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1 Introduction

Sustainable energy production is the key to the future of humanity as electrical energy
demands continue to rise to newer heights and fossil fuel reserves like natural gas, oil, and coal
are slowly diminishing. More than 80 % of the global principal energy source today is fossil fuels
based. Some new studies [1] suggest that humans may consume all discovered reserves of fossil
fuels within a few decades, although, future discoveries of fossil fuel reserves might prolong this
process. Following the trends of the last century, electrical energy demand is rising exponentially.
According to the statistical data of the US Energy Information Administration (EIA) and the
International Energy Agency (IEA), the global electricity consumption, including transportation,
industry, residential and commercial use was about 10,000 TWh in 1990, 14,000 TWh in 2000,
and 24,000 TWh in 2018 with rapidly increasing trends [2]. Electrical energy growth can be
attributed to many factors, like emerging new technologies, increasing automation in agriculture,
and the growing global population. This all causes an exponential increase in demand for fossil

fuel as the natural reserves are dwindling at an ever-growing pace.

Due to these problems, scientists are focusing on finding new sustainable electrical
energy production based on renewable energy sources like solar, geothermal heat and wind.
Considerable research is also being performed to develop fuel cell technologies, to allow for the
storage and transportation of the generated energy. The fuel cell is an electrochemical cell that
converts the chemical energy of a fuel (often hydrogen) and an oxidizing agent (often oxygen)
into electricity through a pair of redox reactions [3], with water as a byproduct. Fuel cells are
made up of three adjacent segments: the anode, the electrolyte, and the cathode. Electrons are
freed by the chemical energy, then they travel through a wire creating an electric current. In a fuel
cell system, energy is stored chemically. During the release of this energy two processes take
place: oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR). These reactions
together produce water from oxygen and hydrogen gas, which are nonspontaneous and require an
efficient catalyst. The most common catalysts for the ORR are noble metal catalysts such as Pt,
Ir, and Ru. These catalysts have high efficiency and stability; however, they also have drawbacks
such as high price and rarity in nature [4]. Consequently, significant research is being conducted

to find a cheap, common, and environmentally friendly catalyst for ORR.

The temperature on Earth is dependent on three main factors: how much sunlight gets
captured by Earth, how much geothermal heat is generated, and how much heat Earth radiates
away. Greenhouse gases are absorbing in a specific band in the infrared region, which prevents
Earth from losing some of its heat. The CO; greenhouse gas is part of the natural carbon cycle,
however, in the last 300 years, the average amount of CO; in the Earth’s atmosphere increased by

a factor of two. The burning of fossil fuels emits CO, as the main product ranging from 0.5 to

1
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1.1 kg CO; for every kWh energy generated [5]. The enormous increase of greenhouse gases in
the atmosphere creates health issues, causes economic crises, and affects extreme global warming.
At current emission rates, temperatures could increase by 2 °C (3.6 °F), which the United
Nations' Intergovernmental Panel on Climate Change (IPCC) designated as the upper limit to
avoid "dangerous" levels, by 2036 [6]. Capturing carbon dioxide from the atmosphere is a
promising candidate in next-generation energy source production since valuable fuels (CO, CHa,
CH3O0H) can be produced this way, the environmental stress can be reduced as well [7,8]. Just as
for the ORR process, research is underway to identify the stable and cost-effective catalyst for

CO; hydrogenation.

The imbalance between energy demand and energy production fluctuates in time, thus an
efficient way is needed to store energy when demand is low and use it later when demand is high.
There is a great incentive to replace conventional acid batteries with eco-friendly materials
requiring less recharge time, do not utilize hazardous acids, and are abundant in nature. Further
research is also underway to manufacture more effective, safe, and long-life cycle energy storage
devices such as metal oxide-based supercapacitors.

To find answers to all these questions, Manganese (Mn) was selected as the subject of
my research, since it is cheap and it is one of the most abundant transition metal (after iron) in the
Earth’s crust. Due to a wide variety of oxidation states and crystal structures, manganese can have
many morphological and physicochemical attributes, therefore, it can be a component for
numerous applications. As an environmental chemist, | am focused on the environmentally
friendly, cost-effective, safe, simple, and effective synthesis of the materials utilized in various
applications aimed to protect the environment. | synthesized different manganese oxides using
the simplest synthetic methods such as cost-effective redox reaction in alkaline media, one-pot
mechanochemical method combination of mechanical milling and redox reaction, and direct
electrophoretic deposition from the mineral. | have also characterized these synthesized
manganese oxides and tested them for the previously mentioned applications, as the catalyst of
the oxygen reduction reaction (ORR), as a catalyst of the carbon dioxide (CO;) hydrogenation,

and as an electrode material for supercapacitors.
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2 Literature Review

2.1 Environmental problems and attempts to solve them
2.1.1 Lack of fossil fuel reserves and sustainable energy sources

The world’s most pressing concern today is the rapid exhaust of conventional energy
sources such as oil, gas and coal [9]. Due to rises in the population, energy demand is increasing
exponentially with a rapid rate of the world population. However, currently identified reserves of
fossil fuels will be gone within the next few decades, although this can be prolonged depending
on the newly discovered resources. Global fossil fuels statistics of total reserves, production per
day and predicted ending date are shown in Table 1. The total stock of oil, gas and coal are
approximated to be 1.689 trillion barrel (Th), 6558 trillion cubic feet (TCF), and 891.531 billion
tons (BT), respectively. Interpolation from current data suggests, that the current oil supply will
be gone by the year 2066 and the coal source will be depleted by 2126 [1].

Table 1. Global fossil fuel statistics based on discovered reserves.

Fuels Total reserves (2015) Production/day (2015) End(date)?
Oil 1.689 Th 86.81 Mb 2066
Gas 6558 TCF 326 BCF 2068
Coal 891.531 BT 21.63 MT 2126

2End dates may shift if more natural reserves are found.

However, renewable energy sources such as wind, solar, hydro, biomass, geothermal energy
are being developed and they are being used at an industrial scale. Still, these efforts are not
enough to replace fossil fuel energy production in the foreseeable future. The renewable sources
all bring us only 20% of energy [10], this statistic is going to increase with time but most of these
renewable energy sources rely on uncontrollable natural phenomena. For example, solar energy
is a promising candidate for energy production, although it is dependent on the time of the day,
the season of the year, and the geological location as well. The hydro and geothermal energies
provide a more stable output of energy, but the cost of the processing is high, balancing the
electricity grid is complicated, and sometimes it is harmful to various animal species (birds,
fishes) [11]. Therefore, further improvement of energy conversion and finding efficient storage
devices is vital. Here are the three most promising electrochemical process involved ways for

efficient and eco-friendly energy conversion and energy storage:

o  Fuel cell technology
e Carbon dioxide conversion

e Supercapacitor
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2.1.2 Fuel cell (HOR and ORR)

One of the most promising technologies of the sustainable energy industry is the fuel cell.
The fuel cell is a galvanostatic type of electrochemical cell that converts chemical energy to
electrical energy. The electrochemical energy conversion in a fuel cell is a promising candidate
for the sustainable energy production industry [12,13] due to a wide range of applications, its high
energy efficiency [14,15], and common feeding materials such as hydrogen and oxygen. There
are many types of fuel cells, but they all consist of an anode, a cathode, and an electrolyte. Two
chemical reactions occur at the intersection of these three different components. The net result of
the two reactions that the fuel is consumed, water or carbon dioxide is created, and an electric
current is generated, which can be used to power electrical devices. Hydrogen fuel cells can
produce electricity continuously for as long as fuel (hydrogen) and oxygen are supplied. At the
anode, a catalyst causes the fuel to undergo oxidation reactions (HOR) that generate ions (often
positively charged hydrogen ions) and electrons. The ions move from the anode to the cathode
through the electrolyte. At the same time, electrons flow from the anode to the cathode through
an external circuit, producing a direct electric current. At the cathode, a different catalyst causes
ions, electrons, and oxygen to react, forming water and possibly other products (ORR).

The electrochemical fuel cell technology includes two key steps are shown in Figure 1:
HOR and ORR. Nevertheless, both half-reactions at anode and cathode require catalysts; the most
common catalysts for ORR are noble metals like platinum (Pt), iridium (Ir), and ruthenium (Ru).
However, these noble metal catalysts are extremely expensive and do not meet the requirements
of sustainable energy production. Therefore, the development of ORR (or HOR) with different

catalysts is crucial for efficient and eco-friendly energy construction.

ALKALINE FUEL CELL
Electrical Current
- [:Z
At anode: et et || At cathode:
2H, +40H = 4H,0 +4de "2 4 o <79 10, +4e + 2H,0 = 40H-
|- '
Hydrogen oxidation reaction © : Oxygen reduction reaction
e
(HOR) = t " (ORR)
Water and - “
Heat Out ‘ § e
=
Anode/ | \Calhode
Electrolyte

Overall reaction: 2H, + O, = 2H,0

Figure 1. lllustration of the alkaline fuel cell with an overview of the chemical reactions [16].
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2.1.3 COgz capture (hydrogenation)

The increasing environmental pollutions from the byproducts of fossil fuels and greenhouse
gas emissions from fossil fuel combustion [17] are a few of the many problems caused by the
fossil fuel industry. The primary greenhouse gases in the Earth’s atmosphere are carbon dioxide
CO,, water vapour H,O, methane CHs, nitrous oxide N2O, and ozone Os, which are keeping
Earth’s atmosphere warmer. But human activities since the beginning of the Industrial
Revolution (about 1700) have produced a 45% increase in the atmospheric concentration of
carbon dioxide, from 280 ppm in 1750 to 410 ppm in 2018, which caused global temperature rises
in an average of 0.5 Celsius [18]. Even if this temperature change seems small, it extremely affects
the weather in particular areas like Antarctica, where it is causing mass extinctions, melting of the
ice sheets, rising the sea level, and even desertification in some countries. Most of the CO;
emission stems from fossil fuel burning, and if humans continue to use fossil fuels as an energy
source, carbon dioxide emission will remain the leading source of pollution. As part of the Paris
agreement in 2015, 196 countries decided to decrease CO, emission by 70 % by 2030 and limit
temperature rises 1.5 °C before 2100 [19]. But as mentioned before, fossil fuels won’t be replaced
shortly and energy demand will foreseeably increase even further, other ways must be explored
to decrease carbon dioxide in the atmosphere, such as CO; capture.

Carbon dioxide can be captured directly from the air or an industrial source using a variety of
technologies, including adsorption, absorption, chemical looping, membrane gas separation or
gas hydrate technologies [20]. New generation plants for CO, hydrogenation are producing
methanol with high conversion rates even reaching a production of 5500 tons/year [21]. New
methods are being explored to produce Cs. hydrocarbons, however, industrial production has not
yet started [22,23]. The conversion of CO; into the fuel can follow two different pathways

described in equation (1-2):

¢ Reverse Water-Gas Shift reaction (RWGS)

C**0, + HY = C**0 + H,0 AH= 41.3kJ/mol 2 e transfer )
e Sabatier reaction (Methanation)

C**0, + 4HY = C**H, + 2H,0 AH=-164.7 kJ/mol 8 e transfer  (2)

The conversion of the CO, to CO via a reverse water gas shift (RWGS) reaction (equation 1) has
been widely explored because the produced CO can be further converted into valuable chemicals
and fuels through well-developed synthesis gas (CO and H;) and conversion techniques such as
Fischer-Tropsch (FT) and methanol synthesis. The Sabatier reaction or CO, methanation
(equation 2) and methanol formation result in a decreased CO yield compared to the RWGS

reaction. Under atmospheric pressure, the yield of methanol is rather low or absent and this can
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be ignored. However, a strong exothermic methanation reaction is thermodynamically more
favoured over the mildly endothermic RWGS reaction at low reaction temperatures; therefore,
minimizing the methanation during RWGS becomes a great challenge. CO may evolve as an
intermediate in the hydrogenation of CO, to CH4 or CH3OH, and other hydrocarbons fuels[24].
In recent years the most studied CO- hydrogenation catalysts were nickel-based (Ni/ZrO,, Ni-Ga,
and Ni/CeO) [25-28], however, they are low-priced, typically accompanied by several

shortcomings, such as their pyrophoricity, low stability, and fast deactivation [29].

2.1.4 Efficient energy storage devices (supercapacitor)

It is not an overstatement to say that the success of any renewable energy source (e.g.,
windmills and solar cells), hybrid and electric vehicles and smart grids depend significantly upon
the availability of suitable energy storage systems. As storing and delivering energy at a very fast
rate, offering high current in a short duration, a supercapacitor can match the necessity of an
efficient renewable energy storage system. Although advanced batteries such as lithium-ion or
sodium-ion batteries have undoubtedly high energy density, they also have very low power
density and require a large number of electrode materials, which shortens the lifetime and
increases the cost of these batteries [30][31]. A solution to this problem could be the
supercapacitors, which have higher power density, longer almost limitless cycle time, and super-
fast charging time compared to traditional capacitors. These characteristic properties of the
supercapacitors are shown in Figure 2 as it’s filling the gap between capacitors and batteries, and
even overlapping with both. Also, supercapacitors are light, stretchable, possess flexible designs,
and consist of more environmentally friendly composites [32-34].
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Figure 2. Ragone plot of the energy storage domains for the various electrochemical energy conversion
systems compared to an internal combustion engine and turbines and conventional capacitors [35].
We can differentiate two main types of supercapacitors based on the composition:
conventional carbon-based EDLCs (electrical double-layer capacitors) and pseudocapacitors
(metal oxides based). EDLCs require porous electrode material, they have a high surface area,

although they have serious drawbacks, like their tendency to self-discharge and their relatively
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low energy density compared to batteries [36]. Pseudocapacitors, on the other hand, combine the
advantages of batteries and EDLCs. Metal oxide (MnO;, Ru.Os, IrO,) based pseudocapacitors
store energy electrostatically and electrochemically as well, which creates higher power density
than EDLCs or batteries [37][38]. While all supercapacitors show high energy and power density,
among them manganese oxides are the most promising because of their abundance in nature, they

are also environmentally friendly [39].

2.2 Physico-chemical properties of the manganese and its derivatives

2.2.1 Electronic and physical properties

Atomic manganese contains 25 neutrons, 30 protons and 25 electrons. It has an empirical
atomic radius of 140 pm (picometer), a calculated atomic radius of 160 pm, and a 245 pm van der
Waals radius. Manganese is the 25" element in the chemical periodic table. It is one of the d-
block elements and a ground state of an electronic configuration of the manganese is [Ar]3d°4S2.
S orbital shell radius is 141.9 pm but d orbital shell radius is 40.9 pm. This orbital shell radius
difference strongly depends on the ionic radius of manganese with different oxidation states.
Metallic manganese has a 7.44 g/cm?® density, its melting point is 1247 °C, and the boiling point
is 2061 °C. Metallic manganese exists in four different allotropic modifications such as alpha (o),
beta (B), gamma (), and delta phase (A). They occur at temperatures between 25- 725 °C, 725-
1095 °C, 725-1095 °C, and 1134-1245 °C, respectively. G. Grasselly etc., [40] studied the thermal
properties of the manganese oxide of higher valences (MnzOs, Mn;Os, MnQO;), whereas
manganese oxides transform into each other, for example, MnO; changes to Mn;O, at 500-600
°C, and Mn304 to Mn,0O3 at 600-900 °C, and Mn,Os changes to Mn3zO,4 at 1050 °C in an argon
atmosphere. The conductivity of manganese oxides is diverse, for example, MnO is a poor

conductor but MnO: is a good conductor due to its electron configuration.

2.2.2 Oxidation states and electrochemical properties

Transition metals as known d-block elements are contained five orbitals in the d subshell.
As the number of unpaired valence electrons in d-orbitals increases, the oxidation state increases.
This is because the unpaired valence electrons are unstable and eager to bond with other chemical
species. Manganese has the highest number of oxidation states out of all the transition metals due
to the presence of the highest number of unpaired valence electrons showed in Figure 3. As
mentioned earlier, manganese has a wide variety of oxidation states ranging from -3 to +7 and the
most common oxidation states of manganese are +2, +3, +4, +5, +6, and +7. Out of these, the
most stable oxidation state is +2, which has a pale pink colour, and many manganese (+2)
compounds are well known such as manganese sulfate (MnSO.) and manganese chloride

(MnCl,). Manganese (+2) most commonly exists with a high spin, S = 5/2 ground state because



Doctoral (Ph.D.) dissertation Ochirkhuyag Altantuya

of the high pairing energy for manganese (Il). There is no spin-allowed d-d transition in
manganese (+2), explaining why manganese (+2) compounds are typically pale to colourless. The
+3-oxidation state occurs in compounds like manganese (+3) acetate, but these are quite
powerful oxidizing agents and prone to disproportionation in solutions, forming manganese (+2)
and manganese (+4). Solid compounds of manganese (+3) are characterized by their strong
purple-red colour and their tendency to form distorted octahedral crystal structure resulting from
the Jahn-Teller effect [41]. The oxidation state +5 can be produced by dissolving manganese
dioxide in molten sodium nitrite. Permanganate (oxidation state +7) compounds are purple and
can give a glass a violet colour and they are known as common oxidizers. Because of the wide
variety of oxidation states, manganese can create various type of oxides, such as Mn;O, MnO,
Mnz0s, Mn;03, MnO2, MnsOs, MNnOs, Mn20-. These oxides have a different crystal structure, and
different physicochemical properties as well. The oxidation state of the manganese can be

changed easily with pH and temperature fluctuations.
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Figure 3. Electronic configuration and common oxidation state varieties of d-block elements including
Mn in the middle of the column.

Electrochemistry is the branch of physical chemistry that studies the relationship
between electricity, and a chemical change. Electrochemical reactions involve electric
charges moving between electrodes and an electrolyte (or ionic speciesin a solution).
Electrochemical processes involve electron transfer to or from a molecule orion, while
also oxidation state change takes place. The electrochemical properties of ionic manganese

compounds are strongly dependent on the electrochemical potential and pH. In standard reduction
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potentials, the negative sign of the E° value signifies that it releases electrons more readily than
hydrogen does. The positive sign of the E° value, on the other hand, signifies that it releases
electrons less readily than hydrogen. The most stable manganese ionic compounds are shown in
Figure 4 at different redox(oxidation-reduction) potential (Eh, V) and pH values [42]. As it can
be seen on the diagram, metallic manganese can be stable at any pH value from 0 to 16, but under
highly reducing conditions, when redox potential is less than -1 (low Eh, V). Mn?* ions are more
stable redox potential ranges between -1 to +1(average Eh, V), it is stable in acidic media (pH
7.5-0). Under highly oxidizing conditions such as 0 to +2.5(high Eh, V), a higher valences oxide
such as Mn304, Mn20s, MnO, MnO4%, and MnOy ions are stable at a wider range of pH values,
also they are thermodynamically more stable in the alkaline region (pH 7-16).
Mn-H, O-system at 25°C

2»5 T T T T T T T T T T T T T T T

5L MnQy,(-a) |

Mn(+2a)

|
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N

T

1

0 2 4 ¥ 8 10 12 14 16
Figure 4. Eh-pH diagram shows the predominant manganese forms and Mn-H0 systems. Temperature,
25° C+ 0.5[42)].

