (vs
NHE) was stabilized at 18 A- g'- cm™, which is almost three times of the corresponding
current density of BioMnOy-1I. We also synthesized the well-known CoPi catalyst for com-
parison. [24] We noted that Co-BioMnO,-II shows comparable overpotential and ~80% CA
current density to that of CoPi. This suggests that the OER activity of Co-BioMnO,-II is
comparable to that of CoPi. In addition, a Co-doped monoclinic birnessite sample (denoted
as Co-monoclinic birnessite) was also synthesized as a control. While the introduction of the
Co metal ion onto the surface of monoclinic birnessite improved the OER activity, the overall
activity is much lower than that of Co-BioMnOy-II or CoPi (Figure 3.1). To understand the
origin of such high OER activity of Co-BioMnO,-II catalysts, in the following sections, we
employed multiple spectroscopies, including XANES, XPS, EXAFS, etc, to characterize the

Co-BioMnO,-1II, especially the potentially active Co species.

3.4.2. Structural characterization of biogenic MnO,. From Chapter 2, we found
that the structural composition of BioMnO,-II is 75.1% monoclinic birnessite and 24.9%
synthetic birnessite, which then contains 12.8% feitknechtite and 12.1% triclinic birnessite.
In this section, we first try to get comprehensive structural information about BioMnOy,
including the characterization of the oxidation state in the bulk BioMnO,. Building from
this, we will analyze the structural composition and build the structure-function relationship
of Co-doped BioMnO,-II.

In terms of the Mn oxidation state, the average oxidation state was determined from the
linear relationship between oxidation states of the standard samples (Figures 2.10& 3.10-

3.11) and their corresponding edge energy of the XANES spectra (Table 3.1). [163, ]
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We further employed Mn K-edge EXAFS analysis to obtain the fine structural information
of manganese oxide lattice in the MnO, (Table 3.2 and Figures 3.13— 3.17). As shown
in Figure 3.12A, Fourier transforms of Mn K-edge EXAFS of BioMnO,-II and monoclinic
birnessite show four regions of peaks within 6 A distance: first shell Mn-O (~1.5 A), first
shell Mn-Mn (~2.5 A), interlayer Mn-O/Na or long-ranged Mn-O (3-4 A), and long-ranged
Mn-Mn path above 4 A. EXAFS fitting of BioMnO,-II was performed by using varying
structural models, including monoclinic birnessite, triclinic birnessite and feitknechtite as
suggested via the XANES LCF analysis (vide supra, Section 2.4.3). Figure 3.12 shows that
the feitknechtite model yields the best fit with BioMnO,-II (Figures 3.14- 3.16). For the
control sample monoclinic birnessite, a good fitting was obtained by using the corresponding

structural model of monoclinic birnessite (Figure 3.12 and Figure 3.17).

3.4.3. Characterization of Mn species of Co-BioMnO,-II. Shown in Figure 3.18,
the EDS analysis suggests that the percentage of surface Co/Mn species for Co-BioMnO,-
IT and Co-monoclinic birnessite is ca. 5.7% and 5.9%, respectively. High-resolution SEM
(Figure 3.19) and pXRD patterns (Figure 3.20) of Co-BioMnO,-II show the similar short-
ordered rods morphology and amorphous structure to those of BioMnO,-II. This suggests
that the introduction of ca. 5.7% Co did not affect the morphology and crystalline structure
of BioMnOy-II (as well as monoclinic birnessite). However, LCF analysis on the Mn K-
edge XANES region of Co-BioMnO,-II and Co-monoclinic birnessite show changes of bulk
structural composition upon Co doping (Figure 3.2). As shown in Figure 3.2 and Table 3.3,
Co-BioMnO,-II contains more feitknechtite (24.7%) and triclinic birnessite (23.3%), but less
monoclinic birnessite (49.2%), as compared to BioMnOy-II. This composition is similar to
that of BioMnO,-III (Figure 2.4), suggesting that biogenic MnOy also evolved (most likely
monoclinic birnessite converted to feitknechtite [159, 197] and triclinic birnessite [157])
during the 18 h Co*"-incubating process (Figure 3.8). For monoclinic birnessite, upon Co
doping, 12.9% Mn,O3 and 12.6% Mn3O4 was formed. In terms of the Mn oxidation state, the

average oxidation state was determined from the linear relationship between oxidation states
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of the standard samples (Figures 2.10 & 3.10 & 3.11) and their corresponding edge energy
of the XANES spectra. [163,196] As shown in Figure 3.2E and Table 3.4, upon doping with
Co?*, the overall bulk Mn oxidation state decreased from 3.64 to 3.55 for BioMnO,-II, and
from 3.67 to 3.62 for monoclinic birnessite. This is consistent with the red-shift of the Mn3s
binding energies of both Co-BioMnO,-II and Co-monoclinic birnessite, indicating that the
oxidation states of surface Mn decrease upon Co doping (Figure 3.2F). This suggests that
during the Co*" doping process, Co?* could be oxidized by Mn(IV) species, resulting in the
low average oxidation states of Mn. Given that the enhanced activity should come from
Co species, [7] in the following sections, we focus on the characterization of Co species to
understand the mechanism of enhanced OER activity of Co-BioMnO,-II and active structure

of the catalyst.

3.4.4. Characterization of Co species of Co-BioMnO,-II. While there are not
many differences (similar Co binding energies and peak shapes) of Co 2p XPS through three
samples of Co-BioMnO,-II, Co-monoclinic birnessite and CoPi (Figure 3.21), we employed
Co K-edge XANES spectroscopy to determine the average oxidation state of Co, which
is between +2 and +3 (Figure 3.3). The average oxidation state of Co in the sample of
Co-BioMnO,-II is similar to CoPi, but much lower than that of Co-monoclinic birnessite,
suggesting more Co(III) in Co-monoclinic birnessite. This is consistent with the XPS anal-
ysis in section 2.4.3 that shows monoclinic birnessite contains more surface Mn(IV), which
could oxidize more Co(II) to form Co(III). We further employed Mn and Co K-edge EX-
AFS analysis to probe the local coordination environment of Co in the MnO, (Tables 3.5
and 3.6. We first used Fourier transforms of Mn K-edge EXAFS analysis to obtain the fine
structural information of manganese oxide lattice. As shown in Figure 3.4A&C, Fourier
transforms of Mn K-edge EXAFS of BioMnO,-II and monoclinic birnessite show four re-
gions of peaks within 6 A distance: first shell Mn-O (~1.5 A), first shell Mn-Mn (~2.5 A),
interlayer Mn-O/Na or long-ranged Mn-O (3-4 A), and long-ranged Mn-Mn path above 4 A.

EXAFS fitting of BioMnOy-II was performed by using varying structural models, including
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monoclinic birnessite, triclinic birnessite and feitknechtite as suggested via the XANES LCF
analysis (vide supra, Section 2.4.3). Figure 3.4 shows that the feitknechtite model yields the
best fit with BioMnO,-II (Figures 3.14 - 3.16). For the control sample monoclinic birnes-
site, a good fitting was obtained by using the corresponding structural model of monoclinic
birnessite (Figure 3.4C and Figure 3.17). Upon doping with Co, we did not observe much
structural changes to the manganese-oxide lattice (Figures 3.22&Figure 3.23). Especially,
the ratio between the first two prominent peaks remains the same for both Co-BioMnO,-II
and Co-monoclinic birnessite (Figure 3.4). With the fine structural information of man-
ganese oxide lattice in hand, Co K-edge EXAFS fitting was performed by constructing a
Co/MnOy model, i.e., replacing a Mn site in monoclinic birnessite or feitknechtite model
with Co (Figure 3.5AB), followed by data refinement. Here, we first focus on the struc-
tural analysis of the “before-OER” samples, i.e., the as-synthesized powder sample. Fourier
transforms of Co K-edge EXAFS of Co-BioMnO,-II and Co-monoclinic birnessite show four
regions of peaks within 6 A distance: first shell Co-O (~1.5 A), first shell Co-Mn (~2.5 A),
interlayer Co-O/Na or long-ranged Co-O (3-4 A), and long-ranged Co-Mn path above 4 A
(Figure 3.5A&B), and the ratio of the first shell Co-O and Co-Mn/Co is similar in both sam-
ples, suggesting that Co is fully coordinated to the second shell. The long-ranged Co-Mn/Co
peaks at 4.6 A and 5.2 A share similar peak shape and relative intensity to the corresponding
Mn K-edge spectra of Co-monoclinic birnessite and Co-BioMnO,-II, suggesting that Co is
doped inside of the manganese oxide lattice in both samples. By using the Co-feitknechtite
model, an excellent fit was obtained for Co-BioMnO,-II (Figures 3.5A & 3.25). For Co-
monoclinic birnessite samples, a good fit was obtained for the first two peaks by varying
the coordination numbers of first shell Co-O and Co-Mn paths (Figures 3.5B & 3.26). The
fitted coordination number of five to six suggests a fully-coordinated octahedral geometry
(Table 3.6). In contrast, long-ranged Co-O and Co-Mn paths are not well described by the
fit, indicating an ill-defined conformation change around the Co (Figure 3.26). As a fitting

standard, the fit to CoPi data were obtained by utilizing a CoOOH model (Figure 3.5C)
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and a good fit of CoPi spectrum after electrolysis was obtained using the scattering paths
suggested by Kanan et al (Figure 3.28). [28] Based on above results, 1) the lower average
oxidation state of Co species in Co-BioMnO,-II; 2) the active Co-feitknechtite structure,

both are essential to the OER activity enhancement of BioMnO,-IT with Co doping.

3.4.5. Comparison of Co-BioMnO, and CoPi. Although the Co-feitknechtite struc-
ture of Co-BioMnO,-II that we attribute as the essential for the enhanced OER activity is
different from the CoOOH model for CoPi (Figure 3.5), we do not know if any similar CoPi
species was formed during or after the electrolysis. The CoPi-like structure could potentially
form via CoO, aggregates with the Co ions released from the manganese oxide lattice. If
there are any, it could also contribute to the OER activity. To answer this question, we also
performed Co K-edge EXAFS fitting for the samples after OER reaction to see if there are
any Co local structural changes. As shown in Figure 3.5, after electrolysis, the Co—O and
Co-Mn/Co peak intensity ratio increases for Co-BioMnO,-II (but remains unchanged for
Co-monoclinic birnessite and CoP1i), which infers that Mn defect sites were generated and
O vacancies were filled around Co after electrolysis (Figure 3.5). The long-ranged Co-Mn
distance also decreases after electrolysis (Table 3.6). However, an excellent fit (R-factor of
0.0025 and a reduced x? of 17.19) was still obtained for Co-BioMnO,-II after electrolysis
by using the Co-feitknechtite model (Figure 3.5). This suggests that the Co-feitknechtite
structure is not dramatically changed during electrolysis. For comparison, we also employed
CoOOH model to fit the spectrum of Co-BioMnO,-II after electrolysis with the R-factor of
0.0134 and a reduced x? of 44.15, which is not as good as Co-feitknechtite fitting (Figures 3.30
& 3.31). Especially, the fitting pattern of the Co-O peaks from 3 A to 4 A does not match
well. To compare those two model fits, we performed Hamilton test to compare the goodness
of fits in relation with the number of free parameters (Equation 3.3). The p value from the
Hamilton test is 0.03, which is smaller than 0.05, indicating that Co-feitknechtite model fit
is statistically significantly better than CoOOH model fit. The discrepancy between the two

model fits is mainly reflected by the poor fitting pattern of the Co-O peaks from 3 A to 4
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A (Figure 3.31). To this extent, we claim that there is no distinguishable amount of CoPi
structure formed after electrochemical process, thus inferring that CoPi does not significantly
contribute to the OER activity of Co-BioMnO,-II. Based on above analysis, it is less likely
that the CoPi-like active species formed during/after electrolysis when Co-BioMnO,-II is
used as the catalyst. This further confirm our analysis that the Co-feitknechtite structure is

the active site contributing to the enhanced OER activity.
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3.4.6. EXAFS analysis for CoPi question (NM analysis). In order to investigate
deeply whether CoPi is formed during the electrolysis, it is sufficient to answer the question:
after electrolysis, the second coordination sphere about the central Co atom consists of
mainly Mn atoms instead of Co atoms. However, due to the proximity of the atomic number
of Co and Mn, differentiation between two atoms in EXAFS model fitting is not absolutely
accurate. Thus, we rely on the statistics to determine how likely the second coordination
sphere metals are Co versus other first row transition metals. Besides the metal identity,
we also included the coordination number as another variable to consider the situation of
under-coordination. This analysis is denoted as Coordination number-Metal identity (NM)
analysis from now on.

