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ABSTRACT

An electrochemical characteristic evaluation of the Ti-Mn electrolyte system in sulfuric acid
aqueous solution is studied in different acid concentrations with and without the mixing of TIOSO4
and MnSQ; electrolyte system for a redox flow battery application. The reaction mechanism of
Mn in sulfuric acid electrolyte is studied using the cyclic voltammetry and the anodic voltage hold
techniques. The overall anodic behavior of the Mn system can be described by the oxidation
reaction of Mn?* to MnO, where Mn®" is an intermediate species. As the acid concentration
increases, less MnO- is formed on the working electrode and more Mn3* is formed in the solution;
however, due to the instability of Mn®" in an aqueous solution, Mn®* undergoes a significant
hydrolysis reaction to precipitate as MnOOH in the electrolyte solution. The addition of 1M
TiOSOs to the Mn electrolyte is found to lower the H™ concentration which is believed to increase
the amount of MnOOH in the solution and lower the concentration of aqueous Mn3*. The formed
MnOOH by the Mn** hydrolysis reaction is proven to be electrochemically active if it is deposited
on the working electrode. The reaction mechanism of Ti in sulfuric acid electrolyte is studied using
the cyclic voltammetry technique. Two electro-active species are found to be electrochemically
active within the studied voltage window which are Ti**, and TiSO4?*. In 1M H2SO4, Ti** is found
to be the dominant electro-active species, and in 3M H2SO04, TiSO4%" is found to be the dominant
electro-active species. The addition of 1M MnSO4to the 1M TiOSO4+3M H2SO4 solution results
in a high concentration of undissociated MnSOs, and it is found that the dissociation of MnSOj to
S04 improve the activity of the redox reaction of the Ti(IV)/Ti(I111) couple. With the increase of
H>SO4 and the addition of MnSQOg4 in the Ti electrolyte, the electrochemical behavior of the

Ti(IV)/Ti(l11) redox couple tends toward the reversibility.
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Nomenclature

E: Applied voltage on the working electrode relative to a standard reference working electrode.

[V vs. SHE or SCE].

Egq: Reduction potential of the half-cell rection relative to a standard reference working

electrode. [V vs. SHE or SCE].

E%: The standard reduction potential of the half-cell reaction relative to a standard reference

working electrode. [V vs. SHE or SCE].

EY : The formal reduction potential of the half-cell rection relative to a standard reference

working electrode. [V vs. SHE or SCE].

EZ.y: The potential difference between two half cells reaction in an electrochemical cell. [V vs.

SHE or SCE].

n : number of electron transfer in the half cell reaction.

a: The cathodic transfer coefficient

F: Faraday’s constant [96458 C/mole of electron]

R: Gas constant. [8.314 J/K/mole]

T: Temperature. [K]

n : Applied overpotential. [V vs. SHE or SCE].

k%: Standard rate constant. [cm/s in a simple electron transfer reaction]

ka: The rate constant of the anodic reaction. [A]



kc: The rate constant of the cathodic reaction. [A]

kei: The electronic transmission coefficient.

Kpo: A precursor equilibrium constant of reactant species at a reactive position. [eV]
K: Chemical reaction equilibrium constant for a chemical reaction written from left to right.
vn: The frequency of attempts on the energy barrier. [s*]

A: Light absorption.

AGgi: The standard Gibbs free energy of formation of species i. [KJ/mole]

e: The absorption coefficient of the solute in solution media [dm?mole],

Q;: Amount of charges delivered during the redox reaction, i: anodic, cathodic. [C]
I: current. [A]

1,: Exchange current. [A]

Cgr: Concentration of the reduced species on the working electrode. [mole/L]

Cgr: Concentration of the reduced species in the solution. [mole/L]

Co: Concentration of the oxidized species on the working electrode. [mole/L]

Co: Concentration of the oxidized species in the solution. [mole/L]



1. Introduction

1.1. Electrical Energy Demand and Sources
The global demand of electrical energy is increasing as the global population and global
economy are growing. [1] Accordance to the data released by International Energy Agency (IEA),

the global demand and supply of electrical energy are shown in Figures 1 and 2. [2]