A more detailed list of the redox potentials of the common manganese reactions in acidic
and basic solution are listed in Table 2 [43]. The oxidizing ability of the manganese agent
increases with the oxidation states in nature and for artificial chemicals as well. On the other hand,
they can be the stronger reducing agent in a lower oxidation state, like Mn** for example. A fine
middle ground is the Mn**, which has reducing and oxidizing capabilities as well. These redox

properties play an essential role in numerous manganese dioxide-based material applications
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Table 2. Redox potentials for manganese ions in aqueous solutions.

Ne  Reaction E° (V vs NHE)
1 MnO4* + 4H* + 2e- = MnOys) + 2H,0 (acidic) +2.26
2 Mn3* + e =Mn?* (acidic) +1.54
3 MnO4 + 8H* + 58 = Mn?* + 4H,0 (acidic) +1.51
4 MnOy) + 4H" + 26 = Mn?* + 2H,0 (acidic) +1.24
5 MnOye + 4H* + e = Mn3* + 2H,0 (acidic) +1.0
6 MnO4* + 2H,0 + & = MnOys) + 40H" (basic) +0.9
7 MnO4> + 2H,0 + 2e- = MnOys) + 40H" (basic) +0.60
8 MnOy4 + 2H,0 +3e” = MnOy) + 40H" (basic) +0.59
9 MnOs + e = MnO4?* (basic) +0.56
10 Mn (OH)3(5) +e" = Mn (OH)z(s) + OH- +0.2
11 MnOZ(S) + 2H,O + e = Mn (OH)3(5) + OH" (basic) +0.1
12 Mn;03 + e = Mn (OH); (basic) -0.25
13 Mn?* (aq) +2e = Mn(s) (acidic) -1.19
14 Mn? (aq) + 2e" = Mn(s) (basic) -1.56

2.2.3 Crystal structures of the manganese oxides

As mentioned earlier, Mn is one of the d-block transition metals and they have a special
crystal structure due to forming coordination complexes between metals (such as Mn) and ligands
(such as O). According to crystal field theory (CFT), an octahedral metal complex forms because
of the electrostatic interaction of a positively charged metal ion with six negatively charged
ligands or with the negative ends of dipoles associated with the six ligands. In addition, the ligands
interact with one another electrostatically. The lowest-energy arrangement of six identical
negative charges is an octahedron, which minimizes repulsive interactions between the ligands.
The ionic radius of Mn is smaller than that of O%, thus, the oxide structures usually show cubic
close packing of anions, with the smaller metal cations situated in the octahedral and tetrahedral
holes of the oxide network [44]. The Crystal Field Stabilization Energy (CFSE) almost always
favours octahedral over tetrahedral crystal structure, but the degree of possibility varies with
the electronic configuration. In other words, for d! there's only a small energy gap between the
octal and tetra lines, whereas at d® and d® there is a big gap. However, for the d°, d®° high spin and
d?9, there is no CFSE difference between octahedral and tetrahedral. The order of favorability of
octahedral over tetrahedral is: d3, d® > d*, d°> d?, d” > d!, d® > d°, d®, d'°. According to this order,
d® electronic configuration Mn** tends to form octahedral crystal structure unit cell, while the

oxidation state variants mostly form tetrahedral structure over octahedral.
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Manganese (1V) oxide polymorphs:

According to CFT, MnO; tends to form an octahedral unit cell structure. This [MnOg]
octahedral unit cell builds up manganese dioxide polymorphs: a-MnQO;, B-MnO,, y-MnO,, 5-
MnO_, and A-MnO; shown in Figure 5. The piling up of MnOs octahedra builds one-, two- or
three-dimensional tunnel structures. Different structures can be described by the size of their
tunnels, which are determined by the number of octahedral subunits (n % m). For the a-
MnQO:; structure, the double chains of edge-sharing MnOs octahedra share corners and form one-
dimensional square 2 x 2 open tunnels but -MnO; has 1 x 1 tunnel formed by a single strand of
edge-sharing MnOs octahedra. Consequently, the B-type structure is the most stable phase of
MnO,. y-MnO- possesses varying structures and compositions, with a disorder intergrowth of
ramsdellite (1 x 2 tunnels) and pyrolusite (1 x 1 tunnel). 3-MnO; is a two-dimensional layered
birnessite structure with an interlayer separation. This unique two-dimensional structure is
characterized by the distance between layers, which depends on the cations and H,O. A-MnO; is

one of the metastable forms of manganese dioxide, which transforms into the thermodynamically

stable B-MnO; or pyrolusite with the rutile structure.

[MnO] unit cell a-MnO, : 2 & o p-MnO,

Octahedron (2x2 tunnels)

(2x1 tunnels)

0-MnQ,

(layered)

-Mn0,

(spinal)

y-MnO,

(1x1 tunnels)

L. .

Figure 5. The octahedral unit cell and crystal structure of the polymorphs of the manganese dioxides
illustrated by the VESTA visualization program using data from the Crystallography Open Database.

Birnessite-type delta manganese dioxide:

From these polymorphs shown in Figure 5, delta(§)-manganese oxide, also known as
birnessite, is one of the most common manganese minerals in nature, which was first described
in 1956 [45]. It has a layered structure with the following constitution: (NaosCao1Ko1) (Mn**,
Mn3"),0;4 - 1.5 H,0). As a consequence of layered structure and earth-abundance, an increasing
number of studies have investigated birnessite as a water oxidation catalyst [46] and the
supercapacitor [47]. Birnessite-type of layered manganese oxides is mostly found in finely
ordered or poorly crystallized forms. Natural and synthetic birnessite phases are both defined by

11
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interlayer molecules such as water and cations (K*, Na*, Ca%", Mg?"), the distances between
manganese octahedral layers, and the ratio of manganese oxidation states. Due to the number and
position of interlayer molecules, vacancies, and oxidation state differences, birnessite can be
found in several crystal structures such as monoclinic, triclinic, trigonal, orthogonal, and
hexagonal [48]. The difference in the average number of the oxidation state of the manganese also
plays an important role in the crystal structure, creating vacancies as shown in Figure 6. The
above-mentioned differences play an essential role in the electrochemical properties of birnessite.
Numerous studies have reported the effect of the interlayer cation exchanges, and the number of
water molecules on the catalytic activity for water oxidation [30] and oxygen evaluation reaction
[31].

Triclinic Na-birnessite Hexagonal H-bimessite
Mn octahedral sheets

Mn*, Mn** P T Mn* I
@ Py Na+ Mn? Mn H,0
H,Ql C® O I 0% O |O’| o @ @ ® -

Figure 6. Schematic diagram of (a) triclinic Na-birnessite and (b) hexagonal H-birnessite [51].

Hausmannite type manganese oxide (111, 11):

Hausmannite type manganese oxide (MnsOs it’s a mixture of Mn,Oz and MnQO) has
distorted crystal structures. It can be easily produced from manganese (Il)oxide (Mn+2), from
hydroxides in the air or by removing interlayer molecules of birnessite type of oxides. The average
oxidation state of manganese in the hausmannite phase is about +2.5 because it contains +3 and
+2 equally as shown in Figure 7a-b. Due to the lower oxidation state, octahedral Mn** and
tetrahedral Mn?* form together with a close-packed and distorted crystal structure.

i
5

(b)
Figure 7. Hausmannite cell unit with 28 atoms (a) Mn?* tetrahedral and Mn®* octahedral sites and (b) the
detailed structure of the different Mn sites [52].
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2.3 Natural occurrence and synthesis methods
2.3.1 Natural origin and occurrence

Manganese is the second most abundant transition metal in the Earth’s crust after iron.
Its concentration in the Earth’s crust reaches as much as 0.098 mass %. An average of 1100 ppm
(part per million) Mn is contained in igneous rock, shale, and limestone which is a common rock
in the Earth’s crust [53]. The concentration of manganese in the ocean crust is about 60 % greater
than that in the continental one [54]. Even on Mars’s surface, Mars rovers discovered higher
oxidation state manganese oxides, which illustrated that Mars’s atmosphere was once oxygen-
rich and water was present like on Earth [55]. By composition, manganese rocks in Earth’s crust
can be separated into two chemical and biochemical subgroups: carbonate and oxide
(manganolites). Because of the variety of oxidation states, there are about 190 manganese
minerals known with Mn contents 25% or greater. Among these, about 30 predominantly the
oxides, hydroxides, and carbonates — dominate the phases in commercial ores. The natural origin
and the typical occurrence of these minerals are displayed in Figure 8. The predominant oxides
and hydroxides minerals of manganese can be separated into two groups:
1. High valence manganese: modification: pyrolusite, ramsdellite; the group of nsutite M — n
M 1, O OH 427 the group (Ba, Na, K, Pb)MngO16-xH2O (hollandite, coronadite, cryptomelane,
and manijiroite); psilomelane (or romanechite) [(Ba, K, Mn, C0)2Mns010-XH,Q0]; the group of
birnessite (Ca, Na)(Mn?*, Mn*);014-3H,0; todorokite (Na, Ca, K, Mn?)(Mn*, Mn?*,
Mg)s012-3H,0; ranciéite (Ca, Mn?*) Mn** -nH0, and the group of hydroxides of manganese—
MnOOH (groutite, feitknechtite, manganite, crednerite, quenselite, and janggunite);
2. Lower valence manganese: braunite 3Mn,0O3-MnSiOgs; and bixbyite (Mn, Fe).0s; and 3.

minerals of the isomorphic system Fe304-Mn3O4: jacobsite, hausmannite, and vredenburgite [56].
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Figure 8. Manganese occurrence (Earth crust and ocean nodules) and typical minerals (mineral photos
from [57]) in sedimental rock.

Hungary has several manganese deposits, most of these have ores with a sedimentary
origin. The two most important deposits are at Urkdt and Eplény, both in the Bakony Mountains
of western Hungary. The primary ore in these deposits is of the late Liassic age. Two types of ore
are recognized: manganese oxides and manganese carbonate [58]. All these deposits originate
from decomposition — sediment; they can be further classified as follows: local sedimentation
like the mineral of Rudabanya and Komldska, an oxidized zone chemical sedimentation separated
from seawater like in Urkuat and Eplény. Other than the places mentioned above, manganese
appears in traces at numerous other places [59]. The manganese deposits of Urkt lie in the
Southern Bakony range of the Central Mountains of Transdanubia, which extend to the north to
the Balaton Highlands as the local map depicts in Figure 9. The Eplény deposits, on the other
hand, lie in Northern Bakony [58]. The mining at Urkat was responsible for a big portion of
Hungarian manganese production, which mainly contains manganese carbonate minerals and a

minor amount of pyrolusite/cryptomelane [60].
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Figure 9. Location of the Urkat manganese ore deposit.

2.3.2 The synthesis methods
2.3.2.1 Redox reaction in aqueous media

Manganese can be oxidized or reduced both depending on the acidic or basic condition
and oxidation state, which makes the synthesis of manganese materials more interesting or
complex. For example, MnO4 permanganate ion is one of the most powerful oxidizing agents, it
can be used for the synthesis of Mn (1) compounds and it's reduced to Mn?* with a standard
reduction potential(E°/V) of +1.49 V in acidic condition, which is shown in equation (3). In
contrast, Mn?* ion is a powerful reducing agent in basic condition, which requires oxygen and
forms manganese dioxide with -0.05(E°/V) as shown in equation (4).

MnOs + 8H* + 58 = Mn?* + 4H,0 (3)
Mn?* + O, + 20H = Mn* O, + 2¢" + H,0 4)
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The more detailed common synthesis routines [61] for manganese dioxide polymorphs
(o, B, v, 6, A) and of various manganese oxides (MnO, Mn(OH);, Mn;Os, Mn3z04, and Mn(OOH))
are depicted in Figure 10. As shown in the synthetic scheme, Mn (NOs)- is one of two precursors
and it’s oxidizing in reducing condition (NaOH) or heating and converting into various
manganese oxides. Another way around, KMnO, is reducing in oxidizing condition (acid),

converted into other types of manganese oxides.

via MnCO, MnSO,+ HAc [

0, at boiling
point

’ (Na, Mn) oxide ‘

CuCl,

Mn,0, * Todorokite

Figure 10. Synthesis routes between various manganese oxides [61].

2.3.2.2  Electrolytic deposition

An electrolytic deposition is a type of synthesis for various types of manganese oxide-
based materials. Particularly, it is used to produce electrolytic manganese dioxides (EMD).
Electrodeposition of manganese dioxide has been strongly influenced by various factors such as
the electrolyte, current density (CD), types of electrodes (anode and cathode), type of the
electrochemical cell, the temperature of the electrolyte, type of current (direct current or pulse
current) and the pH of the electrolyte [62]. The electrodeposition process involves electron
transfer and phase change and it can be classified into two types: anodic or cathodic
electrodeposition based on the reaction mechanism. The manganese oxide electrodeposition
method most efficiently deposits catalyst layers on various types of conductive substrates such as
indium thin oxide (ITO), metals (Pt, Ni), carbon-based materials (carbon cloth, carbon paper),
and polymer (PET, PPy). In an anodic deposition, negatively charged anions react with the
positively charged hydrogen ions (protons) which are being produced at the anode by the
electrolysis of water to form the original acid. The fully protonated acid carries no charge and is
less soluble in water, and may precipitate out of the water onto the anode. In a cathodic

deposition, a similar situation occurs except that the material being deposited will have hydroxide
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as the charge-bearing group. If the hydroxide has been formed by protonation of the base, the
protonated base will react with the hydroxyl ions being formed by electrolysis of water to yield
the neutral charged base and water. Shalini et al. [63] studied the kinetics and mechanism of
electrodeposition of manganese dioxide from Mn?* precursor, suggesting that it involves diffusion
of Mn?* ions to the electrode surface, the oxidation of Mn2* surface to Mn3*, and the oxidation
of H,O to OHags Mn3*ags ions dissociate disproportionately into Mn?*,4s and Mn**,4s ions at the
electrode surface. These Mn?*,s and Mn** 4 ions react with OHags and H2O, respectively, in

chemical steps leading to the formation of MnOs,.

2.3.2.3 Electrophoretic deposition

In the case of electrophoretic deposition (EDP), the colloidal particles suspended in
a liquid medium migrate under the influence of an electric field (electrophoresis) and are
deposited onto an electrode. A characteristic mechanism of EDP consists of 4 steps is showed in
Figure 11. As it can be seen in Figure 11, (a) colloidal particles are well dispersed and able to
move freely and independently in solvent suspension, (b) electrochemical equilibrium of the
solvent is responsible for the particles’ surface charge, (c) particles move electrophoretically in
the bulk of the suspension to the oppositely charged electrode (substrate), and (d) the substrate
is covered by a neutralized, firmly deposited layer of particles [64]. Also, some sets of
parameters govern the EDP such as particle size, dielectric constant, conductivity, viscosity,
zeta potential, stability, the particle concentration of the suspension, applied electric field,
deposition time, immersed electrodes surface area, wettability of the electrode, and distance
between the electrode pair.
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Figure 11. Four steps of EPD; (a) dispersion, (b) electrochemical charging, (c) electrophoresis and (d)
deposition[64].
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The EDP has a wide range of application, a rapid processing time, and require modest
equipment. It is a cost-effective method to produce high quality, specific shaped nanostructure
and simple to control the thickness and morphology of the deposited materials. However, it has
rarely used for manganese-based material synthesis [65][66].

2.3.2.4  Mechanochemical ball milling method

Mechanical ball milling processes are carried out by employing mechanical activation in
high energetic apparatus (Figure 12). Depending on the products’ chemical and physical
properties, quality, and demands, a different type of milling technique is used such as a vibratory-
centrifugal mill, ring roll mill, and planetary mill. The planetary ball mill is a high-energy mill
primarily used for energy-intensive processes like mechanical alloying, mechanical activation of
mechanochemistry [67]. The mechanochemical method is a combination of the mechanical
milling and chemical process. Mechanochemistry is more efficient and advanced than the
conventional chemical and mechanical methods since physical and chemical energies are added
in one reaction, which increases productivity. Mechanochemical synthesis is suitable for large
scale production of a variety of nanomaterials and catalysts [68-72], but the research describing
mechanochemical manganese oxides synthesis is scarce [73—-76]. Mechanochemical synthesis can
be tuned by lots of parameters, such as the milling rotation speed, the milling time, the solvent-
template, weight ratios of the milling mixtures and milling balls, the milling atmosphere, the type
of the mills, and additional treatments like sonication or heat treatments as well [77-82]. Due to
significant drawbacks of conventional dry milling method such as the materials having wider size
distribution and material loss, nowadays wet milling methods are more often used for
nanomaterial synthesis [83-86]. Besides, energy can be calculated and mapped for wet milling.
This is important when the different catalytic activities of each sample are compared since it

allows for the preparation of more favourable catalysts.
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Figure 12. The illustration of a chemical reaction during the mechanical ball milling process [68].
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2.3.2.5 Synthesis from the natural mineral

Mineral manganese ores are processed by a combination of both mechanical and chemical
procedures. Here is the order of mineral processing to produce electrolytic metallic manganese
(EMM):

e  Crushing or milling

e Reducing the milled ore at various reducing conditions at different temperature ranges (to
make it possible to dissolve)

e Leaching of the reduced ore with different solvents (mostly acids)

o Deposition from the acid leached solutions using electrolytic methods.

e Collecting the deposited metal manganese

A current is passed from an inert anode through a liquid leached solution containing the
metal so that the metal is extracted as it is deposited during the electroplating process onto the
cathode. Electrowinning is a process that produces EMM from the aqueous solution (Mn2*), which
is the reduced manganese oxide mineral dissolved (mostly leached in acid) [87][88].
Electrowinning of mineral manganese is an alternative to pretreatments such as leaching, removal
of impurities, annealing, and dissolution. Electrowinning from the cathodic material of used
battery (waste) is a new environmentally friendly process, which is becoming more and more
popular [89][90]. The two competing electrolytic reactions on the cathode in the electrowinning

process are described in equation (5-6) and equation (7-8) for the anode.

e Cathode:

Mn?* + 2e" — Mn E°=-1.18V (5)
2H,0 + 2e- —»H,7 +20H" E°=0.00V (6)
e Anode:

2H20—01+4H" + 4e- E°=1.22V (7)
Mn?" + 2H,0— MnO, + 4H* + 2¢- E°=122V (8)

As manganese dioxide ores are stable in acid or alkaline oxidizing conditions, the
extraction of manganese must be carried out in reducing conditions. In aqueous reduction, SO,
FeSQ,, sucrose, charcoal, coal and lignite, pyrite, oxalic acid, etc. can be used as reducing agents.
Leaching of manganese ore using oxalic acid-producing microorganisms has also been reported
[91], which gives us an insight into bioleaching. The dissolution of manganese is due to the
reduction of its dioxide by oxalic acid. The reduction between MnQO; and oxalic acid in the acid
medium may be given as follows equation (9).