We build models based on CoOOH model compound, keeping the central atom as the
Co atom while varying the identity of the second coordination sphere metal to V, Cr, Mn,
Fe, Co, Ni, Cu and Zn (Figure 3.6).

The reasons why the CoOOH model is chosen to be the base model are as follows.
The first reason is that based on the Co K-edge XANES spectra, after the electrolysis,
most of the doped Co in the Co-BioMnO,-II are in the Co(III) form, which has low-spin

dS electronic configuration that gives rise to a relatively isotropic coordination environment.
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The second reason is that Co-Feitknechtite model, the better fit model of Co-BioMnO,-
IT, and Co-monoclinic birnessite model both share some structural similarity with CoOOH
model. Thus, CoOOH model is a reasonably simplified model for the after-electrolysis thin
film samples. For each M-CoOOH model, an independent FEFF calculation was performed
to calculate the corresponding f;(k), A\;(k), and 9;(k) in the EXAFS equation of the metal M
(Equation 3.2). Then for each model, a curve fitting was performed on the R-space EXAFS
spectra of CoOOH, CoPi thin film (TF) sample, Co-monoclinic birnessite TF sample and
Co-BioMnO,-IT TF sample with the fixed fitting window of 3 < k < 10 and 0 < R < 3.
For each curve fitting, first shell Co-O path (1.90 A) and Co-M path (2.85 A) were included
with fixed coordination numbers of 6 and N respectively (N = 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5
and 7). The five guess parameters were AE (same value for both paths) and Ar and o2 for
each paths. The curve fitting was performed in R space and on all three k weights.

To make the thin film samples, 120 ug of Co-monoclinic birnessite, Co-MnO, and CoPi
samples were dropcast onto the 1 cm x 1 cm of the FTO electrode plate. After a series of
electrochemistry processes (LSV—CV—LSV—CA), the thin film samples were immediately
transferred to the argon environment to dry and store until the XAS measurements under
helium environment to prevent any post-electrochemistry structural modifications by the
air. Most parts of the samples are assumed to be solvent accessible and thus the structural
change in the bulk is reflective of the surface structural change.

For each of the fitting with the M-OOH model and a fixed coordination number, an
R-factor is acquired to describe the goodness of this fit. The resulting R-factor for each fit
was recorded and the map of R-factors with respect to the coordination number and metal
identity was drawn in Figure 3.7. The x-axis is the coordination number N from 3 to 7, the
y-axis is the identity of the metal M and the number at each cross point represents the R-
factor of the curve fit with the corresponding M-CoOOH model FEFF calculation and fixed
coordination number N. The color bar was based on the logarithm scale of 10 colors with the

colored regions the lowest R-factors for each sample, which reflects the tendency of the first
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shell local coordination environment of the Co center. The colored region shows the best fit
regions. As is shown in the Figure 3.7, the colored region of CoOOH is located at Co centered
around a high coordination number, which indicates that CoOOH favors highly coordinated
Co-CoOOH model. This result is consistent with the CoOOH crystal structure. The colored
region on the map of CoPi TF sample shows that the coordination environment of Co center
is similar to Co-CoOOH except the coordination number is lower. The previous study shows
that the coordination number of the neighboring Co for the bulk K-CoPi thin film sample is
4.5 while that for the surface K-CoPi thin film sample is 3.4. [28] The coordination number
determined in our method is slightly higher than their bulk thin film sample due to the twice
electrochemistry processes that further completes the coordination environment around Co
center. Thus, the results from the CoPi map also confirms with the previous literature. On
the other hand, the Co-monoclinic birnessite map shows that the colored region is focused
on the Mn with high coordination numbers, which illustrates that after electrolysis, Co-
monoclinic birnessite forms a Mn-CoOOH structure with a full coordination environment.
On the other hand, the colored region on the Co-BioMnO,-IT map shows that there are two
subdomains located around Mn with N around 5 and Co with N around 6.5. This difference
reveals that after electrochemistry, Co-BioMnO,-II has two major Co species, a Mn-CoOOH
structure with a low coordination number and a CoOOH-like structure. The assignment
from the Co-monoclinic birnessite map confirms with the XANES LCF analysis and the
previous hypothesis that Co introduces conformational change into the monoclinic birnessite
manganese oxide lattice and then is buried by the crystalline manganese oxide while the
lower coordinated Mn-CoOOH structure of Co-BioMnO,-II confirms that Co is simply doped
into manganese oxide layer to fill the cavity while keeping the relatively defected layered
structure. However, in this analysis, CoOOH is shown to appear in the after-electrolysis Co-
BioMnOy-II sample, inferring that CoOOH might contribute to the enhanced OER activity
of Co-BioMnOy-II. This CoOOH-like structure might result from the release of Co from the

highly flexible Co binding sites.
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This methodology can help differentiate two metals in the second coordination sphere
with close atomic number, which was commonly considered highly unlikely. However, de-
tailed mathematical and statistical proof about the validity of this analysis needs to be
conducted based on EXAFS fitting on the standard M-CoOOH model compound. Besides
that, this analysis considers only the models with the same metal identity and thus more
analysis needs to be performed such as Mn/Co-CoOOH model fitting with different Mn

fractions.

3.5. Comments and future directions

Co is a powerful element for water oxidation reactions. Simply applying current to an
electrolyte with Co?* ions with any of the major anions, such as PO,* will generate the highly
efficient CoOy-based OER catalysts. Any Co-containing system risks forming CoQOy, which
contributes non-negligibly to the overall water oxidation, during the electrolysis process.
Thus, in order to be rigorous of the newly developed Co-containing systems, including low-
concentration Co-doping systems, one needs to check the possible presence of CoO, during
electrolysis.

However, proving that there is no CoO, formed in situ is extremely challenging, es-
pecially in the mixed first-row transition-metal oxides, such as Co-BioMnO,. Because the
atomic number of Co is close to that of Mn, distinguishing Co from Mn needs X-ray tech-
niques with atomic resolution to analyze the characteristic absorption energy of inner shell
electrons or electron paramagnetic resonance (EPR) spectroscopy to examine the spin be-
havior of the material. Upon careful design, in-situ measurement of EPR can be used to
monitor the formation of Co(IV) during electrolysis. [25]

In this chapter, we analyzed the statistical probability of having CoPi formed during
electrolysis in the Co-BioMnOy system using EXAFS. While EXAFS is a bulk technique, a
thin film electrode on FTO can be made to reduce the bulk volume. Upon EXAFS fitting
analysis, the Co coordination environment before and after electrolysis is revealed. The

logic is that if we show that Co is inside of the MnO, lattice, in the similar environment
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both before and after electrolysis, then there is little chance for Co to form CoOy during
electrolysis and then return back to the doped state, due to possible high energy barrier of
this transformation. More likely, the CoOy formed during electrolysis would remain after
electrolysis. As a result, the fact the after-electrolysis thin film sample has a similar Co-
feitknechtite local structure than before-electrolysis sample indicates that Co is likely to
remain as Co-MnQOy during the electrolysis and thus CoOy is less likely to form during the
electrolysis.

However, this is only a deduction based on the statistical results, but not a solid ev-
idence. Thus, in order to acquire the real picture of how the catalysts behave under elec-
trolysis, high-resolution techniques need to be used for in-situ measurement. Some ideas
would be in-situ EPR experiments with low concentration of Co doping thin film samples

and in-operando XPS experiments to look at the surface of the material.
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FIGURE 3.1. Linear sweep voltammagrams (A) and chronoamperometry (B)
of Co-BioMnO,-II (magenta trace) compared to Co-monoclinic birnessite (pur-
ple trace) and CoPi (green trace) catalysts. LSV was taken with a scan rate of
10 mV/s. CA was measured at 1.6 V (vs NHE, n = 830 mV). The electrolyte
is 0.5 M NaPi (pH 7.8).
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FiGURE 3.2. Mn K-edge XANES normalized spectra of BioMnO,-II, mono-
clinic birnessite and their corresponding Co-doped samples (A), Mn K-edge
XANES LCF for Co-BioMnOy-II (B) and Co-monoclinic birnessite (C), Mn
K-edge XANES first derivative plot (D), the standardization curve of Mn ox-
idation state vs edge energy shift (E), and Mn3s XPS (F)
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FIGURE 3.4. Mn K-edge EXAFS fitting spectra for BioMnOy-1II samples (A)
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monoclinic birnessite models are shown in B. The curve fitting was performed
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for the curve fitting is shown in the parenthesis. Reduced chi-square values
(x?) and R-factor (R) are used to describe the goodness of the curve fitting.
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F1GURE 3.5. Co K-edge EXAFS fitting spectra for Co-BioMnO,-II (A), Co-
monoclinic birnessite (B) and CoPi (C). Co-feiknechtite, Co-monoclinic bir-
nessite, and CoOOH models are used to fit Co-BioMnO,-II, Co-mononclinic
birnessite and CoPi respectively. Before OER and after OER refers to the
as-prepared powder samples and the thin film after electrolysis respectively.
The curve fitting was performed within the R = 1-6 A window marked with
the grey line and the model used for the curve fitting is shown in the paren-
thesis. Reduced chi-square values (x2) and R-factor (R) are used to describe
the goodness of the curve fitting.

5



FIGURE 3.6. Models for the NM analysis. The blue sphere represents the
central Co atom. The green spheres represents the second coordination sphere
atoms. Depending on the identity of the atoms, eight models are created with
V, Cr, Mn, Fe, Co, Ni, Cu and Zn. The red spheres represent the oxygen
atoms.

76



0.06 ]
0.01789 (XPAPERK-LCN 0.03016  0.03558 v 0.01542 0.01608 0.01816 0.02133 X 0.03514 10.04
0.01735 0.01427 0.01296 0.01306 0.0143 0.01646 0.01938 0.02282 0.01778 0.01527 0.01451 0.01508 0.01669 0.0191 0.02215 0.02961
Mn 0.01376 0.01152 0.01063 0.01083 0.01192 0.01375 0.01619 "1 0.01631 0.01306 0.01149 0.01121 0.01194 0.01345 0.01824 0.02128
» 0.01565 0.01003 0.00891 0.00911 » 0.01878 0.01452 0.01187 0.01045 0. 0.01032 0.01126 0.01456
® s
Co | 0.03361 0.01509 0.01181 0.00852 0.00729 0.0071 (AN KPPEN 0.01776  0.01413 0.01169 0.01018 0.00942 0.00928 0.00963 0.01041
Ni [ 0.04127 0.03257 0.02028 0.01602 0.01272 0.01021 JDJ008S70:00700 X FLEER 0.02255 0.01809 0.01475 0.01232 0.01061 0.00888 0.00869
Cu | 0.05452 0.0451 0.03739 0.02573 0.02135 0.01771 0.01471 0.01226 Cu | 0.04045 0.03382 0.02851 0.02084 0.01811 0.01596 0.01304
0.01
0.01
Zn | 0.06089 0.06124 0.04323 0.0366 0.03082 0.026 KXFAEIRENEEZY) Zn|0.04325 0.03629 0.03062 0.02597 NFFAEREKEEEE] 0.01428 0.01257
3 35 4 4.5 5 55 6 6.5 7 3 3.5 4 45 5 5.5 6 6.5 7
C Coordination numbers D Coordination numbers.
0.08
0.01784 0.01263 0.00951 0.00807 0.00799 0.00902 0.01098 0.01372 v 0.00642 0.00583 0.00676 0.00886 0.01185 0.01553 LNEETZ] 0.05
cr 0.02295 0.01686 0.01273 0.01017 0.00888 0.00864 0.00926 0.01062 (! 0.01143 0.00772 0.00589 0.00549 0.00619 0.00775 0.00999 0.01276 0.01596
[LGEN HEEILE 0.02406 0.01745 0.01273 0.0075 0.0065 0.00635 0.00691 (1) 0.01265 0.00827 0.00568 0.00447 0.00433 0.00504 0.00641 000832 0.01066
,» Fe 004009 0.03048 0.01757 0.01343 0.01045 0.00843 0.00722 0.00669 PLLY 00169 0.01163 0.00806 0.00581 0.00459 0.00419 0.00446 0.00526
Co | 0.04897 0.03882 0.02449 0.01951 0.01564 001269 0.01062 Co | 0.0226 N NA[1T) 0.00893 0.00675 0.00536 0.00463 0.00442 0.00466
0.01
Ni | 005944 0.04884 0.02289 0.01911 0.01607 0.01367 ROXFEYS RN N FFEEN 0.01781 0.01382 0.01079 0.00853 0.00691 0.00581 0.00515
Cu|0.077856 0.06683 0.05768 0.04999 0.0435 0.038 0.02934 001 CU|0:04229 003492 002898 0.02416 0.02023 LKIELCACKAELY 0.01077
Zn|0.08395 0.07279 0.06342 0.05547 0.04867 0.04282 Zn | 0.04718 0.03956 0.03332 0.02815 0.02385 0.02027 LXARFLRNNEEYE RN FYEd
3 3.5 4 4.5 5 55 6 6.5 7 3 3.5 4 4.5 5 5.5 6 6.5 7
Coordination numbers Coordination numbers

F1GURE 3.7. The resulting R-factor maps of NM analysis. A, B, C, and D
represent the R-factor maps for CoOOH sample, after-electrolysis CoPi sam-
ple, after-electrolysis Co-monoclinic birnessite sample, and after-electrolysis
Co-BioMnO,-IT sample.