In Figure 1, for stated policies scenario that considered the impact of existing policy
frameworks and today’s announced policy intentions, the global demand on electric energy in 2020
is nearly 29 TWh in different consuming sectors. [2] The demand on electrical energy is expected
to increase by one half in 2040. [2] Stated policies scenario leads to an estimated growth rate in

electricity demand of 2.1% per year between 2018 and 2040. [2]
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Figure 1. IEA, Electricity demand by sector and scenario, 2018-2040 [2]



In addition to stated policies scenario, IEA considered the projection of electrical energy
demand if there was a sustainable development goals scenario. [2] The Sustainable Development
Goals (SDGs) accounts for reducing the effect of climate change (reducing CO2 emission),
easiness in universal energy access, and improving air quality (reducing air pollution) when energy
is delivered and used. [2] For this scenario, the growth rate of global electric energy demand shows
a small increasing rate as opposed to stated policy scenario between 2018 and 2040. [2] These two
scenarios for electrical energy demand require increasing the supply of electrical energy to meet

the global economic needs. [2]
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Figure 2. IEA, Electricity generation by fuel and scenario, 2018-2040 [3]

Figure 2 shows two scenarios for the electrical energy generated by different fuel types
between 2018 and 2020. [3] In stated policies scenario, generating electricity by using fossil fuel
(Coal, Gas, and Oil) makes up almost half of the total electricity generation between 2018 and
2040; although, electricity generation share by using a benign energy source (Hydro, Wind, Solar

and other renewables) has increased in the same period. [3] For the projection to 2040 of electrical



energy generation if there was a sustainable development goals scenario, fossil fuel use would be
reduced in 2040 and the benign energy sources would make up the supply of electrical energy by
more than two thirds. [3] Using benign energy source to generate electricity meets the objective of
a sustainable development goals scenario. [3] Eventually, solar energy, wind energy, and

hydroelectric energy would make up more than 75% of the means of generating electricity in 2040.
[3]

1.2. The Need of Energy Storage Technology

From the previous section, the main source that is used to generate electricity in 2040 would
be by using renewable energy that meets the sustainable development goals scenario by IEA. [3]
However, one of the major concerns in using renewable energy sources, such as wind and solar,
to produce electricity is that it has a variable and unpredictable energy output. [4] Wind energy
can be utilized by converting the kinetic energy of wind to electrical energy using wind turbines.
[4] This process is strongly depended on wind’s speed which is not constant over time. [4]
Similarly, solar photovoltaic panels can be used to generate electrical energy by converting sun
radiant light to electrical energy. [4] The supply of sunlight can only be processed during daytime;
while, electrical energy must be produced during nighttime. [4] This uncontrolled characteristic of
using wind energy and solar energy is called intermittent operation where the operation is not
sustainable over a long time. [4] As a result, the action to adjust the supply of energy over a long-
time operation in a sustainable way is required for any changes in demand when renewable fuel is

employed. [4]

Using Electrical Energy Storage is crucial in employing renewable energy sources when
generating electricity to operate in a sustainable way and to minimize the intermittent behavior

effect. [4] Electrical Energy Storage (EES) refers to processing the electrical energy from a power



network by converting it into a form that can be stored, and then the stored energy form is
converted back to electrical energy when needed. [4] EES can be found in three major applications;
portable devices, transport vehicles, and stationary energy resources. [4] The focus in this thesis is
on the application of Stationary Electrical Energy Storage only. [4] Stationary EES was first used
in the 20" century, when power stations used to operate during the daytime time and the residual
energy accumulated in Lead-Acid battery. [4] This residual load then discharged to the electrical

grid during the night. [4]
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Figure 3. Load profile of a large-scale electricity storage system.
(a) EES for peak shaving (b) EES for load leveling. [4]



These days, some electric power plants use electrical storage technology for grid-level energy
storage to adjust the demand fluctuation in seasons for quality management. [4] EES allows them
to have large-scale electrical capacity, which can be used at any time during high demand. In this
way, the planning of power generation can be based on electricity capacity that can supply the

average yearly electricity demand instead of peak demands. [4]