MnO; + HOOC-COOH + 2H* = Mn?" + 2CO; + 2H,0 9)
Some study revealed that the combination of roasting and leaching provides a higher yield

and decreases harmful side products [92].
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2.4 Applications of the manganese oxides

2.4.1 Production of the manganese and general applications

In 2017, ~20 million metric tons of manganese ore were mined [93] globally. The Mn content
of ores in the world varies between 20% and 60%, however, a significant proportion of these
resources belong to the low and medium-grade (Mn: 20-35%; Mn/Fe <2.5) categories. According
to a study, the manganese ore price was about 1600 USD/ton in 2008 [94] and the market price
for steel was equally strong historically because the manganese market depends on steel market
trends.

Manganese minerals participate in the geochemical redox reaction process, remove heavy
metals such as Pb, As, and Cr from contaminated soil, and play an important role in the biological
respiration process and the nutritional circle as well. Even from ancient time, manganese minerals
were used as pigments, such as the pyrolusite Mn*O,(tetragonal) and cryptomelane
K(Mn*7Mn*")O16, which were found during archaeological excavations [95]. Approximately 80—
90% of the current world production of Mn ore is consumed by the steel industry; on average,
steel contains about 0.6 weight percent Mn but maybe 10 % or more in high-strength steels as
described in Figure 13. In particular, manganese is added to the steel production to remove
oxygen and sulfur when iron ore (an iron and oxygen compound) is converted into steel [96].
There are other industrial uses, such as the production of special Al alloys, Mn chemicals,
catalysts, ion sieve materials for heavy metal removal, water-purifying agents, additives to
livestock feed, plant fertilizers, colorant for bricks, adsorbent, and an electrical energy storage
device (battery, supercapacitor). About 1.5- 10.0 % of the weight of manganese are employed as
master alloys for the preparation of manganese-containing aluminum alloys. These alloys are
widely used for the cooking of utensils, as well as for base material for beverage cans [97].
Besides, high specific surface area manganese oxide-based materials with a unique crystal

structure are used for heavy metal removal and water purification applications.

Battery
. Al alloy Colou_rant Chemicals
Steel 1% for bricks
90% Catalysts
Plant Adsorbent
fertilizer Water-
purifying
agents
Supercapacitor Livestock
P P feed

Figure 13. Manganese applications by weight percentage and list of other applications not related to
metal production.
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If we emphasize the application of manganese as the catalyst, manganese is much cheaper
than commercial noble metal ones. More detail is presented about the catalytic application of
manganese in the ORR, CO; hydrogenation processes in chapter 2.4.2.1 -2.4.2.2. Another
intriguing application for manganese, particularly for manganese dioxide is electrical energy
storage devices including various types of batteries and supercapacitors. Due to high activity in
electrochemical reactions or processes, manganese dioxides electrode can increase the power
density and energy density of batteries and supercapacitors. More detailed information is
presented in chapter 2.4.3. In 2020, the market price of manganese compared with the most
common noble metals catalysts for ORR, such as Pt, Ir, and Ru, and battery/supercapacitor metals
(Li) is displayed in Table 3 [98].

Table 3. The price of the metals in the market (USD per kilogram).

Metals Prices, USD/kg
Pt 35735.7

Ir 59965.7

Ru 9876.7

Li 70.5

Mn 0.4

2.4.2 Manganese oxides catalysts

Catalysis is a phenomenon by which chemical reactions are accelerated by small
guantities of foreign substances, called catalysts [99]. The phenomenon of catalysis was first
recognized by Berzelius in 1835 [100]. Since the first recognition of the catalytic reaction, there
are studies and descriptions of the catalytic system continuously developing. Because most
industrial chemical processes are catalytic, the importance and economic significance of catalysis
are enormous. More than 80% of the present industrial processes established since 1980 in the
chemical, petrochemical, and biochemical industries, as well as in the production of polymers and
environmental protection, use catalysts. Depending on the physical phase, catalysts are divided
into two main categories: homogenous and heterogeneous catalysts. The homogenous catalyst has
a common physical phase with reactants or their solution. Manganese metal salts of organic acids
and organometallic complexes are known as a homogenous catalyst in various synthesis and
processes [101]. Manganese heterojunction catalysts are the manganese combined with other
metal oxides as the dopant material or they can be the main component [102]. Manganese oxides
have interesting electrochemical properties, which is the main reason to develop manganese
catalyst materials for various catalytic reactions. Here | emphasize the manganese oxide catalysts’

two different catalytic reactions:
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e Oxygen reduction reaction (see details in the following chapter 2.4.2.1)

e CO: hydrogenation (see details in the following chapter 2.4.2.2).

2.4.2.1 Manganese oxide catalyst for ORR

In the fuel cell at the cathodic side, an oxygen reduction reaction occurs but it has slow
reaction kinetics [103], which can be boosted by catalysts. Manganese oxide-based materials are
increasingly studied as the ORR catalyst, for instance, MnOx [104,105], Ag/MnOy [106], NiOx-
MnOy-graphene [107], Mn3sO. decorated N-doped carbon [108], and porous Mn,O3 [109]. ORR
catalytic activity of manganese dioxides relies on the redox property of manganese such as
changes between Mn*, Mn®*, and Mn?* ions transformation. For example, the valence state of
amorphous MnOy structure negatively shifted such as from the oxidation state of +3.28 (mixed
between Mn,'"'O3; and Mn'VO,) to +2.85 (mixed between Mn3'!"'\O, and Mn,!"'O3) [110] during
ORR. A more detailed similar explanation of the catalytic mechanism of MnO; for ORR is
illustrated in Figure 14 [111]. It covers the Mn(IV)/Mn(l11) redox transition at the surface of the
catalyst particles, accompanied by a transformation of adsorbed oxygen O.q into adsorbed
hydroxy-species OH.q (a), the O, adsorption on the metal oxide surface, which is assumed to
occur only on available Mn(l11) surface sites (b), the reduction of the adsorbed O, molecule into
HO; (c), the desorption/adsorption of HO,  from/onto the Mn(lll) surface site (d), and the

reduction of HO2 .4 Which is assumed to occur through a chemical surface process (e) followed

back by the initial step (a).

0, +H,O0 +e S OH,y + OH" (a)

O, +O0OH, +e 5 0,,4+OH (b)
0,4+ H,O+e S HO,,4 + OH (c)
HO, ,, + OH" 5 OH,, + HO, (d)
HO, , + OH, S 20,4 + H,O (e)

Figure 14. Proposed oxygen reduction mechanism over Mn(1V) oxide catalyst’[Mn (l11) sites (green) and
Mn(1V) sites (red)] [111].

Birnessite-type of manganese oxide catalyst for ORR:

Only limited research was done on birnessite as an efficient cathode catalyst for the
oxygen reduction reaction [112,113]. Recently, one study revealed that birnessite type oxide has
higher ORR catalytic activity than other dioxide polymorphs [114]. Interlayer molecules such as

water, and cations (K*, Na*, Ca%", Mg?") are playing an essential role in the electrochemical
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property of birnessite. Numerous studies have reported on the effect of the interlayer cation
exchanges, and the number of water molecules on the catalytic activity for water oxidation [30]
and oxygen evaluation reaction [31]. The relationship between the intercalated alkaline cations
(Li, Na, K, Rb, and Cs) in layered 3-MnOy and their ORR catalytic activity is studied in the
literature [110]. Interestingly, lithium interlayer cation exhibits higher catalytic activity than other
cations. Some studies revealed that also doping of the metals such as copper can improve the
catalytic activity of the other types of manganese oxide-based catalysts in ORR such as CuxMns.
xO4 spinel particles/polypyrrole composite [115], graphene-Cu-a-MnO2 nanowire blends [115],
and PtNiCu [118]. Despite these results, no research was done up until now on copper doped

delta-manganese oxide catalyzed ORR.

2.4.2.2 Manganese oxide catalyst for CO; hydrogenation

Nevertheless, many studies explored homogeneous Mn catalysts mechanism in various
gas-liquid phase reactions [119], heterogenous manganese oXide-based catalysts are not studied
as much in CO; hydrogenation gas-solid phase reaction [120,121]. As mentioned earlier, the two-
step reaction mechanism is assumed for the CO, hydrogenation reaction. In the first step, carbon
dioxide and hydrogen are converted to carbon monoxide (CO) and water (H20) via the water-gas
shift reaction (WGSR) equation (10).

CO,+ H, 5 CO + H,0 AH= 41 kd/mol (10)

In the subsequent (second) reaction, methane is formed from CO and H,O equation (11).

CO + 3H, 5 CHq + H,0 AH= —206 kd/mol (11)

As shown in equation (10), the RWGS reaction is endothermic, requires high
temperature, and CO is the dominant product above 600 °C as can be seen in Figure 15 [122].
Thermostability of catalyst for the RWGS is one of the most important properties to develop
catalysts with high activity and durability are essential to obtain a maximum yield. In opposite,
methanation is an exothermic reaction equation (11) and maximum yield can be achieved in

lower temperatures below 400 °C.
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Figure 15. Product fraction of CO, hydrogenation at equilibrium [123].

CO; hydrogenation via heterogeneous catalysis typically follows three reaction steps: (1)
reactant adsorption on the catalyst surface, (2) diffusion of the adsorbed molecules on the surface
until attaching on an active site, (3) transformation until a stable phase is reached and (4)
desorption of the final material [124]. A study revealed that non-porous metal oxide catalysts have
low porosity and small specific surface area, which is disadvantageous for absorption and
activation of reactant molecules and an ordered mesoporous catalyst has good catalytic activity
in CO, RWGS reaction [125]. Therefore, surface properties of the catalyst such as the number of
active sites, mesoporous/microporous structure, crystallinity also play a crucial role in the
catalytic activity of the catalyst. A detailed explanation of the mechanism of the CO.
hydrogenation reactions (RWGS and methanation) displayed in Figure 16. Here the RWGS
mechanism is divided into two main categories; the redox mechanism and associative mechanism
[126]. In the redox mechanism, CO: is firstly adsorbed on the reduced metal sites or metal oxide
sites, and then subsequently reacts with them to form CO. After that, the oxidized catalyst is
reduced by H; and the reduced sites are formed again. The associative mechanism, also known as
the dissociative (formate) mechanism is an adsorption-desorption model where the adsorbed
species interact to form an adsorbed intermediate (carbonate, formate, carbonyl, etc.) as a critical
step in the RWGS process which then decomposes to form Hz and a mono-dentate carbonate
showed in Figure 16a. The reaction mechanism proposed for CO, methanation (Figure 16b) is
divided into two main categories, associative and dissociative mechanism. The first one involves
the direct hydrogenation of CO, to methane without the formation of CO as an intermediate. The
associative adsorption of CO, and H, atom Hyq is followed by the hydrogenation of the associated

species to form methane. The other one involves the conversion of CO, to CO before methanation,
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and the subsequent reaction follows the same mechanism as CO methanation. CO methanation
over supported metal catalysts proceeds via the dissociation of CO on the metal and the
hydrogenation of the resultant surface carbonaceous species.

HCOO HCOOH HCO OH COH

P O N\ e 90 H
l'.mfi"‘?l*lqh W aal X I
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Figure 16. a) Associative mechanism of CO formation including A-formation of HCOO intermediate and
B-formation of COOH intermediate and b) reaction mechanisms possible for the methanation of CO,
including A-associative methanation, B-dissociative methanation, C-CO associative pathway, D-CO

dissociative pathway [126].

Furthermore, CO; reduction and hydrogenation catalyst activity can be improved by a
tiny amount of doping or tuning by promoting noble metals such as platinum [127]. Non-noble
metal-doped catalysts also exist for CO, hydrogenation, such as Cu [128], but they are barely

mentioned in literature.

2.4.3 Manganese oxide electrode for supercapacitor

Manganese dioxides used in energy storage devices are broadly classified into three
groups according to their origin — natural manganese dioxide (NMD), chemical manganese
dioxide (CMD), and electrolytic manganese dioxide (EMD) [62]. Despite crystal structure
similarities, NMD, CMD and EMD exhibit different physical and electrochemical properties. The
natural ore (NMD) is not a single stoichiometric MnO; but, rather, a mixture of up to 10-20
different manganese oxide minerals that have widely different battery activities, overall NMD has
inferior battery performance compared to the other two forms (CMD and EMD). The y-MnO-
prepared chemically (CMD) has a marginal difference in performance compared to the ones

derived from electrochemical methods (EMD) [129]. Pseudocapacitive symmetric
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supercapacitors, where both the cathode and the anode have the same pseudocapacitive material,
have been widely investigated for developing high-performance supercapacitors.

The working mechanism scheme of the MnO; based symmetric supercapacitor [130] is
illustrated in Figure 17. In the charging process, MnO- on the positive electrode shows no change,
while MnO- on the negative electrode is reduced to Mn®* compounds, which enlarges the voltage,
and some of these compounds are converted to soluble Mn?* ions. These Mn?* ions drift to the
positive electrode through the electrolyte with the help of the electric field force. In the recharging
process, these Mn?* ions in the electrolyte near the positive electrode are oxidized to MnO; on the
positive electrode, thus achieving a migration of mass from the negative to the positive electrode.
The pristine MnO- on the positive electrode shows no large change but is only being oxidized to
complete 4+ valences in the charging process. As a result, in the cyclic charging/discharging
process of the MnO; based symmetric supercapacitor, a new layer of MnO; is coated on the

pristine MnO; layer of the positive electrode, and the mass of MnO; on the negative electrode

1 Initial 2 Charge
MnO, — MnOONa

l\ln()ONa——p

decreases.

Discharge 4 Recharge
MaOONs —5MaO, MnO, — MnOONa Mn*—s MnOONa —s MnO,
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-
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Mn? —p

Mn¥—0n

Figure 17. The working mechanism of the MnO; based symmetric supercapacitor [130].

Manganese oxide-based supercapacitors’ biggest problem is stability. Due to various
changes in the oxidation states, the structure and stability of the electrode material change
unpredictably in the long term. Therefore, a binding material such as organic binders-polymers is

used to stabilize the operation [131].
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3 Aims

To find answers to all these questions, manganese (Mn) was selected as the subject of my
research, since it is cheap and it is one of the most abundant transition metals (after iron) in the
Earth’s crust. Due to a wide variety of oxidation states and crystal structures, manganese can have
many morphological and physicochemical attributes, therefore, it can be a component for
numerous applications. As an environmental chemist, | aimed to find and develop an eco-friendly,
cost-effective, safe, simple method for synthesis of nanostructured manganese-based materials,
characterize the physicochemical properties, and finally test the synthesized materials for the
previously mentioned environmental applications such as oxygen reduction reaction (ORR), CO>

hydrogenation and supercapacitor:

To develop the synthesis method of birnessite-like manganese dioxide and test the
catalytic activity of the as-synthesized material in the oxygen reduction reaction.

e Developing a synthesis method of birnessite-like manganese dioxide

e Studying physicochemical properties and intercalated ion effects of the initial birnessite and
newly developed copper birnessite

e Testing catalytic activity of the potassium birnessite (initial) and copper birnessite for ORR

To investigate a new method to produce nanosized manganese oxides, which is easy to
upscale to allow mass production of the material. Also, to develop a one-pot synthesis
method for different metal doping of the same material and compare the results.
¢ Finding optimum conditions for the synthesis of nanosized manganese oxides by ball milling
e Studying the physicochemical properties of the newly synthesized nano manganese oxide
samples
e Testing catalytic activity of the newly synthesized manganese oxides for CO, hydrogenation
reaction and studying the metal loading (Pt and Cu) and the effect of Pt incorporation into

the catalysts

To investigate a more economical and direct new method for the synthesis of manganese
nanostructured materials from natural manganese minerals as precursors instead of
synthetic chemicals.
o Developing new synthesis routine of manganese nanosized oxides from the mineral sample
e Studying physicochemical properties of the newly synthesized nano manganese oxide
sample

e Testing electrochemical properties as a supercapacitor electrode
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4 Resources and methods

4.1 Materials

lon tuned birnessite-like manganese dioxide in alkaline media:

Manganese (I1) chloride tetrahydrate (MnCl,*4H,0), potassium permanganate (KMnQy),
copper (I1) chloride (CuCly), and sodium hydroxide (NaOH) were used for the synthesis of the
manganese-oxide nanostructures. All chemicals and reagents were analytical grade and purchased
from Sigma Aldrich. Ultrapure water (3.58 uS/cm) was used for all synthesis.

Ball milled manganese oxides:

Manganese (11) chloride tetrahydrate (MnCl;*4H0), potassium permanganate (KMnQ,),
platinum (IV) chloride (H2PtClsxH-0), and sodium hydroxide (NaOH) were used for the synthesis
of the manganese-oxide nanostructures. All chemicals and reagents were analytical grade and
purchased from Sigma Aldrich. Ultrapure water (3.58 uS/cm) was used for all synthesis.

Natural mineral inspired manganese oxide thin layer:

A piece of brown-black manganese mineral sample was used for further processing. The
sample received from the Geological Department of the University of Szeged and the origin of

the mineral is Urkat, Hungary (see Figure 9).

4.2 Synthesis of different manganese oxides

A short description of all synthetic procedures and names of the prepared samples are described
in Table 4.