7



/ o

~

FTO
— —

2hr
Centrifuge 18 hr
e > Co-BioMnO -II
H,O washes H,O washes
& Dry
. . — e
20 nM Mnx in BioMnO_-ll suspension Vacuum dry
10 mM HEPES,

50 mM NaCl, pH 7.8

~

FTO
— —

A\

Electrodeposition in
2 mM MnSO,,
0.05 M NacCl electrolyte

A\

Electrodeposition in
0.5 mM Co(NO,),,
0.1 M KPi electrolyte (pH 7.0)

CoPi suspension

300 mC/ cm?under 1.2V 18 hr Co-monoclinic
> > birnessite
H,0 washes & Dry H,0 washes
Vacuum dry
Monoclinic birnessite
suspension
FTO
—_—
2 C/cm?under1.45V 18 hr
> > CoPi
H,0 washes & Dry H,0 washes
Vacuum dry

Electrochemistry

Material
characterization

Electrochemistry

Material
characterization

Electrochemistry

Material
characterization

FiGure 3.8. Co-BioMnO,-II, Co-monoclinic birnessite and CoPi sample
preparation schemes. The dried powder samples were used in material char-
acterization experiments while the samples dropcast onto the FTO glass slide
were used in electrochemical measurements.

78



2 80
—— BioMnO_-II
sl CoPi
— FTO 60 1
M-doped BioMnO,-lI
12} M=Fe ——M=Cu e 1
E —M= —_= E
: M= C<-> M=2Zn Sao i
£ M = Ni -
— 08 } 1< | i
E® (0,/H,0) =0.77 V 20l )
04 | ! i
0 . . . . : 0
04 06 ‘08 1 12 14 18 0 100 200 300 400 500 600 700 800 900 1000
E (V vs NHE) Time (s)
FIGURE 3.9. LSV (A) and CA (B) of M-doped BioMnO-1I. All doped metal
ions were added in the aqueous M?* form. LSV was taken with scanning rate
of 10 mV /s. CA was measured at 1.6 V (vs NHE, n = 830 mV). The electrolyte
is 0.5 M NaPi (pH 7.8).
A B - c

A 7 ) °
n — — — Mn foil, Mn(0) o :n o:lde; slalndard data KMnO,
= Regression line
' 2 P R =0.3579 * x - 0.1089
et Mn,0,, Mn(ill 6 y=0. x-0.

* \ E ______________ B-Nn0,, Mn(IV) R?=0.9839

KMnO,, Mn(VIi)

o

IS
(=]

= = =Mn foil, Mn(0)
— =MnO, Mn(ll)

dp(E) | dE

%)

1(E) (normalized)
Average oxidation states of Mn

=== ==-Mn,0,, Mn(lll) Mn.0,

ﬁ-Mnoz.Mn(IV)

KMnO,, Mn(vil) 2

MnO
1
Mn foil
. . . . . . . . . . . . . . . . . . 0 s 0 5 20

6530 6535 6540 G545 6550 6555 6560 6565 6570 6575 6580 6530 6535 6540 6545 6550 6555 6560 6565 6570 6575 6580 Edge energy shift (eV)

Energy (eV) Energy (eV)

FIGURE 3.10. Normalized Mn K-edge XANES spectra (A), first derivative
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(labeled in * on the right plot) is chosen for the determination of the Mn
oxidation states.

79



>
w

BioMnO.—1 I ' | occooo r ©  Mn oxide standard data O KMno,
= BloMnO-~ ] ! = Regression line
= BioMnO -l : M"('"): c 6k y =0.3579 * x - 0.1089
— Biowno-m || ' = R?=0.9839
— BioMnOIV | : ‘s sho BioMnO I
= Monoclinic @ i
w birnessite | % O BioMnO Il
T s O BioMnO-llI MnO,
= | e [ o siowno-n
m IIoMinQ) /
‘i | ..Q.. © Monoclinic 3.70
Ee) | % 3 birnessite Mn,0, 3.85
3 3.60
% 2 3.55
a; 3.50
Mn(ll) E 1t sas
7100 10.2 10.4
A L L A A L A A A U Mn foil . N N N
6530 6540 6550 6560 6570 6580 0 5 10 1 5 20
Energy (eV) Edge energy shift (eV)

FiGure 3.11. First derivative plot of Mn K-edge XANES spectra for
BioMnOy and monoclinic birnessite (A) and the determination of oxidation
states (B). The inset in A shows the position of the first peak at the edge in
the first derivative spectrum. The inset in B shows the enlarged view of the
BioMnO, peak position region. The normalized Mn K-edge XANES spectra
for BioMnO, and monoclinic birnessite are shown in Figure 2.10.
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FiGURE 3.12. Mn K-edge EXAFS fitting spectra for BioMnO,-II samples
and monoclinic birnessite samples (A). Feitknechtite, triclinic birnessite and
monoclinic birnessite models are shown in B. The curve fitting was performed
within the R = 1-6 A window marked with the grey line and the model used
for the curve fitting is shown in the parenthesis. Reduced chi-square values
(x,?) and R-factor (R) are used to describe the goodness of the curve fitting.
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FIGURE 3.13. k*-weighted EXAFS spectra (A) and Fourier transforms (B) of
Mn K-edge. All of the curves have been equally scaled down and translated
for display purposes.

A
12 T T T T T T T T T
Data
= Fit (monoclinic
10} birnessite model) |
= Fitting window
3 3 -
¥
<
= 6 1
x
=
al J -

BioMnO_-Il Mn K-edge

BioMnO -l Mn K-edge
o L L L 1 L _10 1 1 'l L 1 1 L 1 1

0 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10 1" 12
Apparent distance (R) ki A

FI1GURE 3.14. Mn K-edge curve fitting in R-space and k-space of BioMnO,-I1
with monoclinic birnessite model.
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F1GURE 3.15. Mn K-edge curve fitting in R-space and k-space of BioMnO-I1
with triclinic birnessite model.
A B
12 T T T T T T T T
Data
—— Fit (feitknechtite

10 model) 4

IR | (A%
[-;]

~— Fitting window

BioMnO_-ll Mn K-edge

BioMnO -l Mn K-edge

Apparent distance (A)

0 . \ . . \ . . ) .
10 2 3 4 5 6 7 8 9 10 1 12
kA1

F1GURE 3.16. Mn K-edge curve fitting in R-space and k-space of BioMnO,-II
with feitknechtite model.
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FiGurE 3.17. Mn K-edge curve fitting in R-space and k-space of monoclinic
birnessite with monoclinic birnessite model.

Ficure 3.18. EDS point spectra of Co-BioMnOy-1I (A) and Co-monoclinic
birnessite (B). The Co/Mn percentage was calculated based on the weight
percentage normalized by molecular weight. The Co/Mn percentage is 5.7%
for Co-BioMnOy-II and 5.9% for Co-monoclinic birnessite.
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1 um

FIGURE 3.19. High-resolution SEM graphs of Co-BioMnO,-IT (A) and Co-
monoclinic birnessite (B). The scale bar of Co-BioMnO,-II is 300 nm and that
of Co-monoclinic birnessite is 1 pym. The high-resolution SEM was taken in
the Stanford Nano Shared Facilities (SNSF).
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F1Gure 3.20. PXRD pattern of Co-BioMnO,-II and Co-monoclinic birnessite
in comparison with BioMnO,-II and monoclinic birnessite.
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FIGURE 3.22. Mn K-edge curve fitting in R-space and k-space of Co-
monoclinic birnessite with monoclinic birnessite model.
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FiGURE 3.23. Mn K-edge curve fitting in R-space and
BioMnO,-II with feitknechtite model.
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FIGURE 3.24. k3-weighted EXAFS spectra (A) and Fourier transforms (B) of
Co K-edge. All of the curves have been equally scaled down and translated
for display purposes.
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F1GURE 3.25. Co K-edge curve fitting in R-space and k-space of Co-BioMnO,-
IT before OER with Co-feitknechtite model.
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FiGURE 3.27. Co K-edge curve fitting in R-space and k-space of CoPi before
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FiGUurRe 3.29. Co K-edge curve fitting in R-space and k-space of Co-
monoclinic birnessite after OER with Co-monoclinic birnessite model.

91



18

16

14

IXR) | (A%

1

1

1

=
o

I%R) | (A

-

6

4

-]

N

B
T T T T T T T T T 20 T T T T T T T T
Data |
—— Fit (Co-feitknechtite
model)

——— Fitting window E

Co-BioMnO -l after OER
Co K-edge

Co-BioMnO -l after OER A0k
Co K-edge
1 2 3 4 5 6 7 8 9 10 2

Apparent distance (R)

7
kI AT

8

9 10 1 12
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F1GURE 3.31. Co K-edge curve fitting in R-space and k-space of Co-BioMnO,-

II after OER with CoOOH model.
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Mn oxides Energy shift Oxidation  Oxidation states (energy shift) in

compounds E — Eq (eV) states previous study
in this study calculated in
this study
Mn foil 0 0 0
MnO 5.21 2 2 (6 eV) [196], 2 (6.4 eV) [198]

B-MnO, 13.32 4 4 (14 &V) [196]

KMnO, 18.40 7 -

M0, 7.93 2.73 2.68-2.85 [187],2.66 [109], 2.68

[200]
J-MnO, 11.93 4.16 3.53-3.98 [201],4.02 [200], 3.7-3.9
[161]

Triclinic 9.93 3.45" 3.4-3.57 [182], 3.57 [161,200]
birnessite
Monoclinic 10.56 3.67 3.8 (12.6 ¢V) [196], 3.6-3.76 [202],
birnessite 3.58-3.84 [203]
BioMnO,-I 10.01 3.47
BioMnO,-11 10.48 3.64 3.32-3.62 [159], 3.9 [159], 3.85 [204], 3.9 |
BioMnO,-III 10.36 3.60
BioMnO,-1V 10.21 3.55