Peak shaving and load leveling are two terms that are widely used in describing the relation
of electrical load and stored energy for grid level during a time span. [4] They are both referring
to a process of storing energy during low demand and discharging energy during high demand.
[4] For peak shaving, energy is stored during low demand and is discharged only to reduce the
peak load during high demand. Similarly, load leveling objective is to store energy during low
demand, but the aim of the stored energy is to flatten the load as possible instead of reducing the
peak load. [4] Figure 3 illustrates the load profile for grid-scale EES for Peak shaving and load
leveling scenario. [4] For EES in peak shaving in Figure 3.a, energy is stored during the low
demand time, and when the load is high during the high demand time period, energy is discharged
to reduce the peak load. [4, 5, 6] In Figure 3.b, EES in load leveling flattens the load profile to get
the possible average load between the energy stored and the energy discharge during the whole
demand operating time. [4, 5, 6] Ultimately, the use of EES in grid-level allows power plants to
reduce the operation cost by functioning below the full capacity during high demand time, and to
minimize or postpone the need to build new power plants that are needed to meet new peak

demand. [4, 5, 6]



1.3. Electrical Energy Storage Types

Two criteria categorize different types of EES: form and function. [4] The forms of stored

energy from electrical energy can be classified in Table 1. [4]:

Table 1. Forms of energy that can be used to store electric energy [4]

Energy Form System 1 System 2
Electrical energy storage Electrostatic energy storage Magnetic/current energy
Ex. (capacitors and supercapacitors, etc.) storage
EX. SMES, etc
Potential energy storage

Kinetic energy storage

Mechanical energy storage
Ex. (flywheels, etc.)

Ex. (PHS and CAES).

Chemical energy storage

Ex. (Hydrogen fuel, molten

carbonate, thermal-chemical
conversion)

Electrochemical energy
storage.
EX. (conventional batteries, flow cells,
batteries, and fuel cells)

Chemical energy storage

High temperature energy
storage
Ex. (sensible heat systems such
as steam or hot water.)

Low temperature energy
Storage.
Ex. (Aquifer cold energy storage,
cryogenic energy storage)

Thermal energy storage

iR PHS
. .. CAES
upe‘r capa‘utou Power quality Energy Large-scale battery
SMES RISy = i
) and reliability management Fuel cell
Flywheel ] =
Battery Hydrogen fuel

Flow Battery

Figure 4. Energy storage classification with respect to function. [4]




In terms of the function, EES technology for high power density and low energy density, such
as capacitors, supercapacitor, superconducting magnetic energy storage (SMES), flywheel and
battery, is used to store energy and supply it for power quality management because of its high
power capacity; while, EES technology such as pumped heat storage (PHS), compressed-air
energy storage (CAES), large-scale battery, fuel cell, hydrogen fuel, thermal energy storage (TES),
and flow battery is used for energy management because of its high energy density. [4] Figure 4
shows the classification of energy storage system with respect to function. [4] Although PHS and
CAES are preferable to be used in large energy storage applications because of their high cost,
they are limited by their geographical requirements. [6] The power and energy density
characteristics for each EES type are shown in Figure 5 Capacitors which have very high-power
density and very low energy density are suitable for power quality management because of their
fast response time [7] Batteries, flow batteries, and fuel cells have a high energy density, which
makes them suitable for large-scale energy storage applications. [7] The scale-ability and the
adaptability of fuel cells and flow batteries allow them to be the most attractive EES technology

for large scale storage applications. [8]
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1.4. Redox Flow Battery

Flow Battery is an electrochemical device that converts the chemical energy in the electro-
active materials directly to electrical energy during discharge operation, and during charge
operation, electrical energy is converted into chemical energy in the electro-active materials. [8]

The main difference between a flow battery and a conventional battery is that the electro-
active materials, that are used to store electrical energy, are stored externally in tanks rather than
storing them internally as an electrode in a conventional battery. [8] Then, the stored electro-active
materials are introduced in the electrochemical cell when it is needed. When the electro-active
material is stored within a liquid system, the system then can be recognized as a redox (for
reduction reaction/oxidation reaction) flow batteries (RFB). [8] Also, a RFB is a reversible
electrochemical device (secondary battery type) that can store the energy when the energy is not
needed and discharge the energy when the energy is needed in a reversible way. [8]

Storing electro-active materials externally allows a RFB to scale-up the energy storage
capacity easily and that makes it attractive for large-scale energy storage applications. [8] The
energy capacity of a RFB is determined by the size of the volume of the external storage of electro-
active materials. [8] The power density of RFB can be designed based on the electrode properties
(surface, catalytic, electrical, and transport properties). [8] Note that the electrode does not undergo
any chemical reaction or physical change during operation as opposed to conventional batteries
where the electrode changes its chemical and physical properties. [8]