Table 4. The synthetic procedure of the manganese-oxide samples.
Synthesis details

Projects Synthesis Dopant  Sample name (code)
method
lon-tuned birnessite for Preci_pitation_in K Birness_ite .
alkaline media Cu Cu?*/Birnessite
ORR catalyst
Pt M200, M450, M600,
Mechanochemical Cu M200(Cu-milled), M450(Cu-
ball-milling milled), M600(Cu-milled),
Manganese oxides for M200(Pt-milled), M450(Pt-
CO- hydrogenation milled),

M600 (Pt-milled),
M600 (Pt-impregnated)
M600 (5nm Pt-sonicated)

Manganese oxide Electrochemical - MnOx-I
electrode for deposition MnOx-M
supercapacitor MnOx-D/CP
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4.2.1 Synthesis of ion-tuned birnessite in alkaline media

Initial potassium birnessite (Birnessite):

Three aqueous solutions were used for the synthesis of Birnessite: 1. 75 ml of KOH
(8.8 mol L?), 2. 125 ml KMnO4 (0.1 mol L™) and 3. 75 ml MnCl, (0.6 mol L?). The synthesis
method [132] used and the mixing of (MnCl,) and KMnOs solutions under vigorous stirring for 2
hours then KOH-solution was dropwise added into this mixture. The mixture was then stirred for
another 30 min and aged at 60 °C for 16 hours. The final product was centrifuged and washed
until the pH of the solution settled between 8-9 and dried at 60 °C overnight.
Cu?*/Birnessite structure:

MnCl; (0.5 mol L'1) and KMnQO, (0.1 mol L'1) mixed with CuCl; (0.1 mol L1) for 2

hours then KOH (8.8 mol L) solution was added dropwise into this mixture. The reaction mixture

was then stirred for another 30 min and aged at 60 °C for 48 hours. The copper tuned birnessite
was finally centrifuged and washed until the pH of the solution settled between 8-9 and dried at
60 °C overnight.

4.2.2 Synthesis of manganese oxide using a ball milling method

Pure MnO, samples (M200, M450, M600)

The samples were synthesized by the mechanochemical method with different milling
speeds as categorized ball milling (pure samples). MnCl,*4H,0 and KMnO, with a 1:0.5 molar
ratio was mixed with 0.09 M of sodium hydroxide and 5 ml of water. The mixture was filled into
a hardened stainless-steel grinding bowl (inner diameter:7.5 mm — volume: 250 ml) of a
Planetary Mono Mill Pulverisette 6 (Fritsch GmbH, Germany) ball-miller equipped with
twenty-five hardened stainless-steel grinding balls of 4 g weight and 10 mm diameter. The
mixtures were milled at speed of 200 rpm, 450 rpm and 600 rpm for 4 hours. The products were
washed with water and freeze-dried for a night (>8 hours). The resulting products were
labeled as M200, M450, and M600 corresponding to manganese-oxide samples
prepared with 200 rpm, 450 rpm and 600 rpm milling speed respectively.

Metal-doped MnOy samples:

M200(Cu-milled), M450(Cu-milled), M600(Cu-milled), M200(Pt-milled), M450(Pt-
milled), and M600(Pt-milled) samples synthesized by the mechanochemical method as
categorized ball milling (metal-doped). 0.0005 M platinum (1V) chloride or 0.0005 M
copper (I1) chloride was added into the mixture of the manganese-oxide precursors
before the milling process. The same quantity of precursors, milling time and milling

speeds (200 rpm, 450 rpm and 600 rpm) were used as in the case of the pure Manganese-
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oxide based catalysts. The final product was obtained after filtration, washing with water
followed by freeze-drying overnight.

Pt loaded M600 samples were prepared by two other methods to study the effect of platinum

incorporation:

Pt loading from H,PtCls by wet impregnation (M600-Pt-impregnated): The required
amount of HyPtCle.xH,O (to reach three wt.% of metallic Pt) dissolved into a
determined amount of ethanol. The ethanol suspension was filtrated into the pores of
the M600 manganese oxide support. The supported catalyst was dried overnight.

Size-controlled 5 nm Pt nanopatrticles loading by sonication (M600-5nm Pt-sonicated):

First, 5 nm diameter Pt nanoparticles were produced [133]. Here, 0.04 g Platinum (II)
acetylacetonate and 0.035 g polyvinylpyrrolidone (PVP, MW = 40,000) was dissolved in 5 ml
ethylene-glycol and ultra-sonicated for 30 minutes to get a homogenous solution. The solution
was poured into a three-necked round bottom flask and was evacuated and purged with
atmospheric pressure argon gas for several cycles to get rid of additional oxygen and water. After
three purging cycles, the flask was immersed into an oil bath heated up to 473 K under vigorous
stirring of the reaction mixture as well as the oil bath. After 10 minutes of reaction, the flask was
cooled down to room temperature. The suspension was precipitated by centrifugation with the co-
adding of acetone to the reaction mixture. The nanoparticles are washed by centrifuging with
hexane and redispersing in ethanol for at least 2-3 cycles and finally resuspended in ethanol. The
concentration of the Pt nanoparticles was measured by the ICP technique. To fabricate
manganese-oxide supported Pt nanoparticle catalysts, the ethanol suspension of 5 nm Pt
nanoparticles and M600 manganese oxide were mixed in ethanol and sonicated in an ultrasonic
bath (40 kHz, 80 W) for 3 hours [134]. The supported nanoparticles were collected by
centrifugation. The products were washed with ethanol three times before they were left for a

night (>8 hours) to dry at 353 K temperature.

4.2.3 Synthesis of manganese oxide nanostructures from the mineral

Preparation of the initial manganese oxide (MnOx-I):

Manganese mineral (MnOx-1) is mechanically crushed to a suitable size by the milling

machine.

Preparation of milled manganese oxide (MnOx-M):

The first step of the milling process was dry milling. The crushed mineral sample was

milled with 20 steel balls each one with 4g weight together in a Ni/Fe/Cr milling bowl, which has
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200 ml volume and 50 mm diameter. The milling speed was set to 450 rpm and the milling reverse
time was 15 minutes. The total time duration of the dry milling process was 2 hours.

The second step of the milling process was wet milling. About 5 ml ultrapure water was
added into the milling bowl, which contained all the components. It was milled for another 2
hours with the same milling speed and set to reverse every 15 minutes. After the second milling
step, the sample was collected in a vacuum filtering device and it was washed 3 times with water
and 3 times with ethanol solution separately. The filtered product was dried in a freeze drier

overnight and collected in a sample tube, where it was kept in dry condition.

Preparation of the solution from as prepared MnOy:

A specific amount (0.03 g) of MnOx-M was dissolved in 20 ml oxalic acid (0.1M). As
shown in equation (12) oxalic acid reacts with manganese dioxide and forming carbon dioxide
gas bubbles and manganese oxalate acidic solution[135]. Later undissolved residues such as
silica, iron oxides from the mineral composites, were separated by a 0.45-micrometre membrane.
After that, about 30 ml, NaOH (0.1M) was added to the filtered manganese oxalate solution. The
colour of the solution was changed from yellowish (Figure 18. (1)) to a weak pink colour [136]
and the pH settled at 3-4 (weakly acidic) (Figure 18. (I1)). The volume ratio of the oxalic acid
and sodium hydroxide was 1:1.5. The predicted chemical synthesis of the formed pink mixture is
written in equation (13). As shown in the equation, 3H" still in the solution and can prevent

Mn(OH)s precipitation.
2Mn4+02+ TH,C,04 = Mn3+2[C204]3 +8C02T + 4H,0 + 6H"* (12)
2Mn* 0+ TH,C;04 + BNaOH= 2Mn(OH)s| +8CO;1 + 3Na:Co04 + 7TH,0 + 3H*  (13)

When the volume ratio of the oxalic acid and sodium hydroxide exceeds 1:1.5, reaching a ratio of
1: 2 or even higher, pH becomes higher than 7. Due to sodium hydroxide reducing ability, the
manganese oxalate complex reduces, and manganese hydroxide formation can take place in the

solution.

The electrochemical and electrophoretic deposition of the manganese oxide (MnOx-D/CP):

Zeta-potential of the formed particles during electrochemical reactions and deposition of
the manganese oxide (MnOx-D/CP) shown in Figure 18. The electrochemical deposition process
took place in a small glass cell containing two electrodes. The cathodic and anodic electrodes are
the same carbon paper electrodes with a height of 2 cm and width of 1 cm immersed in the
solution. The complex electrochemical process took place in the cell. First, manganese oxalate
and manganese hydroxide were reduced at the cathode with the formation of the hydroxide group

as the electrolysis product. Then negatively charged manganese hydroxide particles moved
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toward the anode [137] as showed in Figure 18. (I11) and electrophoretic deposition took place
at the anode (Figure 18. (1V)). The deposited manganese electrode was washed with ultra-pure
water and dried at 200°C for 2 hours.
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Figure 18. Manganese solution in oxalic acid (1), manganese solution with sodium hydroxide in pH 3-4
(11), the electrochemical formation of Mn (OH)- at the cathode and electrophoretic movement toward the
anode (111), and deposited final product on anode after 3 hours (1V).

4.3 Characterization techniques

X-ray diffractometry

Rigaku Miniflex Il powder X-ray diffractometer using a Cu Ka radiation source
(A = 0.15 nm) operating at 30 kV voltage and 15 mA current at room temperature. For crystal
structure characterization a scanning rate of 0.5 degree'min* in the 4-80° 26 range was used.
Raman spectroscopy

The Raman spectra were collected using a SENTERRA Raman microscope (Bruker
Optics, Inc.) applied power 0.25 mW at 532 nm with 1s integration time (with three repetitions)
at a resolution of 4 cm™ and an interferometer resolution of 0.5 cm™.
Thermal analytical measurements

The thermal behaviour of the samples was investigated using thermogravimetry (TA
Instruments Q500 TGA). The instrument worked from RT - 750 °C under both air and nitrogen
atmosphere, where the heating rate was 5 °C/min. All the samples were weighted between
5-20 mg and they were placed into high-purity alpha platinum crucibles. Differential scanning
calorimetric analysis was performed by Q20 (TA Instruments) at RT - 600 °C under constant
airflow and the heating-cooling rate was 5 °C/min.
Microscopic techniques

High-resolution Transmission Electron Microscopy HR-TEM (FEI TECNAI G? 20 X-
TWIN) operated at 200 kV accelerating voltage and Scanning Electron Microscope (Hitachi S-

32



Doctoral (Ph.D.) dissertation Ochirkhuyag Altantuya

4700 Type Il instrument operated at 30 kV accelerating voltage with integrated with EDS) were
used to do morphological and compositional studies.
X-ray photoelectron microscopy

For the analysis of the oxidation states of the manganese catalysts, XPS spectra were
collected with a SPECS XPS instrument equipped with an XR-50 dual anode X-ray source and a
PHOIBOS 150 energy analyzer. All spectra were acquired with Al Ka source operated at 150 W
(14 kV). Survey spectra were collected with a step size of 1 eV and 40 eV pass energy, collecting
1 sweep for each sample. High-resolution spectra of Mn 2p, C 1s, O 1s and Pt 4f regions (the
latter three not shown) were acquired with 20 eV pass energy and step sizes of 0.1 eV. The Mn
2p regions were fitted with multiplet states taken into consideration, which method was described
by llton et al. [138]. Briefly, when determining the spectra of mixed oxides of Mn(I1), Mn(l1l)
and Mn(IV) the data of pure oxides could be used as a starting parameter. These parameters
include peak positions in binding energies, intensity ratios and FWHM values. Due to the
complicated nature of this method, the Mn 2p 1/2 regions were not used for the evaluation. A pre-

peak at lower binding energies (~640eV) was added, which corresponds to lattice defects.
Surface analysis

The Brunauer-Emmett-Teller (BET) surface area and pore radius were measured with a
3H-2000 BET-A surface area analyzer.

Zeta potential analysis

For characterization of the aggregation state of nanoparticles, the hydrodynamic diameter
(number distribution) of birnessite particles was determined at 25 + 0.1 °C using dynamic light
scattering (DLS) method with an apparatus of NanoZS (Malvern) with a 4 mW HeNe laser source
(A=633 nm) operating in backscattering mode at an angle of 173° using disposable zeta cells (DTS
1060). The dispersions were diluted to get an optimal intensity; thus, the samples contained
~100 mg L solid particles. Before the measurements, the samples were homogenized in an
ultrasonic bath for 10 s, after which 1.5 min relaxation took place. Any changes in the aggregation
state of the nanoparticles in aqueous dispersions were characterized by the hydrodynamic
diameter. The effect of pH variation (between 1 and 13) for the different birnessite particles
(Birnessite, Cu?*/Birnessite) was studied at 10 mmol L* NaCl. For evaluation, we used the
second- or third-order cumulant fit of the autocorrelation functions, depending on the degree of
polydispersity. The electrophoretic mobility of birnessite dispersions was measured at 25 + 0.1 °C
in the same Nano ZS (Malvern) apparatus used for DLS measurements. The Smoluchowski
equation was applied to convert electrophoretic mobility to the zeta potential value. The accuracy

of the measurements was +5 mV. The samples for the zeta potential study were the same
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preparation for the DLS, and the electrophoretic mobility measurements were performed
immediately after the DLS measurements.

4.4 Methods and electrochemical experiment setup

4.4.1 The catalyst for oxygen reduction reaction (ORR)
4411 Electrode preparation for oxygen reduction reaction (ORR)

The surface coating of the glassy carbon electrode (GCE, 3mm diameter, BASi®), was
processed by a surface polishing method with an alumina slurry (0.05 pm diameter) then it was
rinsed and sonicated with ion-exchanged water and ethanol, then dried. The birnessite sample was
mixed with carbon black with a 1:1 weight ratio and was dispersed ultrasonically in a 1:1 V/V
ratio mixture of ethanol and water (250 ul) with an addition of 10 ul of 5 wt% Nafion® to get a
homogeneous suspension with the weight concentration of 8.0 mg-mL™'. To form a surface-
modified glassy carbon electrode, 7.5 pl of this suspension was dropped onto the surface of the
pretreated glassy carbon electrode and dried in the air, at room temperature. It corresponds to a
catalyst loading of 0.85 mg cm™2 on the geometric area of GCE.

4.4.1.2 Electrochemical oxygen reduction reaction test

The electrochemical oxygen reduction reaction (ORR) and the durability of the
composites were investigated in a three-electrode glass cell using an ACM Instruments GILL AC
electrochemical workstation at 23°C. The working electrode was a surface modified glassy carbon
electrode (the preparation of which was described above), while Ag/AgCl (3M NaCl, BASi®)
and a platinum wire served as reference and counter electrodes, respectively. The voltammetry
measurements were carried out in nitrogen or oxygen saturated 0.1 M KOH solution. The
measured potentials vs Ag/AgCl (3M NaCl) were converted to the reversible hydrogen electrode
(RHE) scale according to the following equation (14):

E (vs RHE) = E + Esg/agc1 (vs SHE) + 0.059V - pH (14)

where E is the experimentally measured potential vs Ag/AgCI reference electrode, SHE stands
for the standard hydrogen electrode, and E,g/44¢1(vs SHE) = 0.201 V at 23 °C. Electrocatalytic
activity of the working electrodes was investigated by using cyclic voltammetry (CV) in the
potential range between 0 and —1000 mV vs Ag/AgCl (3M NaCl) at a scan rate of 10mVs™.
Linear sweep voltammetry (LSV) measurements with a rotating disk electrode (RDE) were
carried out in the same potential range with a rotation rate between 500 and 2500 rpm. The linear

sweep voltammograms are depicted and used after background correction.
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4.4.1.3 Electrochemical stability of the Birnessite

The electrochemical stability of the as-prepared catalysts was measured by the
chronoamperometric method. The current retention vs operating time curves were registered to
apply a constant potential of 0.4 V (vs RHE) in oxygen-saturated 0.1 M KOH solution at 1500 rpm

rotating rate with 10 000 second operation time.

4.4.2 Catalytic CO2 hydrogenation reaction over manganese-oxide catalysts
4.4.2.1 Pretreatment

Before the catalytic experiments, the catalysts were oxidized in the O, atmosphere at 300
°C for 30 min to remove the surface contaminants as well as the PVP capping agent after that
oxygen was removed from the system by flowing Ar gas for 15 minutes. Then the catalyst sample
was reduced in Hz at 300 °C for 60 min.

4.4.2.2 Hydrogenation of carbon dioxide in a continuous flow reactor

Catalytic reactions were carried out at atmospheric pressure in a fixed-bed continuous-
flow reactor (200 mm long with 8 mm i.d.) and heated externally. The dead volume of the reactor
was filled with quartz beads. The operating temperature was controlled with a thermocouple
placed inside the oven close to the reactor wall, to assure precise temperature. For catalytic
studies, small fragments (about 1 mm) of slightly compressed pellets were used. Typically, the
reactor filling contained 150 mg of catalyst. In the reacting gas mixture, the CO.: H, molar ratio
was 1:4, if not denoted otherwise. The CO2: H, mixture was fed with the help of mass flow
controllers (Aalborg), the total flow rate was 50 ml/min. The reacting gas mixture flow entered
and left the reactor through an externally heated tube to avoid condensation. The analysis of the
products and reactants were performed with an Agilent 6890 N gas chromatography equipped
with an HP-PLOTQ column. The gases were detected simultaneously by thermal conductivity
(TC) and flame ionization (FI) detectors. The CO, was transformed by a methanizer to methane

before analysis with FID.

4.4.3 Electrochemical electrode preparation for capacitance test (CV, GCD, EIS)

Electrochemical measurements were performed on the electrochemical station
potentiostat/galvanostat instrument (Autolab PGSTAT302N, Metrohm Autolab B.V.) in KOH
(0.1M) aqueous solution. The working electrode was a bare carbon paper electrode and MnOx-
D/CP, while Ag/AgCl (3M NaCl, BASi®) and a platinum wire served as a reference and counter
electrode, respectively. The capacitance of the working electrodes was investigated by using
cyclic voltammetry (CV) in the potential range between 0 and -1 V vs Ag/AgCl (3M NaCl) at

different scan rates between 0.005-0.05 Vs Specific capacitance retention measured with
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2100 cycles of CV. The galvanostatic charge-discharge measurement was carried out with a
current density of 0.1 A/g — 2 A/g and a potential limit(cut-off) of 0.5 V. EIS measurement was
performed in the frequency range of 10,000 Hz — 0.001 Hz.