TABLE 3.1. Oxidation states of manganese in selected manganese oxides. Mn
foil, MnO, MnyO3, 6-MnO,, and KMnO, are used for plotting the standard
curve of oxidation states vs edge energy. *In this study, triclinic birnessite
is synthesized as a mixture with feitknechtite, see Figure 2.12 for detailed

information.
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Sample Path R.g(A) R(A) o¢%(A2?) N AE, Ry 2
(ev) (%)
Mn-O 1918  1.899 0.0028 428 4952 1285 59.05
BioMnO.-1T (0.0045) (0.0008) (0.26)  (0.590)
(monoclinic birnessite
odel) Moo 2.850  3.029  0.0105 2
Mn (0.0232) (0.0050)
Mn- 2954 2861 00062 4
Mn (0.0072) (0.0012)
Mn- 5907 5771 00104 8
Mn (0.0192) (0.0022)
(MS)
Mn-O 1935  1.899 0.0026 427  9.864 1028 55.37
BioMnO,-I1 (0.0042) (0.0007) (0.25) (0.547)
(triclinic birnessite  Mn-  2.848  3.013  0.0135 2
model) Mn (0.0289) (0.0074)
Moo 2953 2.858  0.0067 4
Mn (0.0084) (0.0012)
Mn- 5174 5343 00062 4
Mn (0.0258) (0.0032)
Moo 5.607 5765 0.0039 4
Mn (0.0172) (0.0019)
(MS)
Mn-O 1916  1.901 0.0023 4  -2.438 0073 22.21
(0.0062) (0.0004) (1.210)
Mn-O 2254 2269 00330 2
(0.0772) (0.0137)
BioMnO,-II
(feitknechtite 94

model)



Mn- 2891 2882  0.0059
Mn (0.0129) (0.0009)
Mn- 3175  3.083  0.0068
Mn (0.0237) (0.0028)
Mn-O 3.666 3.78%8  0.0223
(0.0712) (0.0155)
Mn-O  3.963 4256 0.0121
(0.0616) (0.0115)
Mn-O 4515  4.641  0.0089
(0.0682) (0.0089)
Mn- 5176  5.000 0.0109
Mn (0.0362) (0.0043)
Mn- 5640 5567  0.0152
Mn (0.0804) (0.0120)
Mn- 5781 5833  0.0115
Mn (0.0621) (0.0085)
(MS)
Mn- 6233  6.350 0.0109
Mn (0.0772) (0.0097)
Mn-O 1918 1.889  0.0016 0.192  0.165 28.82
(0.0030) (0.0004) (0.521)
Mn-O  1.968 1.732 0.0126
Monoclinic birnessite (0.0093) (0.0025)
(monoclinic birnessite
model Mn- 2850 2.843  0.0015
Mn (0.0039) (0.0004)
Mn- 2954 2806  0.0202
Mn (0.0170) (0.0019)
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Mn-Na 3.861 3.763 0.0065 4
(0.0162) (0.0018)

Mn-Na 4.068 4.000 0.0068 4
(0.0189) (0.0021)

Mn- 5174 5256 0.0056 8

Mn (0.0093) (0.0015)

Mn- 5907 5708 0.0067 4

Mn (0.0145) (0.0008)

(MS)

TABLE 3.2. EXAFS fitting parameter values of the Mn K-edge spectra for
BioMnOy-1I, monoclinic birnessite. “The coordination numbers of these two
paths of the feitknechtite model are reversed compared to the FEFF calculation
to give the best fit.
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Catalysts Monoclinic Feitknechtitériclinic Other components

birnes- birnes-
site site
Manganite GroutiteMnO Mn3zO4 MnyO3
BioMnO,-1 54.9% 4.2% 3.9% - - 11.3% 21.4% -
BioMnO,-I1 75.1% 12.8% 12.1% - - - - -
BioMnO,-III 42.4% 23.5% 22.4% - - - - 11%
BioMnO,-IV - - - 67.3% 32.7% - - -
Co- 49.2% 24.7% 23.3% - - - - 3.7%
BioMnO,-11
Co- 74.2% 12.9% 12.6% - - - - -
monoclinic
birnessite

TABLE 3.3. Summary of Mn K-edge XANES LCF component percentage
values.
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Mn oxides Energy shift Oxidation  Oxidation states (energy shift)

compounds E — Ey (eV) states in previous study
in this study calculated in
this study
Monoclinic 10.56 3.67 3.8 (12.6 oV) [100], 3.63.76
birnessite [202], 3.58-3.84 [203]
BioMnO,-I 10.01 3.47
BioMnO,-II 10.48 3.64
3.32-3.62 [159], 3.9 [159], 3.85 [204], 3.9 [200]
BioMnO,-II1 10.36 3.60
BioMnO,-IV 10.21 3.55
Co-BioMnO,-II 10.22 3.55
Co-monoclinic 10.41 3.62 3.48-3.77 [156], 3.65-3.71 [205]
birnessite

TABLE 3.4. Table 3.1 extension. Oxidation states of manganese in selected
manganese oxides and Co-doped manganese oxides.

98



Sample Path Reg(A) R(A) o¢%(A2%) N AE, Ry .2
(eV) (%)
Mn-O  1.916  1.901  0.0041 4 -1.647 0373 55.95
(0.0004) (0.0004) (0.855)
Mn-O 2254 2274  0.0268 2
BioMnO,-IT (0.0386) (0.0065)
(feitknechtite Mn-  2.891  2.882 0.0071 4"
model) Mn (0.0085) (0.0006)
Mn-  3.175  3.104 0.0072 2"
Mn (0.0136) (0.0015)
Mn-O  3.666  3.750  0.0145 4
(0.0404) (0.0062)
Mn-O  3.963  4.180  0.0261 4
(0.0842) (0.0172)
Mn- 5176  4.952  0.0195 4
Mn (0.0458) (0.0067)
Mn-  5.640  5.542  0.0089 6
Mn (0.0231) (0.0033)
Mn- 5781 5791  0.0170 4
Mn (0.0507) (0.0095)
(MS)
Mn-O 1.918  1.886  0.0031 4 -6.303  0.511  135.96
(0.0061) (0.0004) (1.353)
Mn-O  1.968  2.259  0.0222 2
Monoclinic birnessite (0.0434) (0.0067)
(monoclinic birnessite
Mn- 2850 3.160 0.0180 2

model)
Mn

(0.0528) (0.0065)
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Mn- 2954 2848 0.0060 4

Mn (0.0067) (0.0006)

Mn-Na 3861 3753 0.0027 4
(0.0199) (0.0018)

Mn-Na 4.068 3971 0.0039 4
(0.0264) (0.0022)

Mn- 5174 5275 0.0087 8

Mn (0.0363) (0.0034)

Mn- 5907 5718 0.0073 4

Mn (0.0201) (0.0012)

(MS)

TABLE 3.5. Extension of Table 3.2. Fitting parameter values of the Mn K-
edge spectra for Co-BioMnO,-11, Co-monoclinic birnessite. “The coordination
numbers of these two paths of the feitknechtite model are reversed compared
to the FEFF calculation to give the best fit.
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Sample Path R.g(A) R(A) o¢%(A2?) N AE, Ry 2
(eV) (%)
Co-monoclinic  Co-O 1918 1916  0.0030 516 1993 2733 35.36
birnessite before OER (0.0079) (0.0015) (0.62) (0.936)
(Co-monoclinic Co-Mn 2.850  2.840 0.0049  5.60
birnessite model) (0.0081) (0.0016) (1.00)
Co-Mn 4.997 4.899 0.0098 4
(0.0610) (0.0079)
Co-Mn 5907 5760 0.0050 8
(MS) (0.0199) (0.0020)
Comonoclinic  Co-O 1918 1.912  0.0025 6.4  -0.339  1.994 408.34
birnessite after OER (0.0066) (0.0013) (0.69) (0.878)
(Co-monoclinic  (Co-Mn 2.850  2.841 0.0034  6.30
birnessite model) (0.0065) (0.0012) (0.93)
Co-Mn 4.997 4.907 0.0063 4
(0.0424) (0.0051)
Co-Mn 5907 5774 0.0040 8
(MS) (0.0178) (0.0017)
Co-O  1.897 1.899 0.0076 6  -1.731 2.619 2254.54
CoPi before OER (0.0105) (0.0008) (1.117)
(CoOOH model)  (o-Co 2851 2818 00117 6
(0.0132) (0.0012)
Co-Co 4938 4811 0.0190 6
(0.0790) (0.0119)
Co-Co 5702 5753 0.0226 12
(MS) (0.0743) (0.0106)
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Co-O  1.897 1.898 0.0037 6 -2.304  1.301 212.13
(0.0052) (0.0004) (0.682)
CoPi after OER
(CoOOH model) Co-Co 2851 2825  0.0082 6
(0.0063) (0.0006)
Co-O  3.813  3.922 0.0278 6
(0.0740) (0.0164)
Co-Co 4.938  4.867 0.0161 6
(0.0474) (0.0067)
Co-Co 5.702  5.750 0.0145 12
(MS) (0.0255) (0.0031)
Co-O 1916  1.902 0.0038 4 -7.764  0.064  3.75
(0.0037) (0.0002) (0.592)
Co-O 2254 2540  0.0065 2
Co-BioMnO,-IT (0.0158) (0.0017)
before OER Co-Mn 2.891 2815 0.0046 4"
(Co-feitknechtite (0.0038) (0.0002)
model) Co-Mn 3.175 3.107 0.0276 2
(0.0648) (0.0074)
Co-O  3.666  3.787  0.0025 4
(0.0121) (0.0014)
Co-O  3.963  4.049 0.0032 4
(0.0157) (0.0018)
Co-O 4515  4.521  0.0103 4
(0.0315) (0.0047)
Co-Mn 5.176  5.314  0.0050 4

(0.0140) (0.0013)
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Co-Mn 5781 5718 0.0045 4
(MS) (0.0111) (0.0008)
Co-Mn 6233 6278 0.0064 4
(0.0213) (0.0024)
Mn-O  1.916  1.908 0.0037 549 -4514 0255 17.19
(0.0042) (0.0006) (0.26)  (0.644)
Co-BioMnO..11  Co-Mn 2891 2840 00046 4
after OER (0.0040) (0.0004)
(Co-feitknechtite  Co-Mn  3.175  2.956  0.0243 2"
model) (0.0471) (0.0130)
Co-O 3666 3793 0.0031 4
(0.0184) (0.0022)
Co-O 3963 4.060 00047 6"
(0.0193) (0.0021)
Co-Mn 5176 4908 0.0100 4
(0.0226) (0.0027)
Co-Mn 5640 5510 00125 6
(0.0392) (0.0053)
Co-Mn 5781 5782 0.00%2 4
(MS) (0.0232) (0.0028)
Co-O  1.897 1.908 0.0045 6  -2787 1.339 44.15
Co-BioMnO,II (0.0051) (0.0004) (0.666)
after OER Co-Co 2851 2831 0.0077 6
(CoOOH model) (0.0056) (0.0005)
Co-O 3813 398 0021 6

(0.0636) (0.0114)
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Co-Co 4.938 4876 00147 6
(0.0394) (0.0052)

Co-Co 5702 5765 00124 12

(MS) (0.0188) (0.0021)

TABLE 3.6. EXAFS fitting parameter values of the Co K-edge spectra for
Co-BioMnOy-11, Co-monoclinic birnessite and CoPi. “This path, which cor-
responds to the interlayer Co-O path, has a coordination number of 4 in the
FEFF calculation but in this situation, 6 gives the best fit.
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CHAPTER 4

First-row transition-metal inhibition of Mnx protein

4.1. Abstract

The manganese oxidase complex, Mnx, from Bacillus sp. PL-12 contains a multicopper
oxidase (MCO) and oxidizes dissolved Mn(II) to form insoluble manganese oxide (MnO,)
mineral. Previous kinetic and spectroscopic analyses have shown that the enzyme’s mecha-
nism proceeds through an activation step that facilitates formation of a series of binuclear
Mn complexes in the oxidation states II, I1I, and IV on the path to MnO, formation. We now
demonstrate that the enzyme is inhibited by first-row transition metals in the order of the
Irving-Williams series. Zn(II) strongly (K; ~ 1.5 gM) inhibits both activation and turnover
steps, as well as the rate of Mn(II) binding. The combined Zn(II) and Mn(II) concentration
dependence establishes that the inhibition is non-competitive. This result is supported by
electron paramagnetic resonance (EPR) spectroscopy, which reveals unaltered Mnx-bound
Mn(II) EPR signals, both mono- and binuclear, in the presence of Zn(II). We infer that
inhibitory metals bind at a site separate from the substrate sites and block the conformation
change required to activate the enzyme, a case of allosteric inhibition. The likely biological
role of this inhibitory site is discussed in the context of Bacillus spore physiology. While
Cu(IT) inhibits Mnx strongly, in accord with the Irving-Williams series, it increases Mnx
activation at low concentrations, suggesting that weakly bound Cu, in addition to the four

canonical MCO-Cu, may support enzyme activity, perhaps as an electron-transfer agent.