Figure 6 shows a typical redox flow battery operation during discharge. [8] A typical RFB
during discharge mode consists of positive electrode where the reduction reaction takes place for
high positively charged electro-active specie and negative electrode where the oxidation reaction

takes place for low positively charged electro-active specie. [8] The two electrodes are separated



by an ion-exchange membrane to allow specific ions that are non-reactive to migrate between the
two-electrode section to maintain electroneutrality between negative and positive electrodes. [8]
Another role for the ion exchange membrane is that it acts as an ionic selective separator between
the two electrode by preventing the crossover of electro-active species between the two electrodes
to avoid chemical short-circuit of electro-active materials that leads to losing the charge capacity
or reducing the performance of the RFB. [8] The electro-active species are stored externally from
the electrochemical cell unit and they pump to the electrochemical cell during operation only.[8]
Finally, the membrane serves as an electrical insulator to prevent electrical short circuit of the two

electrodes. [8]

Power Sources
(Wind/Solar) 1 A

Charge I Discharge

> b
o
1 8
(<} -2
Qo [=]
] b bl Q
= E s I
< =] =] =z
Negative * 5 & & Positive
Electrolyte » m B Electrolyte
Storage ¥ 3 3 2 Storage
SHLH
: & e
+ +
* = v
® El
(A
g%

Figure 6. Schematic of a typical redox flow battery system during discharge operation. [8]

During the charge mode, the electrochemical cell converts electrical energy into chemical
energy by means of redox reactions.[8] Oxidation reaction takes place at the positive electrode and

the reduction reaction takes place at the negative electrode as shown in Eql.1 and Eql.2: [8]
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At the negative electrode: AT 4 ne” o ATX Eql.1

At the positive electrode: B*0~™ « B*Y + ne” Eql.2

During the discharge mode, the electrochemical reactions are reversed, and electrical energy
is generated.[8] The oxidation reaction takes place at the negative electrode and the reduction

reaction takes place at the positive electrode as shown Eql.3 and Eql.4: [8]

At the negative electrode: AT¥ o ATCAD) 4 pe- Eql.3

At the positive electrode: B*Y + ne” & B0 Eql.4

The theoretical cell voltage for the overall redox reaction can be calculated by summing the
reduction potential for the species that undergoes a reduction reaction and the oxidation potential

for the species that undergoes an oxidation reaction. [8]

1.5. Types of Redox Flow Battery

Research and development on RFBs have been conducted for more than 40 years in the United
States and Japan. [9] The first applicable RFB was based on the Fe (I1)/Fe (111) and Cr (I11)/Cr (1)
as electro-active materials to produce 1KW. [9] Fe/Cr RFB was first made in 1970s by NASA-
Lewis Research Center. [9] Since that time, other types of RFBs have been developed using
different types of electro-active materials for redox reactions. [8] Generally, the classification of
RFBs can be classified based on the solvents employed in the electrolyte and the occurrence of

phase transition. [9]

Regarding the solvent used in the electrolyte, RFB can have an aqueous electrolyte system or
a non-aqueous electrolyte system. [9] Water and acids are used in aqueous RFBs as supporting

electrolytes. [9] Non-aqueous RFBs use organic electrolyte solvent as supporting electrolytes, for
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example, acetonitrile. [9] Although non-aqueous RFBs have high potential window >5V, aqueous

RFBs are cheaper and safer than non- aqueous RFBs. [9]

RFBs can also be classified into true RFB and hybrid RFB. [9] In true RFBs, the electro-active
species are always dissolved in the supporting electrolytes to form a single-phase system. [9] In
hybrid RFB systems, at least one of the electro-active species is present in a different phase. [9]
Various types of RFBs and hybrid RFB with their reaction information and their standard cell

voltages are summarized in Table 2. [8]

Table 2. Characteristics of Some Flow Battery Systems [8]