5 Results and discussions

5.1 Characterization results of the manganese oxides
5.1.1 Characterization results of the Birnessite in alkaline media
5.1.1.1  Structural determination and chemical characterization

X-ray diffraction (XRD) patterns of the potassium birnessite (Birnessite) and copper
intercalated one (Cu?*/Birnessite) are shown in Figure 19a. The two main reflection peaks can be
observed at 12.63° (Ospacing=0.69 nm calculated from Bragg’s equation [139]) and 24.8°
(dspacing=0.36 nm) correspond to the (001) and (002) crystal planes of Birnessite, respectively
[132,140]. The addition of the copper-ions resulted in a slight shift of (001) reflection from 12.81°
(dspacing=0.69 nm) t0 12.63° (dspacing=0.70 nm) (Figure 19b). The interlayer distance expansion can
be attributed to the bigger size of the copper-ions as well as the higher amount of total interlayer
cations [141] in Figure 19(c-d). In the case of the pristine Birnessite, the reflection at 27.0°
(dspacing=0.32 nm) corresponds to the impurity raised from manganite (MnO(OH)) which is an
intermediate phase during the birnessite formation. However, this phase is not observable for the
copper intercalated birnessite structure. A weak reflection at ~ 19° and ~ 35° appears, which refers
to the presence of a small amount of the tunnel structured(a-MnQO.) cryptomelane [142] as a result
of a longer ageing process.
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Figure 19. X-ray diffraction patterns (a-b) {XRD patterns. * -birnessite, a- tunnel structured (MnQy), A-
manganite MnO(OH)} and illustration of interlayer distance and intercalated cations of the Birnessite(c)
and Cu?*/Birnessite(d).
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Raman spectra of the samples are shown in Figure 20a. The major peak at 582 cm
corresponds to the v3(Mn-0) stretching vibration in the basal plane of the MnOs sheets [143],
which is slightly shifted in the case of Cu?*/Birnessite to 580 cm™. It correlates with interlayer
distance changes as observed in XRD results (Figure 19b). Further six peaks at 285, 411, 478, 513
and 640 cm™ can be obtained for both samples which are correlating well with typical Raman
shifts of birnessite found in the literature [144]. Notably, when a copper cation being present in
the interlayer structure of Cu?*/Birnessite, the intensity of the peak positioned at 565 cm™ is
significantly decreased [49,145]. Furthermore, in the case of the Cu?*-ion intercalated birnessite,
a peak was observed at 697 cm™ correspondings to the out-of-plane symmetric stretching of
Mn—O of MnOQOg, Which could be attributed to changes of Mn*/Mn®* ratio in the birnessite
structure. The disordering of the octahedral sheets when Cu?*-ions are integrated into the

interlayer space, which is an illustration of the cryptomelane structure forming [146].

Energy-dispersive X-ray spectra of birnessite showed in Figure 20b. The atomic
percentage of oxygen is about 73-75 at%, manganese content is around 18 at% and the interlayer
cationic content (including potassium for Birnessite and copper/potassium for Cu?*/Birnessite) is
about 3-7 at% for both samples, which is similar to typical birnessites [147]. The calculated
formula is Kg1sMnO;*xH,0 for the Birnessite sample, and Cuo20Ko1sMnO;*xH,O for the
Cu?*/Birnessite sample, respectively [148] based on the molar ratio detected from the quantitative

analysis showed in Table 5.
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Figure 20. Raman spectra (a) Birnessite m 565 cm™(in-plane stretch) m 697 cm™ (out-of-plane stretch),
and EDS spectra (b) of the pristine birnessite as well as the copper-ion intercalated birnessite structure.
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Table 5. The chemical component ratio of the birnessite samples from EDS analysis

Ratio Elements Birnessite Cu?/Birnessite
Ko.1sM nOZ*tzo CU0,20K0,15MI’I02*XH20
Mn 43.9 42.4
Weight percentage @) 49.6 449
(wt. %) K 6.8 3.2
Cu - 5.3
0 78 73
Atomic percentage Mn 18 20
(at. %) K 3.2 3
Cu - 4
Molar ratio K/Mn 0.18 0.15
Cu/Mn - 0.20
O/Mn 4,33 3.65

5.1.1.2 Morphology and surface property characterization

Thermal analysis of the samples at RT-750 °C in both air and nitrogen atmosphere with
a heating rate of 5 °C/min are depicted in Figure 21a. Thermal stability of birnessite increased
significantly due to the longer ageing time and the decrease of the interlayer water molecules and
the insertion of copper cations into the interlayer. The first massive decomposition appears at ~
120 °C with a mass loss of 10 % and 6 % for Birnessite and Cu?*/Birnessite, respectively. These
phenomena can be attributed to the desorption of physisorbed water and the removal of interlayer
water [149]. The second decomposition occurs in 2-3 steps at 120-550 °C with a weight loss of
8 % for Birnessite and 2 % for Cu?*/Birnessite, which can be attributed to the loss of lattice oxygen
species. A slight weight increment of ~1 % occurred at about 500 °C for the Cu?*/Birnessite
corresponding to the oxidation of manganese. In the literature, weakly crystallized synthetic
birnessite shows similarly slight weight gain at 500-600 °C in the thermogravimetric analysis
[150]. The thermal stability of both Birnessite sample is quite high, and only 8-18 % of the total
weight is lost before reaching 750 °C. To understand the slight weight increment in the case of
Cu?*/Birnessite at elevated temperature, TG analysis was performed also in a nitrogen atmosphere
(Figure 21b). During the inert condition, no weight gain has occurred. In the case of the air-based
measurements, the Cu?*/Birnessite shows the presence of manganese oxidation from Mn® to
Mn* which can be attributed to the increased amount of the Mn®*" and decreased amount of

crystallization in the samples.
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Figure 21. Thermal decomposition of a) Birnessite and b) Cu?*/Birnessite both in the air and nitrogen
atmosphere at RT-750 °C with a heating rate of 5 °C/min

Differential Scanning Calorimetric results are shown in Figure 22. Endothermic peaks
around 100 °C and 150-350 °C refer to the dehydration of the physical and the chemically
adsorbed interlayer water molecules respectively. In the case of Cu?*/Birnessite, an exothermic
peak around 500 ‘C was observed which corresponds to the transformation of the layered structure
to the tunnel structured cryptomelane due to the oxidation of Mn (I11) to Mn (1V) [151,152].
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Figure 22. Differential scanning calorimetric analysis results of samples at 600 °C with heating and
cooling rate 5 °C/min.

N2 adsorption isotherms and pore diameter: these quantities of the samples are shown
in Figure 23. Type IV N; adsorption isotherm was observable in the case of both samples.
Birnessite displays a smaller specific surface area of 21.6 m?/g compared to typical birnessites

[149], while the specific surface area of Cu?/Birnessite was calculated to be 77.8 m?g,
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respectively in Figure 23a. As can be seen in Figure 23b, the pore diameter is 5 nm and 10-15
nm for Birnessite and Cu?*/Birnessite, respectively showing that the copper ion modification
resulted in a more mesoporous-like structure beside the increased surface area. The development
of a more mesoporous-like structure for Birnessite and Cu?*/Birnessite can be attributed to the
doping of copper ion, which refines layered MnO. nanoparticles into tiny grains, while a longer

ageing process results in higher specific surface areas.
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Figure 23. N, adsorption-desorption isotherms (a), and pore diameter of the Birnessite samples (b).

The pH-dependent aggregation state and zeta potential: In water-based systems, the
metal oxide particles have variable surface charges. The most critical parameters of this
phenomena are the pH [153] and ionic strengths [153,154]. The pH-dependent zeta potential ()
and hydrodynamic diameter (Zave) of the original Birnessite particles, as well as the effect of
Cu?*-ion additions on the surface charges and the aggregation state of the birnessites, are shown
in Figure 24. The surfaces of the Birnessite particles become charged in water due to the reactions
of their surface hydroxyl groups (EMn—OH), controlled by both the pH and the ionic strengths of
the medium [155]. The protonation/deprotonation reactions of (EMn—OH) sites lead to the
formation of positive (EMn—OH.") or negative (EMn—0O") surface charges. The pH is at ~2.5 for
Birnessite particles at the isoelectric point (1.E.P.), where £=0 mV, which is in good agreement
with previously published measurement [155]. Around this pH value, the particles are aggregating
(Zave >1000nm) because of the lack of electrostatic stabilization. Due to the presence of (=Mn-—
O") surface groups, colloidally stable dispersion can be observed at pH values between 4-10,
accompanied by a low Zave and high absolute value of £ (see Figure 24a.). A large amount of
Na*-ion (~100 mmol L) added into the system as NaOH solution to set the pH around 13, which
results in the so-called screen effect. The success of the dispersion process was confirmed by the
~200 nm measured Zave value in the temporarily stable regime, which is very close to the lower

value of the particle size determined by SEM.
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The L.E.P. of Cu?"/Birnessite is shifted from pH~2.5 to pH~3.5 (see Figure 24b). The
addition of Cu ions can lead to several chemical alterations in the mixture. First, the intercalated
K ions can be exchanged by polyvalent Cu cations (justified by the lattice distance changes
determined by XRD). The charge of cations can modulate the oxidative state of the manganese in
the layer, namely, they are partially converted from the stable Mn** to Mn3* (proved by Raman
spectroscopy, TG, EDS). This phenomenon affects the surface charge properties due to the shift
of the (=EMn—OH) groups’ pH. Secondly, a small part of the added Cu ions could form an
oxide/hydroxide nanoparticle. These nanoparticles have their surface functional groups (=S-OH)
with representative protonation/deprotonation equilibrium. Based on the literature, the 1.E.P. of
copper-oxide nanoparticles is about pH~6.8 [156], so the contribution of the protonated (=Cu-—
OHy") surface groups (pH > I.E.P.) can explain the shift of the { values presented in Figure 24b.
Furthermore, these changes result in the increase of the aggregation regime for Cu?*/Birnessite
(see Figure 24c) probably due to heterogeneous coagulation.
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Figure 24. Characterization of the Birnessite (a) by the pH-dependent zeta potential () and
hydrodynamic diameter (Zave) at 10 mmol L NaCl. Effect of Cu ion addition on (b) the zeta potential
and (c) the hydrodynamic diameter of the Birnessites particles at 10 mmol L NaCl.

According to the £ measurements, we could improve and prepare samples with the best
parameters for the ORR investigations. As seen in  results, the Birnessite particles are aggregated
in alkaline conditions, so the usage of carbon black during the preparation of the electrodes for
ORR measurements is necessary to get an appropriate layer under the condition of ORR

experiments.

41



Doctoral (Ph.D.) dissertation Ochirkhuyag Altantuya

Scanning electron microscopic images showed that the birnessite consists of larger well-
crystallized plates (sheet-like) with length from 100 nm to a few micrometers (Figure 25a). In
the case of Cu?*/Birnessite due to copper intercalation and longer ageing process, the sheets are
smaller, and aggregated miniature sheets were formed with rod-like wires (Figure 25b).
Transmission electron microscopic images of the samples (Figure 25c-d) show similar
morphological structures as images made by the SEM. HRTEM images (Figure 25e-f) reveal that
the leading lattice distance of the Birnessite was 0.69 nm while it was measured to be 0.70 nm in
the case of Cu?*/Birnessite pointing to the presence of a slight interlayer distance expansion due
to the presence of Cu?*-ions. These results correlate with results obtained by XRD (Figure 19b).
The morphology of these samples is similar to the typical birnessite structures as published in the

literature [157].

/
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Figure 25. Typicél SEM images (a-b) and TEM images (c-d), and HR-TEM images of the birnessite
samples (e-f). The images created from undoped Birnessite samples on the left (a,c,e) and Cu®*/Birnessite
samples on the right (b,d,f).

5.1.2 Characterization results of the ball-milled manganese oxides

5.1.2.1  Mechanochemical synthesis and energy calculation

The high-energy ball milling process is presented in Figure 26a. Also, milling-map of
samples milled with different rotation speeds 200rpm (M200), 450rpm (M450), and 600rpm
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(M600) was shown in Figure 26b, where the ball-impact energies (Ey) [158,159] and cumulative
energies (Ecum) are calculated by equation (15) and (16), respectively [158-162]. This model
allows the calculation of the impact energy of a single ball hit as well as the amount of the total
energy transferred to the milled material during the process. By comparing results from a simple
statistical model with those of the “Burgio-Rojac model” [159] we were able to demonstrate that

the latter provides a more appropriate framework for the interpretation of milling-induced changes

w,) (D, -d, (D, -d, }
w2 )T ) | @

is the obstruction coefficient and the other variables

in the different oxidation state manganese-oxide.

2
.1 wd? W, ) (D,-d, ) [, W
AEb:'(ﬂb'Ka'[Pbb]'Wz [v (vbj .{1_ZVJ_2R
P W, 2 W, P

2 6
, where “K” is the constant of the mill, “@”

WV
W

p

are the geometrical parameters of the mill and the milling drum. By modifying this equation (15)
with the frequency of the impacts (v), the milling time (t) and the measured material’s mass (mp),

the cumulative energy (Ecum) equation (16) can be calculated. It shows the energy value that is

given off to one gram of milled material.
Eqm = (AE; v, -t)/ m, (16)

By using the calculated E, and Ecum e€nergies, milling-maps were made, to illustrate the changes
in each sample (M200, M450 and M600). As shown in Figure 26b, due to rotation speed increases
the ball impact energy (Es) and cumulative energy (Ecum) both increased by a certain amount,

which affects the crystal structure and physical-chemical properties of the samples.

Rotation direction W‘ (rpm = 200 450 600
(centrifugal force of T MnOx 800- E : i
bowl movement) F--tmmm o - JI ______________ ,
\ i i M600;
0 centrifugal force of b 600- : : :
o et e (disk m‘u\"cll\im) : E‘) ! : !
N =400 : |
Q. 8 el @ M40 :
@) = : : :
‘ O 200 : : :
(coriolis force) B | 1 \
1 M200 | :
_— oo Y, S |
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(a) Rotation direction (b) Eb(mJ/hlt)

Figure 26. Schematic view of the motion of the ball and powder mixture in the high-energy ball milling

process (a) and milling-map of samples, displaying the grounding process with different ball-impact (Ep)

and cumulative energy (Ecum) Which is dependent on the rotational speed (W) (b). All the samples were
milled for 4 hours.
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5.1.2.2 Structural determination and chemical characterization

Figure 27a shows X-ray diffraction patterns of the milled samples. The main reflection
peaks of the sample milled at 200 rpm (M200) are at 12.4°, 25.1°, 36.9° and 65.4°, which
correspond to birnessite type 6-MnO; (JCPDS 421317) [163,164]. The reflection peaks of the
sample milled at 450 rpm (M450) are at 12.4°, 25.3°, 36.5°, 44.6° and 65.4° and they also
correspond to the birnessite type o-MnQO, (JCPDS 421317) [165], except 44.6° which matches
with hausmannite-type amorphous Mn3zO4 (JCPDS 011127) [166]. The sample milled at 600 rpm
(M600) showed only three major reflection peaks at 36.2°, 44.6° and 64.6°, which peaks are
matched with amorphous Mn3;O4 (JCPDS 011127) [166,167]. The crystal structure tuned by
birnessite type manganese (IV) oxide (M200) reduces to manganese (111 and Il) oxides in the case
of M450 and M600 samples under alkaline conditions during the milling process. As the rotation
speed increases, the energies (E, and Ecum) increase as well and the temperature rises slightly
inside the milling chamber. Consequently, the interlayer water is partially released, which

weakens the layered structure.

Figure 27b shows the Raman spectra of the samples, where the characteristic Raman
shifts of the Mn—-O symmetric stretching vibration at 647 cm™ could be observed for all three
manganese oxides. The shift at 575 cm™ originates from the Mn-O symmetric stretching vibration
in the basal plane of [MnOg] sheets of birnessite, and it is dependent on the presence of Mn** ions
in sample M200 and M450, respectively [168]. In the case of M600, which is an amorphous
hausmannite type manganese oxide [144], the Raman shift at 575 cm™ is absent due to the total

transformation of Mn(I1V) into Mn®* and Mn?* ions in the structure.
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Figure 27. X-ray diffraction patterns of the pure samples (a) {* birnessite type 6-MnQO_, m Mn304
phase}and Raman spectra of samples (b).

X-ray diffraction patterns of the metal (Pt and Cu) doped samples and their Raman shifts are
shown in Figure 28. No additional peaks were observed in the doped samples for both
measurements, which illustrates that loading during the milling process does not alter the original

crystal structure of the manganese oxides. One thing to note for Raman spectra in Figure 28d:
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the ratio of the Mn-O liberal stretching and the Mn-O basal plane stretching of the M200 samples
are slightly fluctuating due to the Pt or Cu atoms in their structure.
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Figure 28. X-ray diffraction patterns of the metal (Pt and Cu) doped samples (a-c) and their Raman
shifts(d-f).

The Energy-dispersive X-ray spectroscopic elemental analysis results are summarized in
Table 6. The EDS spectra reveal that the samples consisted of oxygen, manganese, potassium,
sodium, and doped metal elements only, and no impurities from the milling bowl and balls can
be found. The sodium and potassium contents were decreased from 0.9 atomic percentage (at %)
and 6.51 (at %) to 0.11 (at %) and 2.64 (at %), respectively as the milling speed was increased
from 200 rpm to 600 rpm. The presence of Pt-dopant resulted in a ~4 times higher sodium and
potassium content for the Pt-doped M600 sample compared to the pure M600. Also, a similar
trend showed in the case of Cu doping. The weight percentage of the Pt in M600 (Pt-milled) was
~ 3 (wt.%) proving the Pt atoms were fully incorporated into the structures confirmed the weight

ratio from the precursors (Table 6)

Table 6. Composition of the manganese oxide catalysts evaluated from SEM-EDS data.

Sample Composition (at. %) Composition wt.%

Mn K @) Na | Pt Cu | Mn K ) Na Pt Cu
M200 2777 090 6481 6.51 - 5553 128 37.74 545 - -
M450 2190 0.29 7332 449 - 4831 046 47.09 414 - -
M600 16.80 0.11 80.46 2.64 - 4056 0.18 56.59 267 - -
M600 19.11 051 7128 870 0.39 - 4221 080 4586 804 309 -
(Pt-milled)
M600 18.60 0.36 7432 6.07 - 05 4260 059 4945 581 - 1.55
gi“;d)
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5.1.2.3 Morphology and surface property characterization

Figure 29a displays the results of the specific surface area measurements. The surface
area of the sample was dependent on the milling speed, and it is increased from 11 m?/g to 150
m2/g for M200 and both M450, M600, respectively presented in Table 7. M200 had mostly
micropores, while M450 and M600 were mesoporous with an average pore radius of ~6 nm
(Figure 29b). Manganese-oxides milled at higher milling speed (M450 and M600) presented a
higher average specific surface area than manganese-oxide nanoparticles observed in the literature
[169,170]. No significant difference was observed in metal (Pt, Cu) loaded samples.