The content in this chapter is in part reproduced from Journal of Inorganic Biochemistry, 224, 111547. doi:
https://doi.org/10.1016/j.jinorgbio.2021.111547 [135]
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4.2. Introduction

Manganese biomineralization by manganese-oxidizing microorganisms is the dominant
route of manganese-oxide mineral deposition on Earth, and a key pathway of the global Mn
cycle. Mn-oxidizing microorganisms oxidize Mn(II) either directly through multicopper oxi-
dases or indirectly through peroxides, which was discussed in Section 1.4 The MCO enzyme
family relies on at least four copper cofactors to couple oxidation of a wide variety of sub-
strates, both organic and inorganic, at a type 1 copper center (T1-Cu) with reduction of Oy
to water at a trinuclear copper center. [117, | Mnx is a complex of MnxG, a large (138
kDa) multicopper oxidase, tightly bound to three copies each of small (12 kDa) accessory pro-
teins, MnxE and MnxF. [131,133] While MnxE and MnxF do not have close homologues,
MnxG was found to be similar to the human ferroxidase ceruloplasmin. However, unlike
ceruloplasmin, MnxG catalyzes two successive and energetically difficult one-electron oxida-
tion steps, and produces MnOy biomineral as a final product, representing a new subclass of
Mn(II)-mineralizing MCO enzymes. A proposed mechanism was illustrated in Section 1.6.

This MnxG catalyzes the oxidation of Mn(II) to Mn(III), which then disproportionate
to Mn(IV)Oy nanoparticulate and Mn(II). In the environment, further transformation and
abiotic partial reduction of the resulting biogenic MnOs nanoparticulate product leads to a
variety of Mn(II1,1V) oxides [158,161,207,208,209,210,211,212] — highly reactive mineral
phases that are capable of scavenging and oxidizing not only organics, but also many trace
metals, including toxic metals. | , , , , , | Indeed, numerous studies have
explored how incubation of Mn-oxidizing bacteria with different metals affects the structure
and composition of the biogenic manganese oxides product, | , , , , , ,

, , , | and technologies are being pursued to use bacterially produced manganese
oxide to clean contaminated waters. [89, , , , , , ,231] However, how the
presence of other metals interferes with the enzymatic mechanism of Mn oxidation remained
unknown in the absence of a purified enzyme from an Mn-oxidizing organism. Each step

of the proposed Mnx enzymatic mechanism in Figure 1.2 can potentially be influenced by
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other metals. Studies with whole cells have demonstrated that different metals can get
incorporated into the MnQOs, [210, , , , , , | presumably by affecting
condensation of the primary enzymatic product into the mineral structure. However, other
metals could also bind directly to the enzyme, competing with Mn(II) for Mnx binding sites,
or interfering with the Mn(II) oxidation by disrupting formation of hydroxo- and oxo-bridges,
or slowing down the enzyme conformation change. In this study, we address the question of
how first-row transition metals affect Mn(II) oxidation by Mnx. Zn(II) powerfully inhibits
all stages of Mnx catalysis, and does so non-competitively, a conclusion supported by EPR
spectroscopy, which shows that Zn(II) has no effect on the Mnx-bound Mn(II) signals. Thus,
Zn(II) binds at an inhibitory site, separate from the substrate site. Other divalent metals
inhibit the reaction according to the Irving-Williams order (Co(II) < Ni(II) < Cu(Il) >
Zn(II) [233,234]). Cu(Il), however, stimulates the enzyme at low concentrations, playing
an additional role in catalysis. We propose a mechanism accounting for inhibition and offer

hypotheses on the role of Zn(II) inhibition in the physiology of Mn-oxidizing Bacillus spores.

4.3. Results

4.3.1. Inhibition of Mnx reaction by Zn(II). MnO, production by Mnx was notice-
ably slowed by quite low (0.2 uM) concentrations of Zn(II), although the growth of the MnO,
absorption band remained sigmoidal as the Zn(II) concentration increased (Figure 4.1).

The enzymatic traces are sigmoidal, a slow induction phase being followed by linear

growth. They were fit with the activation equation (Equation 4.1) [235]:

(41) [Mn02] = ‘/(S*S) (.1' - xO) - ‘/(sfs)/kcat(l - e(ikwt(xixo)))

To account for the observed xg and k,.; dependences on Zn(II), a general mechanism of

an activatable enzyme in the presence of an inhibitor can be invoked (Figure 4.2). [235]
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In our case we assume that (1) conversion to the active Mnx conformation (Mnx* in
green in Figure 1.2) is triggered by substrate binding only; (2) Zn(II) binding to activated
Mnx is negligible; (3) binding of Zn(II) to Mnx is unaffected by the presence of Mn(II) (red
boxes in Figure 1.2); and (4) Zn-bound Mnx is not activated by Mn(II) so that the activation
rate constant in the presence of Zn(II) approaches zero (k,.; — 0) with increasing Zn.

Fitting the lag time x¢ vs Zn(II) concentration and ke vs Zn(II) concentration yields
approximately the same K;(Zn) with a value of ~1.5 uM. Steady-state turnover of Mn(II)
also shows a rapid decline with increasing Zn(II) concentration. Also, the Dixon plot with
the reciprocals of the steady-state rate against Zn(II) concentration shows the straight line
feature with an intersection point on the x-axis. Thus, the Zn(II) inhibition kinetics studies

converge to a conclusion that Zn(II) is non-competitively inhibiting the Mnx reaction.

4.3.2. EPR characterization of Mn binding site in the Mnx. We tested the hy-
pothesis that inhibition is due to Zn(II) competition for the Mn(II) binding sites on Mnx
(similar to Zn(II) inhibition of Fe(II) oxidation in MCOs ceruloplasmin 213 and Fet3p 214)
using EPR spectroscopy. Mnx-bound mononuclear and dinuclear Mn(II) EPR signals (des-
ignated as “class ii” and “class iii”, respectively) were previously detected when Mn(II) is
added to Mnx, the mixture likely reflecting weaker Mn(II) binding to a second site. [81]
These signals should be suppressed if Zn(II) binds competitively with Mn(II), but the addi-
tion of Zn(II) had no effect on either signal, even after oxygen was added to the mixture to
initiate the reaction. Thus, the EPR evidence strongly indicates noncompetitive binding of
Zn(1I) inhibitor.

The experiments above all indicate that Zn(II) does not compete with Mn(II) substrate
binding sites, but binds to a separate site, hindering Mn(II) binding, enzyme activation
step, and inhibiting Mn(II) oxidation. Zn(II) strongly inhibits the reaction, affecting each
stage of the Mnx catalysis: Mn(II) binding, Mnx activation, and turnover. Our kinetic
experiments, supported by EPR studies, demonstrate that Zn(II) does not compete with

Mn(II) for binding at the substrate site (Figure 4.3). The inhibition constant for Zn(II),
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~1.5 pM, does not vary with Mn(II) concentration, and is consistent with the data at each
step of the enzymatic reaction. Analysis of turnover rates with the Dixon plot also confirms
the noncompetitive nature of Zn(II) inhibition. We propose an allosteric mechanism, in
which Zn(IT) binding stabilizes Mnx in its inactive form. This binding thereby prevents the
conformation change that otherwise triggers enzyme activation and couples the two Mnx-
bound Mn(II) for efficient electron transfer. Without activation, the turnover of uncoupled

Mn(II) species proceeds very slowly.

4.4. EPR characterization of Co(II) inhibition

4.4.1. Mnx inhibition by Co(II), Ni(II), and Cu(II). Inhibition of Mn-oxidation
activity of Mnx by Co(II), Ni(II), and Cu(II) was also tested, at a single Mn(II) concentration
of 50 uM and over a range of inhibiting metals concentrations. Previous studies with Mn(II)-
oxidizing spore extract pointed to the possibility that Co(II) can be oxidized enzymatically by
Mn-oxidizing organisms since Co(IIT) oxides were found to co-precipitate together with Mn
oxides.215 However, we showed conclusively that Co(II) is not a substrate of Mn-oxidizing
factor in Bacillus species, but is oxidized indirectly by the enzymatically generated, highly
reactive MnOy nanoparticles. [236] Indeed, we confirmed here that incubating Co(II) with
Mnx for a prolonged amount of time does not lead to any visible oxidative reaction, while
in the presence of Mn(II), the addition of Co(II) modifies the colloidal MnO, with a broad
feature around 600 nm (Figure 4.4), likely due to Co (III) oxides, or Co(IIl) incorporated
within MnO, structure, as has been reported previously. [219, , , ]

Extrapolations to the x-axis for the Dixon plots of Mnx inhibited by Zn(II), Ni(II),
and Co(II) result in K; values of 1.1 uM, 22 uM and 50 pM, indicating that Ni(Il) and
Co(II) are weaker Mnx inhibitors than Zn(II). For Cu(II), The rise and fall of k.. and Vs
implies that there are two Cu(II) binding sites. The second site is inhibitory, while the first
is stimulatory. We considered the possibility that Zn(II) inhibition might be explained by
its displacing Cu(II) at the stimulatory site. In that event, addition of Cu(Il) to reverse

such displacement should diminish Zn(II) inhibition. However, addition of Cu(II) at an
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activating concentration of 0.5 uM had essentially no effect on the inhibition of Mnx by
Zn(II) (Figure 4.5). Thus, the inhibitory site is clearly separate from the Cu(II)-activation
site.

In addition to Zn(II), other essential divalent metals Co(II), Ni(II), and Cu(II) inhibit
Mnx, with inhibition rate constants all in the micromolar range. The inhibition trend among
these metals falls within Irving—Williams series, the pattern that describes competition of

the metals for binding to amino acid residues on proteins. [233]

4.4.2. Investigation of the Co(II) inhibition mechanism using EPR spectroscopy.
With the conclusions drawn by the kinetic experiments, the mechanism of Co(II), Ni(II),
and Zn(II) inhibition is investigated via EPR. Since the active sites of Mnx are copper, the
addition of Cu(II) to the Mnx solution will create complexity to the EPR spectra. Due to
this complexity, we put less emphasis on the Cu(II) inhibition.

As was mentioned above, EPR spectroscopy shows that Zn(II) addition could not modify
the manganese binding sites (Figure 4.3), and thus we investigated whether Cu binding sites
can be affected by the addition of Co(II), Ni(II) and Zn(II). Multicopper oxidases consist
of three types of copper sites: type 1 (T1) or blue copper sites (coordinated in a trigonal
pyramidal geometry with one cysteine and two histidine), type 2 (T2) or normal copper
sites (square planar geometry, normally bound to histidine residues and hydroxo ligands),
and type 3 (T3) copper sites (dinuclear copper sites bridged by a hydroxide in the resting
state).176 The EPR signals of different copper sites in the Mnx have been separated and
identified. [128] There are two distinct T2Cu sites, T2Cu-A and T2Cu-B with g = [2.055
2.055 2.320], %3Cu A = [54 54 510] MHz corresponding to T2Cu-A and g = [2.046 2.046
2.210], 3Cu A = [54 54 615] MHz corresponding to T2Cu-B, known to be located in the
MnxEF hexamer. T1Cu signal obtains a g = [2.050 2.065 2.305] and %Cu A = [45 45
210) MHz. The ratio of T2Cu-A, T2Cu-B, and T1Cu is determined as 2:3:1. Due to the

spin superexchange of the dinuclear Cu, T3Cu is EPR silent. The simulation of the Mnx is
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illustrated in Figure 4.6. T2Cu-A was shown to locate in MnxEF while T2Cu-B and T1Cu
are located in the MnxG subunit. [128]

The addition of Co(II), Ni(Il), or Zn(II) selectively reduces the signal of the T2Cu-A
in the MnxG subunit (Figure 4.7). However, no direct evidence shows that the metal ions
are replacing the T2Cu-A. Quantitatively, by integrating the area of the absorption EPR
spectrum, Zn(II) removes the least amount of T2Cu-A while Co(II) removes the most. Q-
band EPR spectrum of Mnx with Co?" addition confirms the absence of T2Cu-A (Figure 4.8).
The T1Cu signal is also exposed, which confirmed the T1Cu assignment and simulation by
Tao, et al. (2017). [128]

We then examined the UV-vis spectrum of Mnx protein with the addition of Co(II). The
addition of Co(II) to Mnx without the substrate Mn(II) generates a broad feature around
500 nm and 600 nm and the peak increases linearly with the concentration of Co(II) added
(Figure 4.9). Because Co(II) cannot be oxidized by Mnx alone and the subtraction of Mnx +
Co(II) spectra cancels out the contribution from T1Cu, instead of Co(III) signal, the broad
feature at 500 nm and 600 nm is likely to be the Mnx-bound Co(II).