System Reactions ES. Electrolytes
True RFB Anode/Cathode
[10] charge
Disch
(+) terminal: VOf + e~ «———25 y02*
charge
i Disch _ _
PO\I/af?:I(ij(Iil;T]-.l] (-) terminal: V2* . [SCHATES 3+ 4 - 1.3V | VCl; — HCl / NaBr — HCl
charge
y A Discharge
(+) terminal: %2 Br, + e «——— Br~
charge
Bromine- . - Discharge  ,_ - 1.515 Na,S,/NaB
Polysulfide [o] | ) 1€Minal 2 827 qe———"> 83" + 2e v 25/ Nalr
i Discharge
(+) terminal: Br, + 2™ «————— 2Br~
charge
- i Disch
o C[?;C]’mmm (-) terminal: Fe?* & S Fed +e” 1.2V HCI/HCI
Charge
A 8 Discharge
(+) terminal: Cr3* + e~ e———> Cr?*
charge
- . Disch *
Ha-Br2 [13] (-) terminal: H, . + 2e” L1V PEM"/HBr
charge Discharge *proton Exchange Membrane
1sC
(+) terminal:  Br, + 2e~ 8 oBr-
charge
Hybrid RFB Anode/Cathode
Zinc-Bromine [8] (-) terminal: Zn - Discharge TnZt + 2e- 1.8V ZnBr,/ZnBr,
Charge
A 8 Discharge
(+) terminal:  Br, + 2™ «———— 2Br~
charge
Zinc-Cerium [8] (-) terminal: Zn (_% 7n2t + 2e- 24V CH3;SO3;H/CH;SO5H
charge
Disch
(+) terminal:  2Ce** + 2e~ — N TORES
charge
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Most of RFBs that are used commercially are based on aqueous solvents because of their low
cost and safety. [9] These days, only the all-vanadium RFB and Zn-Br RFB are commercialized
and used in EES applications. [14] Typical RFB energy density is between 20-50 Wh/L depending
on the RFB’s cell voltage and the solubility of electro-active species. [14] RFB is considered a

technology underdevelopment and not well established. [8]

Since the increase of vanadium price in 2018, there has been a challenge to find a new RFB
system that can have low materials cost, sustainable chemistry for electro-active species, high
solubility for electro-active materials, and high cell voltage. [15] Figure 7 shows the price of
vanadium prices between 2000 and 2019. From Figure 7, there was a rapid increase in vanadium
price in 2005 from nearly 2 $/Ib to almost 30 $/Ib. Vanadium price has been stabilized to be near
5 $/Ibs between 2009 and the end of 2017. [15] In 2018, vanadium price increased rapidly to more
than 33 $/Ib. [15] This fluctuation trend profile and an unexpected increase in vanadium price have
a negative impact on the RFB industries. Thus, the need to find an alternative to the vanadium

RFB is crucial in term of cost. [15]

Vanadium Prices Since 2000

US Dollars
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$35
$30
$25
$20
$15
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£, L0U1s JAMES

Source: Vanadiumprice.com

Figure 7. Market Vanadium price in $/Ib between 2000 and 2018. [15]
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1.6. Titanium-Manganese Redox Flow Battery System

In 2017, Sumitomo Electric Industries introduced a new RFB based on a Titanium-Manganese
electrolyte for a redox reaction. [16] Titanium-Manganese electrolyte system was selected based
on the high potential and the low cost of electro-active materials because they are present
abundantly in nature and the high theoretical cell voltage (1.41 V in a sulfuric acid solution) based
on their standard reduction potentials. [16] A schematic for the Titanium-Manganese RFB is

shown in Figure 8.

Power Station H Substation H Power Grid
I

Charge \l/ /r Discharge

I AC/DC Converter

Cell stack ?
[ B

—

Mn?*/Mn? Ti#/Ti0*
Positive
Electrolyte
Tank

Negative
Electrolyte

o
—V
,,sé_"_______._--.
7
NN EEE NN NN N NEEREN
=
Q
% o)
=

Electrode
Membrane

Figure 8. Schematic of Titanium-Manganese Redox Flow Battery [16]

From Figure 8, sulfuric acid is used as a supporting electrolyte in both the positive electrolyte
tank and the negative electrolyte tank. [16] A proton exchange membrane is used to maintain
electroneutrality between the two sides in the cell stack where the proton is allowed to migrate

between the two electrode sides. [16]

During the charge mode, the electrochemical cell charges the electrolytes using the voltage

and current from the power source by means of redox reactions. [16] Oxidation reaction takes
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place at the positive electrode and the reduction reaction takes place at the negative electrode as

shown Eq1.7 and Eq1.8 [16]:
At the negative electrode: TiO?>* + H* + e~ & H,0 + Ti3*, E°=0.1Vvs.SHE Eql.7
At the positive electrode:  Mn?* & Mn3* + e~ , E°=151Vvs.SHE Eql.8