Table 7. Specific surface area results of the ball-milled manganese-oxide samples

Samples  Specific surface aream?/g  Pore radius, nm Pore volume, cc/g
M200 11 <2 0.06
M450 159 >5.7 0.7
M600 159 >5.8 0.6
600
—=— adsorption M600 —a— M600
S - —e— desorption M600 S
L0 L% e adsorpp:ion M450 Lo 000 —e-M450
m | —»desorption M450 ot ——M200
g 400 —e—adsorption M200 - 0.00
N 1  —desorption M200 g
X
@ 0.002
=
=
S 0.0014
A
0 — T T T T T T T 0.000—7—"r——">— N 7 ;
(a) 02 04 0.6 0.8 1.0 (b) 50 100 150 200 250 300 350 400 450
P/P, Pore radius (A)

Figure 29. N, adsorption analysis full isotherm (a) and the pore radius of the pure samples calculated
from BET evaluation of N, adsorption-desorption isotherms (b).

Figure 30a reveals that the thermogravimetric analysis result of the samples in the air.
The main thermal changes in M200 and M450 samples are both like the typical synthetic
birnessite. During the first decomposition step at RT - 110 °C with a weight loss of ~6 % caused
by the release of physically adsorbed water [149]. The second weight loss of ~2 % resulted at 220
°C stemming from the release of physically adsorbed water from the interlayer spacing [171]. The
third weight loss occurred at 500 °C and 570 °C for M200 and M450 respectively, which
corresponds to the reduction of Mn(1V) to Mn(lll, I1) and the formation of Mn,O3 [172]. The
fourth change occurred around 550 °C and 630 ° C for M200 and M450, respectively, where 1%
of weight gained due to the slow re-oxidation of the manganese MnzO4 to Mn;O3 and a-MnO-
[173,174]. Itis interesting to note, that only in the case of the M200 sample, a fifth thermal change
occurred where the rest of the Mn,Os; reduced to Mn3O4at 680 °C [175]. On the other hand, the
thermal decomposition behaviour was quite different for the M600 sample due to the presence of

Mn(Il, 111)-oxide phases. The first decomposition occurred at 110 °C with a ~4 wt % weight loss,
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which corresponds to the release of physically adsorbed water. The second change occurred with

~1% weight gain at 200 °C possibly stemming from the oxidation of manganese and phase change
of Mn3O4 to Mn,0O3[173]. The third change was a weight loss of ~ 2% due to the reduction of
Mn,0O; to Mn3O4 [175]. Oxidation occurred at low temperature for the M600 sample, which
indicates that the amount of Mn(l11) is much higher than the other two samples. Also demonstrates
slow crystallization of the amorphous morphology [149]. Thermogravimetric analysis result of
the samples in nitrogen disclosed in Figure 30b. No weight loss or gain occurred at 300 °C - 550
°C for the M600 sample in nitrogen flow helping to prove the results and discussion about the

thermal analysis under air.
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Figure 30. Thermal decomposition of the pure samples at a heating rate of 5 °C min—1 in the air (a) and
in nitrogen (b).

In Figure 31(a-c), X-ray diffraction patterns of the samples after TG analysis in both air
and nitrogen atmosphere showed that a-MnO; and Mn3;O4 oxides produced in thermal analysis in
air, while only Mn3;0,4 remained for M200. In the case of the M450 sample, a-MnO. and Mnz04
phase formed, compared to M600, where only Mn3;O, created under oxidative conditions. From
the thermal gravimetric analysis of the samples and the X-ray diffraction patterns of the end
products (after TGA), we can derive the same conclusion as from the diffraction patterns of the
initial samples, such as M200 is mainly consisted of MnO, (manganese oxidation state: +4), and
M450 consists of MnO; and a minor amount of Mn3;O. (manganese oxidation state: IV, 111, 1),

while M600 consists of almost pure phase MnsO,4 (manganese oxidation state: 111, I1).

— M200 in air — M450 in air — M600 in air
— M600 in nitrogen
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Figure 31. X-ray diffraction patterns of the samples after TGA analysis: a) M200, b) M450, and v) M600.
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Figure 32b presents the differential scanning calorimetric results of the samples. During
the heating process at low-temperature (150 °C), endothermic peaks appear for M200 and M450
related to the dehydration of interlayer water and formation of Mn,O3z Endothermic peaks at
higher temperatures illustrate that the reduction of the Mn(l11) to Mn(ll) and the possible phase
transition to tunnel structured flakes of Mn3O4[176]. In the case of M600, one endothermic peak
observed around 550°C, which illustrates the phase transition of Mn3;O4 from an amorphous state

to nanoflake-structured.
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Figure 32. Differential scanning calorimetry results of the milled samples at 600 °C.

Figure 33(a, ¢, €) and (b, d, f) show the scanning electron microscopic (SEM) and
transmission electron microscopic images, respectively. With the increment of the milling speed,
the average particle size also decreased. M200 sample has larger flakes and aggregated sheets
identical to the typical birnessite-structure [74], while at higher milling speeds, the crystal
structure was ruined due to the higher mechanical impact as well as the higher temperature
resulted in the decreases of the interlayer water. Besides the fact that the average oxidation state
of manganese decreased in the case of M450 and M600 samples compared to the M200 sample,
the structure of the M450 consisted of a mixture of sheets and flakes and M600 consisted mostly
of 10-50 nm small nanoflakes [177].
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Figure 33. Scanning electron microscopic images (SEM) and Transmission electron microscopic (TEM)
images of the pure samples (a-b) M200, (b-c) M450 and (e-f) M600.

5.1.3 Characterization results of deposited manganese oxide from natural ore
5.1.3.1 Structural determination and chemical characterization

Figure 34a displays the X-ray diffraction patterns of the initial manganese oxide (MnOx-
I) and manganese mineral (MnOx-M). Before and after milling, the crystal phase is not changed
for both samples and the diffraction peaks at 28°, 36°, 43°, and 56° 20 are matching with beta
MnO. reference (JCPDS 24-0735) [178]. Due to milling and washing, silica and iron content may
have decreased by some amount, which can be seen by the reduction of the diffraction peak
intensity at 26° [179][180]. Figure 34b shows a carbon paper (bare CP electrode) and the inset
graph shows the electrochemically deposited (MnOy-D) diffraction patterns. The peaks at 18°,
29°, 33°, 36°, 38°, 45°, 60° and 66° are indexed by the crystal faces (101, 112, 103, 211, 004,
220, 224 and 400), which correlates with the diffraction peaks of Mn3;O4 (JCPDS 024-0734)
[181][182], except the peaks at 26° and 55°, which are the carbon paper electrode diffractions
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peaks [183]. Figure 34c shows the Raman spectra of the MnOx-1 and MnOx-M. As shown in the
figure, initial manganese (MnOx-I) contains some organic residues which have a broad shift at
2000-3000 cm™. Intense shift positions at 650 and 530 cm™ reveal that MnOy-1 and MnOx-M are
both beta manganese oxides (B-MnQO,) [184]. This outcome compromises the XRD result.
Additionally, the peak at 585 cm™ illustrates that MnOx-1 was containing a significant amount of
layered structured delta manganese dioxide (5-MnQ.) phase but after the wet milling this crystal
structure is decreased for MnOx-M. Figure 34d illustrates the deposition of manganese oxide on
bare carbon paper electrode. As seen in the figure, no shifts detected corresponding to carbon
paper which illustrates a full cover of manganese oxides on the surface. The intense peaks at 636,
460, 320, and 290 cm*are corresponding to the Raman shifts of MnsO4 reported in the literature
[184].
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Figure 34. X-ray diffraction patterns of the MnOx-M and MnOx-I (a), and carbon paper and MnOx-D
deposited on carbon paper (b), Raman spectra of the MnOx-M and MnOx-I (c), and carbon paper and
MnOx-D deposited on carbon paper (d).

X-ray electron diffraction spectroscopy (EDS) analysis data of the samples is showed in
Table 8. The original mineral sample (MnOx-I) was containing numerous impurities such as
silica, aluminium, iron, sodium, potassium, magnesium, and barium. After the wet milling,
impurities of the natural mineral decreased even barium and magnesium content removed but a
negligible amount of chromium and nickel detected which was caused by the ball milling as can
be observed in our previous work as well [185]. Figure 35a-c shows the image of the mapped

area and the chemical element mapping of the MnOx-M and MnOx-D/CP. The sample which
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electrochemically deposited on carbon paper MnOx-D/CP illustrated in Figure 35d and chemical
analysis proves that the impurity of the manganese mineral sample is reduced due to dissolution,
filtering, electrochemical process, and washing. The manganese content of MnOx-D was higher
than both the MnOx-1 and MnOx-M with about 40 wt.% of manganese, which is almost the same
as synthetic manganese oxide from chemical reagents [186][187]. As shown in Figure 35d, the

deposited sample contains mostly manganese and oxygen and a small amount of iron and sodium

are present.

Figure 35. EDS-mapping used SE (second elementary image) of the MnOx-M (a-b) and MnOx-D
deposited on carbon paper (MnOx-D/CP) (c-d).

Table 8. Quantitative chemical analysis result (wt.%) of the samples.

Chemical elements MnOx-1 MnOx-M MnOx-D
wt.% wt. % wt. %

Mn 40.70 43.73 43.30

0] 47.26 41.82 49.19

Al 1.12 0.86 0.55

K 0.08 - -

Ba 0.41 - -

Si 1.70 1.38 0.33

Fe 7.07 7.54 3.09

Ni - 0.81 -

Cr - 1.32 -

Mg 0.42 - -

Na - 0.33 0.86

C - - 2.07
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5.1.3.2 Morphology and surface property characterization

Figure 36 shows morphological features and size distribution of the samples. After the
mechanical crushing of the sample MnOx-I (more suitable for the milling), which contains pieces
with a diameter of about 500 micrometres or even bigger (Figure 36a). After the milling (two-
staged wet milling) particle size of the MnOx-M was decreased to <500 nm (Figure 36c). Due to
the decreases in the manganese oxide particle size, the dissolution rate of manganese dioxide was
increased [188][189]. MnOx-D was electrochemically deposited on carbon paper (Figure 36b).
As seen in Figure 36D, the carbon paper electrode surface below the red dash line was immersed
(deposited) and above the line was not immersed (original carbon paper) surface. Figure 36d
reveals that electrochemically formed MnOx contains tiny sheet-like or flower-like structure sized
about 100 nm same as the flower-like Mn3O4 [190]. Those tiny particles were connected as knitted
cotton by the cathodic formation of manganese particles. Transmission electron microscopic

image reveals the true morphological shape of the materials in Figure 36e-f.

Figure 36. Scanning electron microscopic image of the samples; a) MnOx-1, b) MnOx-D/CP, ¢) MnOx-
M at higher magnification and d) MnOx-D/CP at higher magnification. Transmission electron
microscopic image of MnOx-M (e) and MnOx-D/CP (f).
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5.2 Application test results and discussions

5.2.1 Oxygen reduction reaction (ORR) catalyst Birnessite
5.2.1.1 Cyclic voltammogram

ORR activity of the samples was examined using cyclic voltammetry and linear sweep
voltammetry and their stability were tested by the chronoamperometric method. All
electrochemical measurement was performed in alkaline media (0.1 M KOH) in a three-electrode
glass cell, using glassy carbon electrode modified with the samples as the working electrode,
Ag/AgCI electrode as reference electrode and platinum wire as a counter electrode. As Figure 37
shows, a reduction peak appears on the voltammograms measured in the oxygen-saturated
electrolyte compared to the background measured in nitrogen saturated electrolyte. The peak
position was 0.73 V vs RHE in the case of pristine Birnessite (Figure 37a) while it was 0.77 V
vs RHE in the case of the Cu?*/Birnessite (Figure 37) modified GCE. The onset potential of the
pristine Birnessite was measured to be 0.8 V vs RHE while this value was shifted in the case of
the Cu?*/Birnessite modified GCE to 0.87 V vs RHE, similarly to the shift of the reduction peak
position. These values are comparable to the results observed for common ORR catalysts [191].
Notably, the voltammograms in Figure 37b show two oxidation peaks at 0.57 and 0.82 V vs
RHE, which correspond to the oxidation peaks of Cu to Cu(l) and Cu(l) to Cu(ll), respectively
[192]. Elemental Cu can be originated from the reduction process of the Cu(ll) during the
electrochemical measurement [193]. The reduction peaks are not visible on the measured
voltammograms, likely because of the small amount of copper present in the sample, which gives
relatively small current values during the reduction process compared to that of the parallel

oxygen reduction reaction [194].
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Figure 37. Cyclic voltammograms of the GCE electrodes modified with the as-prepared (a) Birnessite
samples, and (b) Cu®*/ Birnessite samples. All measurements were carried out in 0.1M KOH solution at
10 mVs scan rates.
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5.2.1.2 Linear sweep voltammetry and electron transfer number

Figure 38a-b shows the LSV curves of the glassy carbon electrodes modified with the as-
prepared samples. As it shows, the current density was increased with increasing rotation rates.
Electron transfer numbers were calculated from the linear sweep voltammograms at different
rotation rates by using the Koutecky-Levich equation (17) [195]. The Koutecky-Levich plot of
the Birnessite-modified GCE electrodes at various potentials is depicted in Figure 38c-d. The
parallel straight trend lines can be attributed to the first-order reaction kinetics of the ORR [196].
The extrapolated K-L plots have non-zero intercepts, thus mixed Kinetic-diffusion control exists
in the investigated potential range [197].

1 1 4 1 1 N 1
JooJk Ja TleCg2 0-62nFD(2)2/3v_1/6632w1/2 @17

where j, and j; are the kinetic and diffusion-limited current densities, while j is the
experimentally measured current density, n is the electron transfer number, (the number of the
electrons transferred per oxygen molecule), F is the Faraday constant, k is the rate constant of the
oxygen reduction reaction, cgz is the oxygen concentration in the electrolyte (1.2x10° mol cm™
in 0.1 M KOH at 23 °C) [198]. Dy, is the diffusion coefficient of oxygen in the electrolyte (1.9x10°
Scm?sin 0.1 M KOH at 23 °C) [198], v is the kinetic viscosity of the solution (8.9x10° cm?s™?)
[199] and w is the angular velocity of the electrode [rad s?]. One revolution per second

corresponds to 27 rad s~* [200].
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Figure 38. LSV curves of the GCE modified with (a) Birnessite and (b) Cu®*/Birnessite. Koutecky-
Levich plots of GCE modified with (c) Birnessite, and (d) Cu?*/Birnessite obtained from rotating disk
electrode LSV measurements.
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Figure 39a shows the comparison of the LSV curves at 1500 rpm rotation rate. The
reduction peak shifted from 0.8V to 0.87V, although the reduction current densities (taken at 0 VV
vs RHE) did not change after the intercalation, which was measured to be 4.6 mA cm for both
pristine Birnessite and Cu?*/Birnessite. The calculated electron transfer numbers were
summarized in Figure 39b. It is seen that the calculated electron transfer numbers are close to 4
(~3.4 and 3.6) in both Birnessite and Cu?*/Birnessite case, and the oxygen reduction reaction
mainly proceeds through the four-electron pathway with their use, proving that both samples show
great promise as a cathode catalyst material for fuel cells. The ORR activity was improved with
Cu?*ion-doped Birnessite catalyst compared to the activity with pristine Birnessite catalyst, based
on the calculated ~10% electron transfer number increment, and the measured positive shift in the
oxygen reduction potential peak and onset potential. These phenomena can be explained by
several causes based on the literature. As others already stated, the Mn*/Mn*" oxidation state ratio
plays an important role in ORR catalytic activity and ion-tuning (Ag* and Zr*") increases the Mn** ratio
in birnessite type manganese oxides [113,201,202]. As shown in Raman spectra (Figure 20a) the
peak observed at 697 cm™ corresponds to changes of Mn**/Mn3* ratio in the birnessite structure
and disordering of the octahedral sheets when Cu?*-ion are integrated into the interlayer space
[146]. Wang et al. found that the mutual action between the intercalated ion Zr** (in our case Cu?*)
and the Mn3* ions results in increased O, adsorption for ORR [201]. A similar connection can be
hypothesized between the birnessite and the intercalated copper ion, as others have already investigated
the adsorption of oxygen species to the surface of similar material and found that there is a strong
synergistic effect between copper and manganese [193][203]. Likewise, the smaller particle size is
boosting the activity owing to the larger surface-to-bulk ratio and numerous surface defects.
Higher surface areas provide more active sites of the contact between catalyst and electrolyte
[204].
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Figure 39. LSV curves of the as-prepared sample measured at 1500 rpm (a) and summary of the
calculated electron transfer numbers (b). All measurements were carried out in 0.1 M KOH solution at 10
mVst scan rates.
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5.2.1.3 Tafel slope and stability

Figure 40a shows the LSV derived Tafel slopes, where a slight increase can be
experienced and the value was found to be -99,8 mV/decade for pristine Birnessite m\/decade
and -94,4 for the Cu?*/Birnessite. These values are also similar to those reported in the literature
(ref: [106], [113] from Table 9). The stability of the catalysts was evaluated by measuring the
current retention-operating time curves with the chronoamperometric method at 0.4 V (vs RHE)
potential in oxygen-saturated 0.1 M KOH solution at 1500 rpm rotating rate as seen in Figure
40b. The stability study reveals that the as-synthesized birnessites have high stability with over
10 000 s operating time. It is exciting to note that Cu?*/Birnessite shows higher stability (94.8%
current retention) than the pristine Birnessite sample (87.4% current retention), which can be the
results of the interlayer copper ion stabilizing the Mn®*/Mn*" species in the catalyst during ORR
[205]. As Yadav et al. explain, the reversibly intercalated copper stabilizes and enhances its
charge transfer characteristics. As can be seen in Figure 37b, a portion of copper ions can be
reduced by oxygen and form an oxidized copper state, which is typical phenomena for the copper
included ORR catalysts [192]. The comparison of the ORR catalytic activity test results of two
synthesized samples with those of the literature can be seen in Table 9. The pristine birnessite
and Cu?*/Birnessite samples both can be utilized as a cathode catalyst in fuel cells as the results

are comparable to other already published manganese oxide-based ORR catalysts.
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Figure 40. (a) Tafel slopes derived from LSV data and (b) Stability measurement of the samples
measured at 0,4V (vs RHE) in oxygen saturated electrolyte at 1500 rpm rotating rate. All measurements
were carried out in 0.1 M KOH solution at 10 mVs™ scan rates.
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Table 9. Manganese oxide-based catalysts and Cu doped different support catalysts for ORR.