The addition of Co?' results in the increase in the characteristic low field Co*™ EPR
signal and the peak-to-peak intensity increases linearly (Figure 4.10). Because Co(II) adopts
a d” electronic configuration and in this case Co(II) is most likely bound to HyO or N-residues
on the Mnx, which are weak field ligands, Co(II) has a high spin S = 3/2. The broad peak
at geg ~ 5 (By &~ 150 mT) is characteristic of the Co?* aqua complex and the broad feature
is due to the nuclear spin I = 7/2 of Co. [25] However, no clear evidence from EPR shows
that Co?" is bound to Mnx.

Since the T2Cu-A, located in the MnxG catalytic subunit, was removed by the addition
of Co?*, we were then curious about how this affects the Mn oxidation. With the nearly
complete elimination of T2Cu-A in MnxG with Co?*, the MnxG is still turning over the Mn
oxidation within 2 minutes (Figure 4.11A). Notably, there is a T2Cu-A recovery at the end

of Mn oxidation from around 5 mins to 10 mins (Figure 4.11B). One hypothesis to explain
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this peak is that the T2Cu-A released from the Cu binding site is forming a Cu-HEPES
complex that may have a peak at the same position. However, even though the broadness
of T2Cu-B peak and the peak at ~288 mT indicate that Cu-HEPES complex is formed, the
T2Cu-A peak does not correspond to the Cu-HEPES. The effect of buffer exchange is also
explored. Buffer exchange (BE) refers to performing five washes with the protein storage
buffer (20 mM HEPES, 20 mM NaCl, 20% EG, pH 7.8) in order to remove any free and
unbound ions. Even though the buffer exchange decreases both the T2Cu-A and T2Cu-B
signals, after buffer exchange, the T2Cu-A signal appears more evidently (Figure 4.12).

The evidence of the appearance of the peak at 265 mT infers that T2Cu-A is recovered
upon Mn oxidation, even though the second peak at ~280 mT is not evident. The recov-
ery of T2Cu-A peak is more evident after buffer exchange probably due to the removal of
extra Co®" (Figure 4.13). Note that buffer exchange alone does not induce the recovery of
the T2Cu-A peak. One hypothesis is that Mn oxidation at low Co?* concentration may
trigger the rearrangement of the Cu(II) in the MnxG to optimize the Mn oxidation process.
Because T2Cu-B is reduced upon buffer exchange, some Cu?* may still bind to MnxEFG
non-specifically and these Cu?* can be rearranged to bind in the T2Cu-A site to facilitate
the electron transfer and Mn oxidation.

In addition, the Co®* signal is reduced as the Mn oxidation proceeds, which is another
evidence of the oxidation of Co** by the nascent MnO,. The slight downfield shift of Co peak

upon the addition of Mn?* is possibly due to the binding of Co®*" to MnxG (Figure 4.13).

4.4.3. Comments on the future direction. We have initially explored the Co?*
inhibition of MnxEFG and found that Co?*, Ni?* and Zn?" can specifically remove T2Cu-A
in MnxG in order of strongest to weakest. This is seemingly contradictory to the kinetic
study where Zn?* is found to be the strongest inhibitor of the series. A closer look at the

Co2+ inhibition mechanism may involve:
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1.quantifying the Cu?" in the MnxEFG after buffer exchange to check if there are
two binding sites as proposed in Tao et. al. (2017) and to further understand the role of
T2Cu-A. [128]

2. looking for an alternative buffer system that does not form precipitate with Cu?*.
In addition, we also explored the effect of Co2+ on MnxEFG with the Mn oxidation and
found that T2Cu-A might be recovered from the removal by Co?*.

Thus some future directions may involve:

1.Measuring the Mn oxidation reaction rate with Co*" and comparing with that without
Co*" to confirm the non-competitive inhibition proposed by kinetics studies.

2.Measuring the high-frequency EPR spectra to further separate the T2Cu-A from other
Cu signals, which will be a direct evidence of whether the recovered signal is T2Cu-A or other
Cu complexes.

3.0ptimizing the EPR conditions to examine the hyperfine and any g value shift in
order to capture any Mnx-bound Co** signals. The further exploration of the Co** effect on
MnxEFG helps extend our knowledge of MnxG and multicopper oxidase and the mechanism

of Mn oxidation by MnxG.
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FIGURE 4.9. UV-vis spectra of Mnx with 1 — 10 equiv. of Co(II). (a) UV-
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FIGURE 4.10. X-band CW EPR spectrum of Mnx and Mnx + Co?* samples.
Experimental parameters: temperature = 15 K; microwave frequency = 9.38
GHz; microwave power = 0.02 mW (no saturation); conversion time = 100 ms;
modulation amplitude = 0.8 mT; and modulation frequency = 100 kHz.
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and 10 equiv. of Mn** without BE (A) and with BE (B). BE represents buffer
exchange with the HEPES buffer. Experimental parameters: temperature =
15 K; microwave frequency = 9.38 GHz; microwave power = 0.6325 mW (sat-
urating condition for Cu); conversion time = 100 ms; modulation amplitude
= 0.8 mT; and modulation frequency = 100 kHz
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FIGURE 4.13. The zoom-in X-band CW EPR of Mnx with 10 equiv. of Co**
and 10 equiv. of Mn?*" with BE. The arrow shows the trend of the peak

intensity as the time progresses.
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CHAPTER 5

Applications of EPR spectroscopy on inorganic and

metalloprotein systems

5.1. Overview

EPR is a highly specific and sensitive tool to investigate the redox active metal centers
in the metalloprotein or redox active metal-containing inorganic compound. In Chapter 4,
we observed specific loss of the T2Cu copper site in MnxG due to the addition of the first-row
transition metal ions via EPR. In this chapter, we will expand the application of EPR in
other systems. Section 5.2 will talk about the characterization of the Fe-heme units in an
artificial protein analog system while section 5.3 will discuss the determination of the spin
state of the FeNO molecule using EPR spectroscopy. Last but not the least, section 5.4
demonstrates how EPR spectroscopy and X-ray crystallography in combination unravels the

mystery of inorganic chemistry reactions with different reaction conditions.
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5.2. Protein-Embedded Metalloporphyrin Arrays Templated by Circularly

Permuted Tobacco Mosaic Virus Coat Proteins

5.2.1. Abstract. Bioenergetic processes in nature have relied on networks of cofactors
for harvesting, storing, and transforming the energy from sunlight into chemical bonds.
Models mimicking the structural arrangement and functional crosstalk of the cofactor ar-
rays are important tools to understand the basic science of natural systems and to provide
guidance for non-natural functional biomaterials. Here, we report an artificial multiheme
system based on a circular permutant of the tobacco mosaic virus coat protein (cpTMV).
The double disk assembly of ¢cpTMV presents a gap region sandwiched by the two C2-
symmetrically related disks. Non-native bis-his coordination sites formed by the mutation of
the residues in this gap region were computationally screened and experimentally tested. A
cpTMV mutant Q101H was identified to create a circular assembly of 17 protein-embedded
hemes. Biophysical characterization using X-ray crystallography, cyclic voltammetry, and
electron paramagnetic resonance (EPR) suggested both structural and functional similarity
to natural multiheme cytochrome c proteins. This protein framework offers many further
engineering opportunities for tuning the redox properties of the cofactors and incorporating
non-native components bearing varied porphyrin structures and metal centers. Emulating
the electron transfer pathways in nature using a tunable artificial system can contribute to

the development of photocatalytic materials and bioelectronics.

The content in this section is in part reproduced from ACS Nano 2021, 15, 8110—8119 doi:
https://dx.doi.org/10.1021/acsnano.0c07165 [239]
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5.2.2. Introduction. In nature, photosynthetic systems have evolved complex cofac-
tors networks to achieve advanced functions, such as the energy transfer, electron transfer,
and chemical conversion steps involved in photon-driven carbon fixation. [240] These systems
are key to the success of multi-component protein assemblies that establish and maintain
the positions of chromophores, hemes, metal ions, and redox cofactors so that they can
function in concert. A number of research groups have endeavored to construct synthetic
mimics of these systems, with a particular emphasis on the initial steps of light collec-
tion and energy transfer. Polymer, [241] dendrimer, [242] nucleic acid, [243] and protein
scaffolds [244] have been reported for this purpose. Lately, Francis lab at UC Berkeley has
explored the use of synthetically modified viral capsids, with a focus on tobacco mosaic virus
(TMV) coat proteins. [245, , ] This viral capsid-based platform has yielded insight
into structure-function relationships found in natural light-harvesting systems and provided
design principles for next-generation functional materials for solar energy collection. [248] A
key next step in the development of these platforms is the introduction of electron transfer
and catalysis functions. The incorporation of heme groups into these scaffolds can provide
an important bridge between energy and electron transfer components. | , ]

Cytochromes, one of the most prevalent electron transfer proteins, rely on a network of
iron protoporphyrin IX hemes and iron—sulfur clusters for their function. [251] Interesting
examples of electron transfer and storage complexes in nature are the multiheme proteins
that carry electrons across the periplasmic spaces of dissimilatory bacteria, such as Geobacter
sulfurreducens [252] and Shewanella oneidensis. [253] A directional electron flow is believed
to be achieved through the fine-tuning of redox site potentials within each multiheme cy-
tochrome. [254] Clusters of assorted interacting cytochromes further elongate the length
scale of the molecular wire and participate in respiratory chains that require long-range
multielectron transport from the cell interior to external redox partners, such as minerals.

Mimics of these systems could provide useful components of multielectron catalysis systems.
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Herein, we report an artificial multiheme system templated by circularly permuted
tobacco mosaic virus capsid proteins (cpTMV) as an electron-transfer model. As previously
reported, cpTMV forms a stable double-disk assembly with a central pore (Figure 5.1a).
The top and bottom disks each consist of 17 identical monomers, related by C2 symmetry
(Figure 5.1b). [245] In this work, a circular assembly of 17 identical, non-native heme-binding
pockets were introduced by combining structure-guided design and computational modeling.
Functional activity of the protein-embedded heme arrays was suggested by the observation

of redox activity.

5.2.3. Summary of the characterization work. Most of the iron atoms involved in
electron transfer are axially ligated by two histidine imidazoles or a combination of histi-
dine and methionine side chains. [255] Six optimal histidine mutations were identified using
molecular mechanics [256] and an OPLS2005 force field in the Schrédinger Suite version
2016-2. By UV-vis and circular dichroism spectroscopies, Q101H was identified as a stable
and strong heme-binding mutation with a six-coordinated low-spin Fe-heme structure mo-
tif (Figure 5.1). [257] The structure of cpTMV-Q101H holoprotein was confirmed by the

electron density map analysis of X-ray crystallography (Figure 5.2).

5.2.4. EPR characterization of cpTMV-Q101H holoprotein. While the structure
of the holoprotein and the active site has been determined with the above characterization,
the coordination geometry and electronic structures of the bound hemes are still not di-
rectly elucidated. Thus, EPR spectroscopy was performed to investigate the structural and
functional properties of the Fe-heme sites.

In the resting state, the cpTMV-Q101H-bound hemes are oxidized, yielding an EPR-
detectable Fe(IIl) species. The continuous-wave (CW) X-band EPR spectra exhibited a
single type of heme with the g-values of [g,, gy, ] = [3.247, 2.04, 1.24] (Figure 5.3). The
g-values correspond to a calculated rhombicity of 0.57, which supported the characterization
of TMV-bound heme as a rhombic type, six-coordinated low-spin species, as observed in

natural cytochromes [258] and designed heme proteins. [257] The slightly larger value of g,
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compared with a typical rhombic type heme, which has the two axial ligands nearly coplanar,
suggested a relatively larger dihedral angle between the two histidine planes. [259] The EPR
signal was retained at elevated temperature (40 K), showing a relatively slow relaxation rate
(Figure 5.4). [260] Chemical reduction of the hemes using sodium dithionite resulted in the
disappearance of this signal, indicating a complete conversion from Fe(III) to Fe(II). The
reduced hemes can be chemically reoxidized by using potassium ferricyanide, which resulted
in the recovery of the EPR signal (Figure 5.3). The redox properties of hemes bound to
cpTMV-Q101H were also confirmed by cyclic voltammetry of a protein film, yielding a
midpoint reduction potential of -200 mV (vs standard hydrogen electrode).