And during the discharge mode, the electrochemical cell discharges the electrolyte and
generates electricity for the consumers. Oxidation reaction takes place at the negative electrode

and the reduction reaction takes place at the positive electrode as shown Eq1.9 and Eq1.10 [16]:
At the negative electrode: H,0 + Ti3* © TiO?* + H* + e, E°=0.1Vvs.SHE Eql.9
At the positive electrode: Mn3* + e~ & Mn?* , E°=151Vvs.SHE Eql.10

During charge operation, disproportionation reaction of Mn3* to MnO2 and Mn?* in the

electrolyte solution was reported as shown in Eql.11. [16]
2Mn3* + 2H,0 & Mn?* + MnO, + 4H* Eql.11

The effect of disproportionation reaction results in losing charge capacity and forming solid
MnO:; that can affect the flow of the electrolytes into the cell during operation. In order to stabilize
Mn3* and to suppress the disproportionation reaction of Mn3*, TiOSO4 was used and tested in the
positive electrolyte solution in high sulfuric acid concentration and high Mn?* concentration. [16,

17]

The application of Mn electrolyte was studied extensively for primary alkaline manganese
batteries where the electrolytic manganese dioxide (EMD) is the major Mn electro-active material
and Mn(111)/Mn(11) redox couple was viewed to be an intermediate step of forming EMD. [18]

The low cost of Mn stock materials and the high reduction potential of Mn(l11)/Mn(l1) redox
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couple attract the use of Mn materials as a positive electrolyte in RFB. Although the system was
reported to be stabilized by the addition of TiOSO4 in Mn electrolyte solution, there is still no
clear study about the mechanism and the speciation of the Mn electrolyte system in sulfuric acid
aqueous solution. Ti electrolyte has not been commercialized or used in any RFBs which makes it
a new negative electrolyte for RFBs. The chemistry of Ti(IV)/Ti(l1l) is well identified; however,

its electrochemical behavior has not been completely evaluated.

1.7. Objective of This Work

In this work, electrochemical characteristic of the Ti-Mn electrolyte system in sulfuric acid
aqueous solution is studied in different sulfuric acid concentrations with and without the mixing
of TiOSO4 and MnSOs electrolyte system. First, solubility measurements are conducted to find
the solubility of Ti-Mn electrolyte system in different sulfuric acid concentrations at different
temperatures. Then, a theoretical study on the Ti-Mn electrolytes is evaluated to study the
speciation of Ti-Mn electrolyte in sulfuric acid solution. The electron reaction mechanisms of Mn
electrolyte and Ti electrolyte are studied using the cyclic voltammetry technique for Mn electrolyte
and Ti electrolyte, and the anodic voltage hold technique for Mn electrolyte. The evaluation of the
electron transfer reaction mechanism for Mn-electrolyte and Ti-electrolyte systems in sulfuric acid
solution is based on the experimental observation from the electrochemical characterization results
and the theoretical study of the speciation of Ti-Mn electrolytes in sulfuric acid solution to find

the possible route for the electron transfer reaction in both systems.
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2. Ti- Mn Electrolyte System Literature Survey

2.1. Manganese Electrolyte in Sulfuric Acid

Manganese element has various oxidation states ranging from -1 to 7. [18] The electro-active
materials in a Ti-Mn RFB positive electrolyte is manganese in oxidation states from 2 to 4. [16]
In this section an overview of the apparent form and the chemical and electrochemical behavior of

Mn(11), Mn(111), and Mn(1V) in sulfuric acid aqueous solution is reviewed.

2.1.1. Mn(11) in Sulfuric Acid Solution

Mn(l1) is the starting positive electro-active material in a Ti-Mn RFB before it is charged. [16]
Mn(I1) species is the most stable manganese oxidation state in aqueous acidic solution among all
manganese oxidation states. [18] In sulfuric acid solution (for pH<1), Mn(ll) is present in the form
of Mn?* with an octahedral coordination structure with water molecules that is stable over a wide
range of potential. [19] However, with the presence of SO.* in acidic media, Mn?* forms MnSOx

(Ag) complex in the solution. [20, 21]