Stability test

Tafel Electrolyte A
Catalyst Bonsat Bz g5 ETN solutio)r/1 operation time o orence
V) V) mv (n) (M) (s), retention
(%)
Birnessite 2 0.8 0.64 -99,8 3.4 0.1 KOH 10,000 sec, 87 % This
study
Cu?*/Birnessite ? 0.87 0.67 -944 3.6 0.1 KOH 10,000 sec, 95 % This
study
Ag-MnO; ¢ 0.83 - 89 4 0.1 KOH 45,000 sec, 91 % [106]
Ag-MnO,/C ¢ 0.87 0.80 -79 3.9 0.1 KOH 45,000 sec, 97 % [113]
MnO; ¢ - - - - 6 KOH - [114]
(polymorphs)
Cu-0-MnO," -0.09 -0.30 - 331 0.1 KOH - [117]
MnsO4/Nano-C ¢ 0.87 0.85 - 3.9 0.1 KOH 20,000 sec, 97 % [206]
Mn;03, MnO; ¢ 0.4 - - 4 0.1 KOH - [207]
MnO,/C ¢ - 0.04- 50 2.4 0.1 KOH - [208]
0.05
MnOx-C(D) © - - - 381  0.1KOH - [209]
Ni-MnO,/C ¢ 0.40 - 55 4 1 NaOH - [210]
LagsSri3MnOs b ~0.85 - - ~4 - - [211]
NiMnO,-4.9 0.89 0.70 68 3.66 0.1 KOH 5000sec, >90% [202]
Copper doped different support materials
Cu-N-rGOP 0.91 0.78 - ~4 0.1 KOH 10,000 sec, 92% [212]
8% NS — RGO - -0.06 - - 3.35 0.1 KOH - [213]
Cu—-MOF
Cu/Pt - 0.87 -50 ~4 0.2 NaOH 2000 sec, 65% [214]
Cu-N-C¢ -0.06 -0.15 - 3.92 0.1 KOH 20,000 sec, 92% [215]
M-NC-CoCu? 0.85 0.75 63 3.9 0.1 KOH  ~60,000 sec, 90% [216]

2 RHE reference electrode was used

® Ag/AgClI reference electrode was used
¢ Hg/HgO reference electrode was used
4 Hg.Cl reference electrode was used

5.2.2 Carbon dioxide hydrogenation catalyst ball-milled MnOx

Manganese-oxides prepared with different milling speed as well as several Pt and Cu-
doped (loaded with ball milling, wet impregnation method and ultrasonication assisted addition
of nanoparticles) manganese-oxides tested in CO; hydrogenation to form carbon-monoxide and
methane at 573-823 K in a fixed-bed continuous-flow catalytic reactor at ambient pressure. The
catalytic activity was monitored by the consumption rate and selectivity, which is discussed in the
following chapters. The reaction rates and calculated activation energies for CO hydrogenation

reactions over all samples are summarized in Table 10.

5.2.2.1 Effect of milling speed

All the ball-milled manganese-oxide prepared with different milling speed (M200, M450,
M600) were active in CO, hydrogenation reaction at > 600 K and was producing mostly carbon-

monoxide besides a small amount of methane (Figure 41a). In the case of the reaction tested at
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873 K, M600 catalysts showed the highest CO, consumption rate (~20.000 nmol-g-s™) followed
by M450 (17.500 nmol-g*-s!). Both M600 and M450 were almost two times more active
compared to the catalyst milled at 200 rpm (~10.000 nmol-g*-s*). The high activity of
manganese-oxide milled at higher speeds can be attributed to the high specific surface area [217]
and porosity as well as the morphological differences. It is interesting to note that these kinds of
noble metal-free oxides have unusual activity compared to mesoporous MnO., samples. Also, they
are competitive with other metal-based (e.g. Ni, Co) oxides in CO; activation [134]. All M200,
M450 and M600 were stable at 873 K under reaction condition for ~10 hours (Figure 41b).
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Figure 41. The CO, consumption rate of manganese oxides synthesized by different milling speed (200
rpm-M200, 450 rpm-M450 and 600 rpm-M600) as a function of temperature (a) and function of time (b).

Furthermore, X-ray diffraction patterns of the pure samples milled with different speed
after the pretreatment in hydrogen and after the CO, hydrogenation test were displayed in Figure
42. A diversity in the ratio of Mn**: Mn®*: Mn# is clearly shown by the detected phases, which
can be another explanation of the catalytic activity difference. After the pretreatment, the
birnessite type 6-MnO, ratio decreased, and mostly amorphous or nano-scaled Mn(ll, 111);04 and
Mn(I1)O presented in the catalyst before the reaction. But after the CO, hydrogenation, all three

samples have the same MnO crystal phase on the surface.
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Figure 42. X-ray diffraction patterns of the samples {{* birnessite type s-MnOz, m Mn3O4 phase, A-MnO
phase} pretreated (a) and after CO, hydrogenation test (b).
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5.2.2.2 Effect of one-pot loading of Pt and Cu doped catalysts

To enhance the catalytic activity, we used a simple one-pot method to dope 3 wt.% of Pt and Cu
into the manganese-oxide nanostructures during the milling process. The catalytic activity was
significantly enhanced by adding Pt into the manganese-oxide structure at 673 K (Figure 43a.).
In the case of the Pt-doped manganese-oxide catalyst milled under different speed, ~12-13 times
increment in catalytic activity observed, showing the presence of the significant role of the Pt
where the effect of the milling speed was insignificant. Cu-doping resulted in a ~2.5 times
increment in catalytic activity compared to the pure manganese-oxide catalysts. At higher
temperature (873 K) displayed in Figure 43b, the catalytic boosting effect of Pt, as well as Cu-
doping, was negligible. All the metal-loaded catalysts showed similarly high activity (~20.000
nmol-g1-s™1) as the pure manganese-oxide milled at 600 rpm. This phenomenon shows that the
particular mixed Mn(lV, Ill, Il)-oxide role is crucial in the catalytic activity at higher
temperatures. These changes illustrate that temperature plays a vital role in the manganese oxide-
based catalysts due to crystal structure changes and the reducibility of the manganese oxides.
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Figure 43. Temperature effect for the CO, consumption rate of the samples at (a) 673 K and (b) 873 K.

5.2.2.3  Effect of Platinum incorporation

Three different types of Pt-loaded M600 prepared by using one-pot synthesis, incipient
wetness impregnation as well as loading of pre-synthesized 5 nm Pt nanoparticles to the catalysts
by ultrasonication. All Pt-doped catalysts displayed almost the same catalytic activity (Figure
44a-b). Usually, the wet impregnation method or even designed surfaces by adding controlled
sized nanoparticles resulted in specific loading of the metal onto the surface as well as a catalytic
activity increment [218]. These tests support the idea that the main working surface of these kinds
of catalysts based on the manganese-oxide, regardless of the quality and type of doped metal onto

the surface.
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Figure 44. The CO; consumption rate of the Pt-doped M600 manganese-oxide prepared by the one-pot
method, incipient wetness impregnation method as well as designed incorporation of controlled-sized 5
nm Pt nanoparticles as a function of temperature (a) and function of time (b).

Table 10. Reaction rates (at 673K and 873K) and the activation energies for CO2 hydrogenation reactions
over the samples at 873K

CO; consumption rate, nmol/gs

Activation Energy,

Sample name 673K 673K kCgIYIQITOI
M200 - 10083 8.8
M450 1038 16707 9.4
M600 1954 19523 54.9
M200(Cu-milled) 2811 19430 8.3
M450(Cu-milled) 3367 19129 79
M600(Cu-milled) 6943 20722 4.4
M200(Pt-milled) 11186 22052 3.1
M450(Pt-milled) 14293 22338 2.8
M600(Pt-milled) 12730 19996 2.9
M600(Pt-impregnated) 9318 20151 4.4
M600(5 nm Pt-sonicated) 9283 18895 3.6

5.2.2.4  Selectivity towards methane

In the case of selectivity, these catalysts mostly produced carbon-monoxide (> 95 %) and

a smaller amount of methane. Most catalysts started to produce methane with a small ratio at

elevated temperature (~623 K) and after a short increment shifting of the products into the

formation of carbon monoxide was observed (Figure 45a) as expected from the thermodynamics

of the CO, hydrogenation reaction in the gas phase [134]. In the case of the M600(Pt-milled)

catalyst produced by the one-pot milling process, methane formation was significant compared to

pure and Cu-loaded catalysts prepared by using different milling speed. The result shows that;
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however, the catalytic activity is not profoundly influencing by the metal-loading, the Pt/MnOx
interphase is crucial in the methane selectivity. The Pt-loaded manganese-oxide prepared by the
one-pot synthesis has 1.5-2 times higher selectivity towards methane compared to the Pt-loaded
MnOy catalyst synthesized by the wet impregnation and size-controlled Pt sonication, which
shows the influence of the formed Pt/MnOy during the reaction (Figure 45b).
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Figure 45. The selectivity of methane during CO> hydrogenation reaction in the case of (a) pure, Pt-
loaded, and Cu-loaded catalysts prepared by using different milling speed and (b) M600 loaded with Pt by
different methods.

Table 11 displays the formation rate and selectivity towards CO and CH, of Pt
incorporated 3 samples: M600(Pt-milled), M600(Pt-impregnated) and M600(5nm Pt-sonicated)
at 673K. In the presence of Pt in the M600 catalyst prepared by the one-pot ball-milling process,
the catalytic activity was ~17 times higher at 673 K while it was similar at 823 K compared to the
Pt-free M600 catalyst. While the main product was CO, the highest amount of CH4 (~20 %) was
formed in the case of the Pt-doped M600.

Table 11. The catalytic results of the Pt loaded M600 at 673K (one-pot milled, wet impregnated, and

sonicated)
Catalyst CO formation  CO formation Methane Methane
rate, nmol/sc  selectivity, %  formation rate, formation
nmol/sc selectivity, %
M600(Pt-milled) 12759 82 2362 15
M600(Pt-impregnated) 9716 89 992 9
M600(5 nm Pt-sonicated) 9229 90 822 8

5.2.2.5 Determining the oxidation states (XPS)

For a better understanding of the activity differences of the catalysts, the oxidation states
of the Mn species were investigated by ex-situ XPS for samples prepared with low (M200) and
high (M600) milling speeds as well as co-milled with Pt salts at 600 rpm (M600-Pt-milled) after
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pretreatment of the samples in O followed by H at 300°C as well as after the CO2 hydrogenation
reactions. The Mn 2p regions were fitted with multiplet states taken into consideration (Figure
46) [138].
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Figure 46. The collected Mn 2p 3/2 spectra of the different MnOx samples, (a) M200 after pretreatment,
(b) M600 after pretreatment, (c) Pt-milled M600 after pretreatment and (d) M200 after the reaction (e)
M600 after the reaction, (f) Pt-milled M600 after the reaction.

Before the CO, hydrogenation (after the pretreatment), in the case of the M200 catalyst,
Mn(111) and M(1V) presented with a ratio of Mn(I11): Mn(1V) = ~2. However, after the reaction,
this ratio decreased to ~1 showing the presence of the oxidation of the catalyst during the CO;
hydrogenation. Usually, under the hydrogenation processes, the reduction of the surface is
favourable [134,219], but the possibility of CO; dissociation to CO and *O followed by the
oxidation of the metallic or metal-oxide surface as well as the oxidation of the surface by H,O
resulted from the Reverse Water Gas Shift Reaction (RWGSR - CO; + H, => CO + H,0) can be
also possible [220,221]. In the case of the M600 catalyst, a small amount of Mn (1) (~10 %) was
observed next to a higher amount of Mn (111) with the absence of Mn (V) on the surface before
the reaction. After the CO; hydrogenation reaction, the oxidation of the surface was observed as
in the case of the M200 sample. The small amount of the Mn (I1) was reduced to ~3 % and Mn
(V) appeared with a ratio of Mn(l11): Mn(1V) = ~3. The ratios of the Mn oxidation states were

calculated based on the peak areas of the fittings in Figure 47.

62



Doctoral (Ph.D.) dissertation Ochirkhuyag Altantuya

1 EMn () M200
I M (i)
I v (V)

v () M600
B vin (1)
IV (V)

o0
=
1
o]
=
1

[=2)
(=]
1
[=2)
[=]
1

B
(=]
1

3]
=]
1
3%
=}
1

o
1

n content distribution (%)

Mn content distribution (%)
A
1
o
1

(a) Before Reaction After Reaction = (b) Before Reaction After Reaction

-Mn (mn Pt-M600
I Mn (1)
B in (V)

jois]
<
1

=)
(=]
[l

b2 =
=] (=]
1 |

Mn content distribution (%’
<
1

(C) Before Reaction After Reaction

Figure 47. Atomic ratios of Mn with different oxidation states before CO hydrogenation (after
pretreatment) and after CO2 hydrogenation reactions for (a) M200, (b) M600, and (c) Pt-milled M600.

As we could see during the catalytic tests (chapter 5.2.2.2), M600 catalysts showed the
highest CO, consumption rate and were almost two times more active compared to M200 at both
low and high temperatures. We believe that besides the high specific surface area and porosity as
well as the morphological differences the Mn oxidation states play an important role during the
reaction. In the case of the M600, the presence of the Mn(ll) and the higher concentration of
Mn(I11) could be the reason for the higher catalytic activity. In manganese-based catalyst driven
photosynthesis, the presence of Mn(11)Mn(l11)s is needed for the production of the photo assembly
intermediates and Mn(I11)Mn(1V)s was responsible for the oxygen releasing step [222]. We also
found that in our recent studies that Mn(11) helped the reduction of CO- hydrogenation as support
for metallic Cobalt where the reaction followed the format pathway towards CH4 production[223].
We believe that the presence of Mn(ll), as well as the ratio of Mn(111)/Mn(1V), is crucial for this
reaction driven by manganese-oxide based catalysts.

Ex-situ XPS data showed that before the reaction Mn (I1) was observed with the content
of ~ 20% next to Mn (I11). The higher amount of the reduced phase compared to the pure M600
shows the reducing effect of Pt under the H, pretreatment process. However, after the CO;
activation, a huge amount of Mn(1V) was formed on the surface with an Mn(I11)/Mn(IV) ratio of
~1 beside the slight reduction of the content of Mn(ll) to ~ 18 %. Besides the fact, that the presence
of Pt usually increases the activity of CO, reduction [224,225], the perturbation of the Mn
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oxidation state by the Pt can also affect catalytic activity. At lower temperature, the Pt-loading
resulted in ~17 times higher catalytic activity, where the CH4 selectivity was drastically increased.
It was interesting, as we know that usually, the presence of Pt helps to produce mostly CO in the
CO; hydrogenation reaction [219]. On the other hand, at 823 K the lack of the effect of Pt was
observed in catalytic activity compared to pure M600 catalysts. These phenomena can be
attributed to the presence of Mn(ll) as well as the different ratios of the oxidation states of the
manganese in the oxides. In the future, we will focus on the atomic level understanding of such
an easy-to-produce cheap catalyst to reach the highest activity by tuning the oxidation states of

the manganese without using precious metals.

In further, we summarized comparison of the CO, conversion percentage of our Pt loaded
samples with previously published studies in Table 12. As seen in the table, our results are
proving that efficient manganese oxide catalyst synthesis can be done by a cost-effective one-pot
ball milling method even ball milling can be used as a simple method for loading metals.

Table 12. Comparison of CO- conversion percentage (Pt loaded samples) with previously published
references at different temperatures.

Catalyst Synthetic method Temperature, CO; conversion, Reference
K (%)
M600(Pt-milled) ball milling 673 42 This study
M600(Pt-impregnated) ball milling/impregnation 673 28 This study
M600(5 nm Pt-sonicated)  ball milling/sonication 673 28 This study
Pt/MnO; hard template 648 25 [134]
MnOx-Co304 sol-gel inverse micelle 523 45 [217]
PtCo/Ce02 - 573 6 [226]
K-Mn-Fe/Al203 co-incipient wetness 836 41 [227]
impregnation (IWI)
La-Mn-Zn-Cu-O sol-gel 543 13 [228]
Mn-Na/Fe co-precipitation 593 37 [229]
PH/TiO, - 673 40 [230]
Fe/SiO2 -250 wet impregnation 643 38 [231]
CuO-ZnO-Al,03 ball milling 523 12 [232]
Ni/SiO; sol-gel 673 35 [233]

5.2.3 Manganese mineral oxide supercapacitor electrode

The electrochemical performance of the as-prepared sample was investigated by cyclic
voltammetry, galvanostatic charge-discharge measurement, and electrochemical impedance
spectroscopy. All test was performed in a three-electrode cell system with KOH (0.1M)
electrolyte, a platinum wire as counter electrode and silver/silver chloride electrode used as a

reference electrode. In cyclic voltammetry, applied voltage ranged between 0— 1 V vs Erne With
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a sweep rate of 0.001- 0.08 V/sec. Erne can be calculated with equation (14) comparing it to the
Ag/AgCI reference electrode.

E‘USRHE :E+EAg/AgCl (vS SHE)+0059V'pH (14)

5.2.3.1 Cyclic voltammetry curve

In Figure 48a CV curves of the bare carbon paper electrode and MnOx-D/CP compared
at the same scan rate of 0.03 V/sec. The MnOx-D/CP shows higher capacitance than bare
electrode (CP), which can be explained by the capacitance increase due to deposited manganese
oxide. Figure 48b shows the CV curves of the MnOx-D/CP at different scan rates. As the scan
rates increases, capacitance is decreasing with it, which proves the MnOx-D/CP electrode has
pseudocapacitance property, it stores energy through electrochemical reaction[234]. At lower
scan rates, the electrolyte cation approached deep pores of the electrode, which resulted in higher

specific capacitance.
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Figure 48. a) the cyclic voltammetry curve of the bare carbon paper electrode and MnOx-D/CP electrode
at 0.03 V/sec scan rate and b) different scan rates (0.005, 0.01, 0.03 and 0.05 V/sec) for MnOx-D/CP.

The specific capacitance at different scan rates Table 13 was calculated by equation (18)
using cyclic voltammetric data of the sample. The specific capacitance of the MnOx-D/CP was
119.6-47.9 F/g depended on applied scan rates 0.005- 0.05 V/sec. The specific capacitance value
was comparable to the pure MnOx electrodes without polymer binders or conductive additives
[164][235][236], even higher than some reported values [237][238].