In this project, the EPR spectrum of cpTMV-Q101H holoprotein is taken to investigate
the structure of the Fe-heme sites, which are the active sites of the protein. By comparative
studies and theoretical analysis, the hypothetical coordination environment and geometry
can be rationalized and proposed. Besides, due to the difference in spin states, EPR spec-
troscopy provides clear evidence to distinguish Fe(II) and Fe(III), thus monitoring the redox
reaction of Fe-heme. Combining with cyclic voltammetry data, a comprehensive redox pic-

ture can be illustrated.
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5.3. Thionitrite (SNO") and Perthionitrite (SSNO-) are Simple Synthons for

Nitrosylated Iron Sulfur Clusters

5.3.1. Abstract. S/N crosstalk species derived from the interconnected reactivity of
HyS and NO facilitate the transport of reactive sulfur and nitrogen species in signaling,
transport, and regulatory processes. We report here that simple Fe?* ions, such as those
that are bioavailable in the labile iron pool (LIP), react with thionitrite (SNO") and perthion-
itrite (SSNO") to yield the dinitrosyl iron complex [Fe(NO)y(S5)]. In the reaction of FeCly
with SNO™ we were able to isolate the unstable intermediate hydrosulfido mononitrosyl iron
complex [FeCly(NO) (SH)]" , which was characterized by X-ray crystallography. We also
show that [Fe(NO)4(Ss5)] is a simple synthon for nitrosylated Fe-S clusters via its reduction
with PPhs to yield Roussin’s Red Salt ([FeyS2(NO)4)? ), which highlights the role of S/N

crosstalk species in the assembly of fundamental Fe-S motifs.

The content in this section is in part reproduced from Angew. Chem. Int. Ed. 2022, 61, 202204570 [261]
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5.3.2. Introduction. Small gaseous molecules that are endogenously produced and
function on molecular targets play essential roles in physiological function. For example,
nitric oxide, NO, plays an important role in regulating blood pressure, oxygen delivery and
immune functions, [262] and the loss of NO has also been shown as one of the earliest signs
for many chronic diseases. [263] Physiological signaling molecules such as CO, NO, and HsS
are also known as gasotransmitters, each being derived from larger biomolecules through
enzymatic processes. [264] The reaction between gasotransmitters and related species forms
a landscape of intertwined reactive intermediates, or crosstalk species, that are postulated to
facilitate different signaling, transport, and regulatory processes. Thionitrous acid (HSNO)
is the simplest S/N crosstalk species and is formed from the direct reaction of S-nitrosothiols
(RSNO) with HyS. HSNO is shown to be membrane permeable and facilitates protein transni-
trosation via the transport and subsequent generation of NOT and HS™ equivalents. [265]
Work from Feelisch and co-workers demonstrated that aerobic oxidation of HyS and NO re-
sults in the formation of perthionitrite (SSNO"), which functions as a source of bioavailable
sulfane sulfur, polysulfides, and NO. [266]

Gasotransmitter uptake, regulation, and transport is also intertwined with bioinorganic
metal centers. For example, NO binds and activates heme in soluble guanylate cyclase
to rapidly produce cyclic guanosine monophosphate (cGMP) and generates a physiological
response, such as muscle relaxation. [267] Ferric hemoglobin can bind and oxidize hydrosul-
fide to thiosulfate and iron-bound hydropersulfides, which are crucial reactive sulfur species
(RSS) formed in persulfidation signaling pathways. [268] Despite the demonstrated ability
of iron systems to interact with NO and H,S, surprisingly few studies have investigated how
metals participate in the generation and interconversion of S/N crosstalk species.

Both SNO™ and SSNO™ can bind to Lewis acidic redox inert metals with potential co-
ordination to S, N, or O. Recent work demonstrated that salt metathesis of redox inert
TpZn(ClO,4) (Tp=hydrotris(5-methyl-3-phenyl-pyrazol-1-yl)borate) with SSNO- efficiently

formed TpZn(k2-SSNO), which was fully characterized. [269] However, examples of SNO

131



and SSNO™ coordination at biologically relevant redox-active metals remain unsurprisingly
elusive, in part due to the redox instability of S/N crosstalk species. As an example of this
complexity, reactions of sodium nitroprusside, Nay[Fe(CN);NO] (SNP), with hydrosulfide
(HS") have been studied for nearly 180 years, [270] but the products remained unknown
until recently Wu and co-workers characterized reactive intermediates by NMR (17O, 1°N,
13C), UV/Vis, and IR spectroscopy together with DFT calculations to show that SNP re-
acts with HS™ to form [Fe(CN)5(SNO)J*, which can subsequently react with HSS™ to form
[Fe(CN)5(SSNO)J* with a distinct blue color (Apa,=570 nm). [271] In addition, HS-mediated
nitrite reduction has been observed at a Fe-porphyrin (FeP) system and results in the for-
mation of an FeP-NO complex, which can react with an additional equivalent of HS™ to form
a FeP-HSNO species that was characterized by cryospray ESI-TOF MS. [272]

Expanding this coordination chemistry, an attractive hypothesis is that these pools
of S/N crosstalk species may also be important synthons in the assembly of fundamental
bioinorganic building blocks, particularly those with S and NO motifs. For example, monon-
itrosyl and dinitrosyl iron complexes (MNICs and DNICs, respectively) are prototypical
Fe-NO species that have wide ranging functions including reducing oxidative stress, [273]
repairing and /or degrading Fe-S clusters, [274] and signaling via protein S-nitrosation. [275]
More broadly, the cellular labile iron pool (LIP), which consists of a chelatable pool of redox-
active Fe ions, [276] is key in the formation of Fe-NO species and often proceeds through
the initial generation of MNICs followed by subsequent reaction with thiols to generate
DNICs. [277] The role of the LIP in sulfur metabolism may also result in formation of S/N
crosstalk species, although the fundamental reactions of simple Fe ions with species like
SNO™ and SSNO™ remains uninvestigated. Here we report that the simple reaction of SNO
and SSNO- with Fe?* generates MNIC and DNIC compounds, as well as NO, hydrosulfide,
and persulfide equivalents, all of which highlight the role of S/N crosstalk species in the

assembly of fundamental Fe-S motifs.
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5.3.3. Synthesis and product characterization. Building from the idea that S/N
crosstalk species could react with simple Fe sources, we investigated whether FeCl, could
react directly with [PNP][SSNO]. Reacting FeCly with 3 equiv. of [PNP|[SSNO] in THF
yielded the DNIC [PNP|[Fe(NO)y(S5)] (1) with a yield of 61% (Figure 5.5). This syn-
thesis generates undetectable amount of Fe byproducts unlike the prior synthesis of MNIC
[PNP][Fe(CO)*(NO)] with Sg. [278] Single crystal X-ray diffraction confirmed the molecular
structure of 1 and two NO stretches on the IR spectrum also confirmed the DNIC 1. [278]

Based on the polysulfide backbone of 1, we next investigated the reaction of FeCl, with
[PNP][SNO] to determine the reaction outcome when sulfane sulfur sources were removed
from the reaction. IR spectra of the product shows that besides the two NO stretches of

DNIC 1, the presence of a new NO stretch indicates the formation of a minor Fe-NO product

(2).

5.3.4. EPR characterization of the new Fe-NO product. To examine the elec-
tronic and magnetic property of the product mixture, EPR spectroscopy was used. Crys-
talline samples from the reaction between FeCly and SNO™ were dissolved in 1:1 toluene/ THF
and flash frozen in liquid nitrogen. The frozen-solution state EPR spectrum was then
recorded at 10 K, as shown in Figure 5.6. Two paramagnetic components were observed,
where a major component is an S=1/2 species with g-values=[2.050, 2.027, 2.016] at central
field and a minor component at low-field with ga3.9 is consistent with a high spin S=3/2
species. [279] The major component is assigned to 1, because the corresponding electronic
spin states (low-spin S=1/2 and g-values) match those of 1 previously reported by Tsai et
al. [280] Evan’s method magnetic susceptibility measurements from crystalline samples from
the reaction between FeCly and SNO™ showed peg=2.10 uB. This peq value is slightly higher
than that of a pure sample consisting of an S=1/2 system, which is consistent with some
incorporation of an S=3/2 product. These data also corroborates the EPR results that both

S=1/2 and S=3/2 species were detected from the crystalline sample.
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The minor product 2 shown on the EPR spectrum was then confirmed by X-ray crystal-
lography. Complex 2 is a tetrahedral monoanionic Fe complex with a 74 value of 0.98, con-
sisting of two anionic chloride, one NO, and one HS™ ligand. The coordination environment
of 2 is consistent with an FeNOy electronic structure using Enemark-Feltham notation. [281]
The Fe-N-O bond angle, Fe-NNO and N-O bond lengths, and vn.o in 2 are consistent with
other Felll-NO™ electronic structures, [282] where the triplet NO~ is antiferromagnetically
coupled to the high-spin Felll. Complex 2 is therefore assigned to the S=3/2 species observed
in the EPR spectrum (Figure 5.7). We note that 2 is unstable and readily decomposes at
room temperature.

In this project, the reactions of Fe?™ with SNO~ and SSNO- generates Fe-NO complexes
as reaction intermediates towards dinitrosyl iron complex [Fe(NO)y(Ss)]", which helps illus-
trate the reaction mechanism. EPR spectroscopy provides significant evidence of spin states
of the Fe-NO complexes, thus identifying the fact that there are two reaction intermedi-
ates present. By comparing the g values with the previous report, the structure of reactive

intermediates can be rationalized.

5.3.5. Proposed mechanism of simple Fe?* reaction with [PNP][SNO] and
[PNP][SSNO]. With both the observed formation of DNIC 1 from Fe?* and SSNO™ and
SNO-, as well as observation of MNIC 2 from SNO™ we propose a mechanism of this reaction
(Figure 5.8. Both SSNO™ and SNO" initially coordinate to the metal center, followed by rapid
homolytic cleavage of the S-N bond to provide a NO ligand and a transient S* polysulfide
in the case of SSNO™ and a thiyl radical and 2 in the case of SNO™. For SNO-, subsequent
reaction with NO and polysulfides formed through SNO- disproportionation would lead to
formation of 1. Similarly, for SSNO", the released polysulfide after initial reaction with Fe?*
can result in further polysulfide formation and NO generation, both of which are required

to form 1.
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5.4. Reactions of Thianthrene and 10-Phenylphenothiazine with the Lewis
Acids—Titanium Tetrachloride, Titanium Tetrabromide, Tin(IV)
Tetrachloride, or Antimony (V) Pentachloride: The Competition between

Coordination and Oxidation

5.4.1. Abstract. The oxidation of thianthrene and 10-phenylphenothiazine into cation
radicals has been examined using redox-active Lewis acids. The reaction of titanium(IV)
tetrachloride or titanium(IV) tetrabromide with thianthrene in toluene produces thiantherene-
Tiy coordination complex while the reaction of antimony(V) pentachloride with thianthrene
generates isolated cation radicals, which both yield strong rhombic-type EPR signal. The re-
action of 10-phenylphenothiazine with titanium(IV) tetrachloride and tin(IV) tetrachloride in
toluene solution resulted in the formation of crystalline paramagnetic (10-phenylphenothiazine ™) (Ti(u-
Cl)3Clg") and crystalline paramagnetic (10-phenylphenothiazine™)(SnCls™), which both give

EPR spectra with unresolved hyperfine couplings, unlike the EPR spectra of the solution.

The content in this section is in part reproduced from Inorg. Chem. 2023, 62, 14055—14063 doi:
https://doi.org/10.1021/acs.inorgchem.3c02079 [283]
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5.4.2. Introduction. Cation radicals are important reactive intermediates in many ox-
idation reaction mechanisms. [284, , , , ] While most of the cation radicals
exist only within the short time course of the reaction, some of them can be isolated in
the crystalline form, such as Magic Blue, a commercially available one-electron oxidiz-
ing reagent. [289, , , , | Previous publication from the Balch lab discovered
that oxidation of triphenylamine with different cations yields different products. With
TiCly, TiBry, or SnCly, the crystalline product contained the cation radical of N,N,N’ /N’-
tetraphenyl-1,4-benzenediamine, while oxidation with SbCls produced the cation radical of
N,N,N’".N’-tetraphenylbenzidine. [294] Inspired by this, here we report the products obtained
by oxidation of thiantherene and its derivative, 10-phenylphenothiazine, with the Lewis acid
oxidants, TiCly, TiBry, or SnCly and SbCl; (Figure 5.15. The thiantherene cation radical

is important one-electron oxidizer in many inorganic, organometallic and organic chemistry

reactions [291, , , ; , , , ] and also plays important role in battery
development [301, ]. 10-Phenylphenothiazine, on the other hand, plays important roles
in in the field of optics [303,304,305] and medicine [306].

5.4.3. Results. This result part includes only part of the X-ray crystallography results
and the reaction details but focus mostly on the EPR spectroscopy results of the product.
For the full view of the reaction details, please refer to the original paper.

Reactions with Thiantherene. The synthetic work is summarized in Figure 5.16.

Reaction of Thiantherene with Titanium(1V) Tetrachloride. The reaction of thianthrene
with titanium(IV) tetrachloride in toluene solution produces a rich maroon/ purple color
that lightened to dark red over the course of several hours. This toluene solution shows an
EPR spectrum. As shown in Figure 5.9, a quintet is centered at the magnetic field position of
332.7 mT (gis, = 2.0084) with a hyperfine splitting of 1.2 G (3.4 MHz). This quintet feature
with a peak intensity ratio of 1:4:6:4:1 is likely due to the hyperfine coupling to four equiv-

alent protons on the two aromatic rings in thianthrene. A similar EPR signal was observed
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previously for the thianthrene cation radical in solution. [307,308] Thus, titanium(IV) tetra-
chloride can oxidize thianthrene to its cation radical. The reaction crystalline product has
been confirmed as (1)(u- thianthrene)Tis(u-Cly)Clg by single crystal X-ray crystallography,
a Tiy(u-Cly)Clg complex with an unusual bridging coordinating thiantherene ligand. This
product shows a weak EPR signal similar to that of the reaction solution (Figure 5.9). Sim-
ilar results are seen with the product (2) from the oxidation reaction of thianthrene with
titanium(IV) bromide.

Reaction of Thiantherene with Antimony(V) Pentachloride. The product obtained from
the reaction of antimony(V) pentachloride with thianthrene depends upon the solvent used
for the reaction. Addition of a toluene solution of antimony(V) pentachloride to a toluene so-
lution of thianthrene produces a violet solution from which black crystals of (3) (thianthrene ™)y (Sbe (-
C1),Clg*)-(SbCl3) appeared within 20 min. The structure of these crystals consists of three
components in the crystal: the almost planar thianthrene cation radical, the dianion (Sby(u-
C1),Clg*), and a molecule of SbClz. The EPR spectrum of a polycrystalline sample of
(thianthrene T)q(Shy(u-Cl1)2Clg*)-(SbCl3) is shown in Figure 5.10. Unlike the EPR spec-
trum of the thianthrene cation radical in solution (Figure Figure 5.9), the EPR spectrum of
this polycrystalline sample does not reveal resolved 'H hyperfine splitting within the observed
rhombic powder pattern, with g values = 2.0138, 2.0087, and 2.0036. Similar rhombic spec-
tra have been reported previously for salts containing (thianthrene ™). | , , , ]
Although dimerization of (thianthrene ™) can result in the formation of a diamagnetic com-
plex, at room temperature, the spin coupling is weak and usually not sufficient to cause
a loss of the EPR spectrum. Generally, upon cooling, the EPR signal has been found to
diminish in intensity. [310]

On the other hand, addition of an acetonitrile solution of antimony(V) pentachlo-
ride to an acetonitrile solution of thianthrene produces purple crystalline blocks of (4)
(thianthrene *)(SbClg™), which consists of planar (thianthrene ™) cation radicals and octahe-

dral (SbClg") ions. The EPR spectrum of a polycrystalline sample of (4) (thianthrene ™) (SbClg")
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at room temperature is shown in Figure 5.11. Like the EPR spectrum of the polycrystalline
sample of (3), a rhombic powder pattern is observed for this polycrystalline sample. While g
values remain similar, there is a larger line-broadening effect in (3) than that in (4), which is
likely due to the dimerization of (thianthrene ™) in (3), as is mentioned above. The EPR spec-
trum resembles that of the red violet solid “thianthrene pentachloroantimonate” obtained
from mixing chloroform solutions of thianthrene and antimony pentachloride. [307,308] The
spectrum in Figure 5.11 also resembles the EPR spectrum reported above for (3).

Reactions with 10-Phenylphenothiazine. The synthetic work is summarized in Figure 5.16.

Reaction of 10-Phenylphenothiazine with Titanium- (IV) Tetrachloride. Treatment of
a toluene solution of 10- phenylphenothiazine with titanium(IV) tetrachloride produces a
reddish brown solution. The EPR spectrum of this solution is shown in Figure 5.12. The
EPR spectrum is centered at a magnetic field position of ~333.07 mT (corresponding to the
giso = 2.0057) and consists of a triplet with a *N hyperfine splitting of 7 G (~19.6 MHz)
and an additional small splitting of 2 G (5.6 MHz) arising from 1H hyperfine coupling.
The simulation of the EPR spectrum using the parameters previously obtained for the 10-
phenylphenothiazine cation radical [313] but with a greater linewidth is shown in the black
trace in Figure 5.12. The larger linewidth observed in our spectrum probably was caused by
the high concentration of our solution producing interactions between cation radicals.

The crystal structure of the product, (5) (10-phenylphenothiazine™)(Ti(u-Cl)3Clg),
consists of planar 10-phenylphenothiazine cation radical, with the phenyl ring perpendicular
to the plane, and (Ti(u-Cl)3Clg") anion. The EPR spectrum of a polycrystalline sample of
(5) is shown in Figure 5.13. Compared to the EPR spectrum of the 10-phenylphenothiazine
cation radical in solution, *N hyperfine is not well resolved and the EPR spectrum displays
an axial pattern with g(perpendicular) = 2.0055 and g(parallel) = 2.0025. The small splitting
at g(perpendicular) is assigned to a 'H hyperfine interaction.

Reaction of 10-Phenylphenothiazine with Tin(IV) Tetrachloride. Addition of a solution

of tin(IV) tetrachloride in toluene to a toluene solution of 10-phenylphenothiazine produces
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(6)

(10-phenylphenothiazine *)(SnCly™), consisting of individual trigonal bipyramidal (SnCls)
anions and (10-phenylphenothiazine ™) radical cations. A polycrystalline sample of (6) pro-
duces a single line EPR spectrum with a center magnetic field of 333.04 mT (corresponding

to giso = 2.0060), which is shown in Figure 5.14.
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FIGURE 5.1. Design of heme binding pockets in TMV. A circular permutant
of Tobacco Mosaic Virus capsid protein (cpTMV) forms a stable double-disk
assembly. (a) Each disk consists of 17 identical monomers, as shown in the
top-down view of cpTMV assembly, with one monomer highlighted in orange.
(b) The top disk and the bottom disk are related by C2-symmetry, creating a
hydrated cavity region between them. (c¢) Four a-helices from a top—bottom
monomer pair, illustrated as pale yellow cylinders, present structural features
similar to heme-binding motifs found in natural and designed heme proteins.
(d) A modeled heme binding pocket displays a histidine mutation (orange),
providing axial ligands to coordinate iron porphyrins (green). (e) Installation
of the designed binding pockets into all top—bottom pairs yields a 17-heme
system fully embedded within the protein scaffold.
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F1GURE 5.2. Crystal structure of cpTMV-Q101H holoprotein. The binding
of heme with two axial histidine residues (labeled H101) was observed in the
2mFO-DFC map contoured at the 1.20 level (shown as mesh line).
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FiGURE 5.3. X-band EPR spectra of heme sites bound to cpTMV-Q101H in
their resting ferric states (red) were recorded. The inset shows an expansion of
the regions from 400 mT to 600 mT. Experimental parameters: temperature
= 15 K; microwave frequency = 9.38 GHz; microwave power = 2 mW (no
saturation); conversion time = 100 ms; modulation amplitude = 0.8 mT; and
modulation frequency = 100 kHz. The simulated spectra (green dashed line)
gave the rhombic g = [3.247, 2.04, 1.24]. Reduction of the heme with sodium
dithionite reduced all signals, as shown in the black trace. The signal was
recovered by reoxidation with potassium ferricyanide (blue).
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FI1GURE 5.4. Temperature dependent EPR spectra. X-band CW EPR spectra
of hemes bound to cpTMV-Q101H in their resting ferric states were recorded
at 15 K (black line), 25 K (blue line) and 40 K (red line). The spectral fea-
tures were retained with an intensity decrease of the peaks as temperature in-
creased.Experimental parameters: temperature = 15 K; microwave frequency
= 9.38 GHz; microwave power = 2 mW (no saturation); conversion time =

100 ms; modulation amplitude = 0.8 mT; and modulation frequency = 100
kHz.
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FIGURE 5.5. Synthesis of complex 1 from FeCly and [PNP]|[SSNO]. Solid-
state structure of [Fe(NO)y(S;)]" in 1. Ellipsoids are shown at 50% probability
levels. Blue, red, orange, and yellow ellipsoids represent N, O, Fe, and S atoms,
respectively. The [PNP]T cation is omitted for clarity.
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FIGURE 5.6. X-band (9.38 GHz) continuous-wave (CW) EPR spectra (10 K)
of frozen-solution crystalline samples from the reaction between FeCly and
SNO" in 1:1 toluene/THF. A) A full-spectrum shows both S=3/2 and S=1/2
signals recorded at 10 K, with 6.325 mW microwave power (non-saturating for
S=3/2 signal). B) A non-saturating signal for the S=1/2 species obtained
by recording the spectrum at 10 K using a much lower microwave power

(0.0006325 mW).
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FIGURE 5.7. Products isolated from the reaction of FeCly and [PNP][SNO],
including the solid state structure of [Fe(NO)(SH)Cly]" in 2. Ellipsoids are
shown at 50% probability levels. White, blue, red, green, orange and yellow
ellipsoids represent H, N, O, Cl, Fe and S atoms, respectively. The [PNP|*
cation is omitted for clarity.
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FIGURE 5.8. a) Equilibria showing the formation of polysulfides and NO from
SSNO™ and SNO". b) Proposed mechanism for the formation of complexes 1,
2, and 3 from SNO™ or SSNO™ and FeCls.
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FIGURE 5.9. EPR spectrum of a toluene solution of titanium(IV) tetrachlo-
ride and thianthrene at room temperature. In black, the simulated spectrum
using identical isotropic hyperfine parameters: A(o-H, ring 1) = A(o-H, ring
2) = A(p-H, ring 1) = A(p-H, ring 2) = 0.12 mT and a simulated linewidth
of 0.1 mT.
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FiGure 5.10. EPR spectrum of a powder of crystalline (3)
(thianthrene ™) (Sby(1-Cl1)2Clg*)-(SbCl3).
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F1GURE 5.12. In red, the experimental EPR spectrum of a solution of 10-
phenylphenothiazine and titanium tetrachloride in toluene solution. In black,
the simulated spectrum using the isotropic hyperfine parameters from reference
[314]: A(N), 0.695; A(1-H), 0.090; A(2-H) 0.022; A(3-H),0.215; A(4-H), 0.090;
A(o-H), 0.033; A(m-H), 0.022; A(p-H), 0.012 mT and a simulation linewidth
of 0.1 mT.
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FIGURE 5.13. EPR  spectrum  of  polycrystalline  (5)  (10-

phenylphenothiazine ) (Ti(u-Cl1)3Clg).
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FIGURE 5.14. EPR  spectrum  of  polycrystalline  (6)  (10-
phenylphenothiazine ) (SnCls").
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