Table 13. The specific capacitance of the MnOx-D/CP from the cyclic voltammetry analysis.

Scan rate, V/sec Specific capacitance, F/g
0.005 119.6
0.01 102.3
0.03 63.4
0.05 47.9
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The stability of the electrode was tested by repeating the CV tests more than 2000 times.
Figure 49a displays the CV curve of the electrode at the 1%, 500", 1500™, 2000™ and 2100" cycles.
The specific capacitance retention was represented in Figure 49b. About 20-30% of capacitance
was decreased in the first hundred cycles, which is a typical problem for pure manganese oxides
without additional polymer binder and conductive additives [239][240]. But after the 500" cycle,
the capacitance was started to stabilize and MnOx-D/CP capacitance retention decreased by less
than 10 % until the 2100" cycle, which is comparable with other works [166] [241][242].

A (18)

Cp=————
P = omk(V, — V)

Here Cp is the specific capacitance in F/g, A is the area inside in CV curve with units of AV, k is

scan rate of CV in V/sec, m is mass of the active materials, V»-V1 is the potential window of CV.
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Figure 49. CV curve in a different number of a cycle (a) and specific capacitance retention from the
cyclic voltammetry curve by different cycling number(b).

5.2.3.2 Galvanostatic charge-discharge curve

The charge-discharging property was tested with constant current flow and 10 mA
current limit in a three-electrode cell system. The maximum potential limit(cut-off) was set to
0.5V for all tests. Galvanostatic charge-discharge curve of MnOx-D/CP at current density-
0.6 A/g is showed in Figure 50a. I-V response of the MnOx-D/CP curve is almost symmetric for
charge and discharge cycles. 1-R drop was about 0.05 V, which illustrates the low internal
resistance of the material [243]. Figure 50b displays galvanostatic charge-discharge curves at
different current densities. At increased current density, the charge-discharge time is shortened
and the I-R drop was increased which is caused by the intrinsic resistance of the electrode
materials and insufficient Faradic reactions (decreases of electroactive surface area) [241]. But at
lower current density broader curve was observed, which reveals that the as-prepared electrode
has a good capacitance [244].
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Figure 50. Galvanostatic charge-discharge curve of MnOx-D/CP with 0.6 A/g current density (a) and
different current densities such as 2 A/g, 1 A/g, 0.6 A/g and 0.1 A/g (b).

The specific capacitance calculated from equation (19) and the values were summarized
in Table 14. From the galvanostatic charge-discharge measurement specific capacities of the
MnOx-D/CP were ranging between 195.83 F/g — 68.75 F/g at current density 0.1 A/g-2 F/g, those
results were similar to the values calculated from cyclic voltammetry.

I * At

_ (19)
T mx AV

Cp

Table 14. The specific capacitance of the MnOy-D/CP from the galvanostatic charge-discharge

measurement.
Current density, Alg Specific capacitance, F/g
0.1 195.83
0.6 153.48
1 147.36
2 68.75

5.2.3.3  Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) analysis was performed with applied
frequency 10,000 Hz and 0.001 Hz for the working electrode (CP and MnOx-D/CP) in a three-
electrode cell system. The Nyquist plot of the bare CP electrode is shown in Figure 5la. The
resistance of the MnOx-D/CP electrode was much lower than resistance due to conductivity

enhancement [131] in Figure 51b. The Nyquist plot of the MnOx-CP electrode was separated
into two distinct regions:

One lower-frequency region where the slope is close to linear at a 45-degree slope similarly
to a typical supercapacitor electrode. This 45-degree slope linear region is called the porous

region [245]. The ions can penetrate the pores, which can be modelled by a distributed
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resistance EDR (electrolyte distributed resistance), as the electrolyte diffuses into the
electrode.

= The other region is in the higher-frequency domain where the semi curve occurred (Re-
charge transfer resistance). The Low-frequency region starts at the beginning of the semicircle
(Rs-series resistance) in the high-frequency region corresponds to the resistances of the
electrolyte solution was about 5 chms. The observed R value was 16 ohms which considered

decent capacitance property for an electrode [246].

—=— Bare CP clectrode
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Figure 51. Nyquist plot of the bare carbon electrode (a) and MnOx-D/CP electrode (b).

Figure 52a shows the Bode plot of the MnOx-D/CP, where the frequency versus real
impedance is displayed. The frequency versus phase (degree) plot is presented in Figure 52b.
The phase angle at the low-frequency region (below~0.1 Hz) was about 60° which indicate the

capacitive behavior [247], shown in the inset of Figure 52b.

% ) T MnOx-D/CP : LD G
50 ~ &~
_— by T o:; 4071
Q404 @ ] . .
& —f (
E 30 —- ; f . okt Fl;ili;llvn?_\‘ll(‘llxju‘I'“ L’l/./
.= ' 207 /./.
20 -. LI-I—I—I——.—. 107 ‘-"’./.
10 - A o>
I o | e | L | . ) & ) | . I N L) L L . I N I
a) 0 2000 4000 6000 8000 10000 b) 0 2000 4000 6000 8000 10000
Frequency (Hz) Frequency (Hz)
Figure 52. Bode plot of the MnOx-D/CP electrode the frequency versus real impedance (a) and phase
degree (b).
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Conclusion

A simple method was developed for the synthesis of large specific surface area birnessite
with or without interlayer copper cations. The method resulted in small, nanoparticle-like
morphology and significant specific surface area (from 21.6 m?/g to 77.8 m?g) as well. The
interlayer distance expansion revealed by XRD, HR-TEM, EDS characterization techniques,
which can be attributed to the bigger size of the copper-ions as well as the higher amount of
total interlayer cations. It was experimentally proven that the incorporation of copper ions
enhanced the activity of birnessite structure resulting in an improved electron transfer
number (3.6 >3.4) and higher electrochemical stability during the ORR test (95 >87 %
retention after 10,000-seconds of measurement). It was shown that the oxidationstate ratio of
Mn**/Mn* in birnessite structure played important role in ORR catalytic activity, and the
intercalated copper ion increased the Mn®* ratio and stabilized its charge transfer
characteristics. Also, the smaller particle size is boosting the activity owing to the larger
surface-to-bulk ratio and numerous surface defects. These results prove that the synthesized
Birnessite samples show great promise as an efficient, cheap, noble-metal-free
electrochemical catalyst.

A novel mechanochemical route for nanostructured manganese oxide synthesis was
demonstrated for the first time. It can be easily scaled up for industrial applications. The
shape, porosity, specific surface area, as well as the ratio of the different oxidation states of
the Mn-ion in the structure, could be tuned by the milling parameters. Metal-loaded (Pt, Cu)
MnOy structures were also prepared with the same one-pot technique and all the samples
were tested in the CO; hydrogenation reaction. First, we studied the effect of milling speed
for pure samples milled in different milling speed (200, 450, 600 rpm). M600 catalysts
showed the highest CO, consumption rate (~20.000 nmol-g*-s?) followed by M450
(17.500 nmol-g*-s™). Both M600 and M450 were almost two times more active compared
to the catalyst milled at 200 rpm (~10.000 nmol-g*-s!) at 873 K. The high catalytic activity
of manganese-oxide milled at higher speeds can be attributed to the high specific surface
area and porosity as well as the differences in the crystal structure and oxidation state of the
manganese ions. Second, we studied the effect of one-pot loading of metal (Pt, Cu). The
catalytic activity at 673 K could be significantly enhanced by adding metal into the
manganese-oxide structure — ~12-13 and ~2.5 times upon the addition of platinum and
copper, respectively. This activity enhancement; however, disappeared at a higher
temperature (873 K). This phenomenon shows that temperature plays a vital role in the
activity of the manganese oxide-based catalysts due to changes in the crystal structure and
oxidation state of manganese ion besides the advantage provided by the higher surface area

and porosity. It also reveals that expensive noble metal platinum can be replaced by copper
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since they show similar catalytic activity at a higher temperature (873K). Third, we studied
Pt incorporation. Lacking significant differences in catalytic activities on the incorporation
of Pt into the M600 catalyst, in various ways (one-pot synthesis, incipient wetness
impregnation as well as loading of pre-synthesized 5 nm Pt nanoparticles by ultrasonication)
verified the idea that the main working surface of these kinds of catalysts was based on the
manganese oxide. Fourth, we studied the selectivity toward methane. In the case of the
M600(Pt-milled) catalyst produced by the one-pot milling process, methane formation was
significant compared to pure and Cu-loaded catalysts prepared using different milling
speeds. The result shows that, although the catalytic activity is not profoundly influenced by
the metal -loading, the Pt/MnOy interphase is crucial in the methane selectivity. Furthermore,
it was found that the Pt-loaded manganese- oxide prepared by the one-pot synthesis has
1.5-2 times higher selectivity towards methane than the Pt-loaded MnOx catalyst synthesized
by either wet impregnation or size-controlled Pt nanoparticle sonication/deposition. Through
this observation, the formation of a unique Pt/MnOy interface during the milling process was
proven.

According to our results, the local mineral pyrolusite (originated from Urkat, Hungary)
could be used directly as a precursor for supercapacitor electrode synthesis. The wet milling
process decreased the mineral size from a few mm to hundreds of nanometers, which
improved the dissolution rate of manganese dioxide under eco-friendly (biodegradable)
oxalic acid. Electrophoretic and electrochemical deposition took place in a two-electrode
cell with carbon paper electrodes. In the final step electrophoretic deposition was
successfully applied in a two-electrode cell to deposit nanostructured MnOy onto the carbon
paper electrode. The electrochemical characteristic of the electrode was tested in a three-
electrode cell system. The specific capacitance of the electrode obtained from CV
measurement varied between 68-119 F/g, and it depended upon the applied scan rates. The
galvanostatic charge-discharge measurement revealed that the prepared manganese oxide
electrode had the fast charge-discharge ability, and the specific capacitance ranged between
68-195 F/g at different current densities, which is in good agreement with the results
obtained from the CV method. The specific capacitance of the electrode is comparable to
analytical grade MnOx electrodes without polymer binders or conductive additives, even
higher than some reported values in literature. EIS result also showed that the capacitive
nature of the electrode. Further research is warranted on different methods to decrease the
variance in capacitance for the supercapacitors, like heat treatment or decrease deposition
time and thickness of the deposited material for example. We hope that our report paves the
way for cost-effective mass production of future energy storage devices from manganese

minerals directly.
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Osszefoglalas

Kifejlesztettiink egy egyszerli modszert nagy fajlagos feliiletii, rétegkdzi réz kationokat
tartalmazé és nem tartalmazé birnessit szintézisére. A modszer nanorészecskeszerii
morfologiat és jelentds fajlagos feliiletet (21,6 m?/g-tdl 77,8 m?/g-ig) eredményezett. A
rétegkozi tdvolsag novekedése az XRD, HR-TEM és EDS karakterizalasi modszerek alapjan
kapcsolatot mutatott a réz ionok nagyobb méretével és a rétegkozi kationok nagyobb
mennyiségével is. Kisérletesen bizonyitottuk, hogy a réz kationok beépllése novelte a
birnessit katalitikus aktivitasat, amely nagyobb elektron transzfer szamot (3,6 >3,4) és az
ORR tesztek soran nagyobb elektrokémiai stabilitdst (95 >87 % retencio 107000
masodpercnyi mérés utan) eredményezett. Kimutattuk, hogy a Mn*/Mn* oxidacios
allapotok aranya a birnessit szerkezetben fontos szerepet jatszik az ORR katalitikus aktivitas
szempontjabdl, és a réz kationok beépiilése novelte a Mn*:Mn*" aranyt és stabilizalta a
toltésatviteli jellemzoket. Ugyanigy, a kisebb részecskeméret ndveli az aktivitast a nagyobb
felulet-térfogat aranynak és a szamos feliileti hibanak koszonhetden. Ezek az eredmények
bizonyitjak, hogy az eldallitott birnessit mintak nagyon igéretesnek mutatkoznak hatékony, olcso,
nemesfém-mentes elektrokémiai katalizatorkeént.

Els6ként mutattunk be egy 0j mechanokémiai uUtvonalat nanoszerkezetli mangan-oxid
ellgallitasara. A modszer konnyen skalazhato ipari alkalmazasokhoz. Az alak, a porozitas €s a
fajlagos felulet, a Mn-ionok kiilonboz6 oxidacios allapotainak aranyahoz hasonléan a
szerkezetben finomhangolhatdé az Orlési paraméterekkel. Fémmel adalékolt (Pt, Cu) MnOx
szerkezeteket szintén eldallitottunk egyedényes technikaval és az Gsszes mintat teszteltiik a CO-
hidrogénezési reakcioban. Eldszor vizsgaltuk az 6érlési sebesség hatdsat a tiszta mintakon, amiket
kiilonboz6 sebességgel 6roltink (200, 450, 600 rpm). Az M600-as Kkatalizator mutatta a
legnagyobb CO. fogyési aranyt (~20°000 nmol-g*-s?), amit az M450-es kovetett (17 500
nmol-g-s7). Mind az M600-as és az M450-es majdnem kétszer aktivabb volt a 200 rpm-en 6rolt
katalizatorhoz (~10°000 nmol-g-s?) viszonyitva 873 K-en. A magasabb sebességen 6rolt
mangén-oxid nagyobb katalitikus aktivitdsa a nagyobb fajlagos felllletnek és a porozitasnak,
emellett a kristalyszerkezetbeli kiilonbozdségeknek és a mangan ionok oxidacios allapotanak
tulajdonithatok. Mésrészt, megvizsgéltuk fémek (Pt, Cu) adagoldsanak hatasat az egyedényes
szintézisre A katalitikus aktivitas 673 K-en jelent6sen novelheté fémek mangén-oxid szerkezetbe
valo beépitésével — ~12-13-szoroséra platina és ~2,5-szeresére réz hozzaadasdval. Ez az
aktivitasndvekedés azonban eltiinik magasabb hdmérsékleten (873 K). Ez a jelenség megmutatja,
hogy a homérséklet 1étfontossagli szerepet jatszik a mangan-oxidon alapuld katalizatorok
aktivitasaban a kristalyszerkezetbeli valtozasok és a mangan ionok oxidacios allapota miatt, a
nagyobb feliileti fesziiltség és porozitas nyujtotta elényok mellett. Ebbdl az is kideriil, hogy a

draga nemesfém platinat rézre cserélhetjik, hiszen hasonld katalitikus aktivitast mutatnak
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magasabb hémérsékleten (873 K). Harmadreészt, vizsgaltuk a Pt beéptilést. A katalitikus aktivitas
jelentds mértékii valtozasanak hianya Pt kiilonb6z6 modszerekkel (egyedényes szintézis, kezd6do
nedvességig torténd impregnalas és elére szintetizalt 5 nm-es Pt adagoldsa ultrahangos
szonikalassal) torténd beépitésének kovetkeztében az M600-as katalizatorba bizonyitja, hogy a
legfontosabb ezekben a tipusu katalizatorokban a mangén-oxid fellilet. Negyedrészt, vizsgéltuk a
metan szelektivitdst. Az M600-as (Pt-val 6rolt), egyedényes Orléssel eldallitott katalizator
esetében a metanképzddés jelentds volt a tiszta és a Cu-zel Orolt katalizatorokhoz képest,
kiilonboz6 Orlési sebességek esetén. Az eredmények azt mutattak, hogy habar a katalitikus
aktivitast nem befolyasolta nagymértékben a fémek hozzaadasa, a Pt/MnOx interfész kiemelkedd
jelentségli a metan szelektivitas tekintetében. Tovabba azt talaltuk, hogy a Pt-val adalékolt
egyedényes modszerrel eléallitott mangan-oxid 1,5-2-szeres metan szelektivitdst mutatott a
nedves impregnaléssal és a kontrollalt méretli Pt nanorészecskék szonikalassal/depoziciéval vald
hozzaadasaval eléallitott Pt tartalmi MnOx katalizatorokhoz képest. Ezzel a megfigyeléssel
bizonyitottuk egy egyedi Pt/MnOx interfész kialakulasat az 6rlési folyamat soran.

Az eredményeink alapjan a helyben fellelheté asvany, a piroluzit (szarmazasi hely: Urkut,
Magyarorszag) kozvetlenil hasznalhatd prekurzorként szuperkondenzétor elektrod
eléallitasakor. A nedves Orlés folyamata csokkentette az dsvany méretét néhany mm-r6l
néhany széz nanométerre, amely javitotta a mangan-dioxid oldodasat kornyezetbarat
(biologiailag lebomld) oxalsavban. Az elektroforetikus és elektrokémiai levalasztas egy
kételektrodos cellaban zajlott le, szénpapir elektrod alkalmazasaval. Az utols6 1épésben
elektroforetikus levalasztassal sikeresen allitottunk elé nanoszerkezeti MnOx-0t egy
kételektrodos cellaban szénpapir fellletére. Az elektod elektrokémiai tulajdonsagait egy
haromelektrodos cellaban vizsgaltuk. Az elektrod fajlagos kapacitasa, amelyet CV
mérésekbdl hataroztuk meg 68 és 119 F/g kozott valtozott és fliggdtt a pasztazasi
sebességtol. A galvanosztatikus toltés-kisiités vizsgalatok megmutattak, hogy az eldallitott
mangan-oxid elektréd gyors toltés-kisiitési képességgel rendelkezik és a fajlagos kapacitas
68-195 F/g kozott valtozott kiillonbozo aramsiiriségek esetén, ami jo egyezést mutat a CV
eredményekkel. Az elektrod fajlagos kapacitasa 6sszemérhetd volt az analitikai tisztasagl
MnOx elektrodéval, polimer kotdanyagok és vezetoképes adalékok hozzdadasa nélkiil,
néhany esetben még az irodalomban bemutatott értékeknél is magasabbnak bizonyult. Az
EIS mérések megmutatték az elektrdd kapacitiv természetét. Tovabbi kutatasra van szlikség
a kiilénb6z6 modszerek esetében, hogy a szuperkondenzatorok kapacitasbeli kiillonbségeit
csokkenteni tudjuk, példaul hokezelés, vagy a levalasztasi id6 csokkentése révén, illetve a
levalasztott anyag vastagsaganak moédositasaval. Azt reméljik, hogy a kutatasunk kikévezi
az utat jovobeli, kozvetleniil mangan asvanyokbdl eldallitott energiatarold eszk6zok

koltséghatékony tdmeggyartasanak iranyaba.
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