2.1.2. Mn(111) and Mn(1V) in Sulfuric Acid Solution

On the other hand, Mn(I11) and Mn(IV) are less stable in sulfuric acid solution because they
hydrolyze quickly in aqueous solution. [19] Mn(lll) is present in sulfuric acid solution as Mn3*
with an octahedral coordination with water molecules; however, it is hydrolyzed in aqueous
solution to form Mn(OH)x"®» jons and non-stochiometric solid MnOOH and it is
disproportionated to Mn?* and MnO; in acidic solution. [18, 19, 22, 23, 24]. The stability of
Mn(l11) in acidic solution depends on its concentration and the pH of the solution. [24] Mn(l11)
can be stabilized in acidic solution by increasing the acidity of the solution and by introducing a

complexing agent . [16, 25] Mn(IV) is found in sulfuric acid solution as solid MnO.. [18, 22]
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MnO; can form different phases in sulfuric acid solution depending on the solution pH,
temperature, and the presence of foreign ions in the solutions. [18, 22] The most stable phase of
MnO: in aqueous acidic solution is the B-phase. [18] Meta stable phases of MnO, are formed prior
to B-phase and they have long life-time before they are converted into -phase at room temperature.
[26] These meta stable phases of MnOz have a polymorph crystal structure in which foreign cation
can be hosted inside the lattice structure. [27] In sulfuric acid solution, it was reported that the
phase of MnO. that is resulted from the electrochemical oxidation of MnSOs is the non-
stochiometric y-MnQ2 ,while the MnO. formed via disproportionation reaction of Mn** in sulfuric
acid media was reported as a combination of the non-stochiometric y-MnO; and a-MnOa. [23, 25]
Generally, y-MnO: is the dominant phase of the solid MnOz in sulfuric acid media. [19, 23, 27] y-
MnO: polymorph structure is hexagonal close packed as shown in Figure 9. The manganese atoms
occupy half of the octahedral voids in this matrix, as in Pyrolusite - MnO, or Ramsdellite R-

MnOz. The chemical formula of y-MnO. was proposed by Ruetschi as: [28]

4+ 3+ 02— -
MniZ,_y . Mny™. 03745y - OHoyyy

Typical values of x and y in unreduced state are 0.06 and 0.075, respectively. [28]

Figure 9. Vacancy (Ruetschi) model for the crystal structure of MnO3 [7]
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2.1.3. The Standard Reduction Potentials of Mn(I1), Mn(111), and Mn(1V)
The standard reduction potentials in acidic media between the three manganese oxidation

states (Mn(11), Mn(111), and Mn(IV)) were reported in literature. [18]

e Mn(l1)/Mn(ll)

Mn3* + e~ & Mn?* E®=15VvsSHE Eqg.2.1

e  Mn(IV)/Mn(l1)
MnO, + 4H™* + 2e~ & Mn?* + 2H,0 E9=1.23VvsSHE Eq.2.2

e  Mn(IV)/Mn(lll)
MnO, + 4H* + e~ & Mn3* + 2H,0 E®=0.952Vvs SHE Eq.2.3

The low standard reduction potential of Mn(IV) / Mn(111) as opposed to the standard reduction
potential of Mn(1V) / Mn(ll) indicates that Mn(l1l) is unstable and it has to disproportionate to
Mn?* and MnO: to allow the system to be stable. [18] Disproportionation reaction happens when
a species is oxidized to species with a higher oxidation state and reduced to species with a lower
oxidation state simultaneously. [29] In this case, the disproportionation of Mn®* is the reduction of

Mn®" to Mn?* and the oxidation of Mn®* to MnO; simultaneously as shown below:
2Mn3* + 2H,0 © Mn?* + MnO, + 4H* EZ.;=0.548 V vs SHE

From E2.;, the reaction equilibrium constant at standard condition can be calculated to be is
K=1.85x10°. The large value of equilibrium reaction constant shows that the Mn3%*

disproportionation is a highly favorable reaction.
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2.1.4. Solubility of MnSOa4 in Sulfuric Acid Solution

The solubility of MnSQO4.H20 material in H2O-H2SO4 solvent was thermodynamically studied
and compared with experimental values by Petri Kobylin in 2013. [30] Petri used various
thermodynamic models such as Gibbs energy minimization model, Pitzer model, and CALPHAD
method in order to find the solubility of MnSO4 at different temperatures and at different acid
concentrations. [30] Petri ‘s theorical study generated data for the solubility of MnSOg in sulfuric
acid solution up to 10 mol/Kg H2SO4 concentration and temperature up to 90 °C, and the results
were in a good agreement with the experimental measurements. [30] The results that were obtained

by Petri are shown in Figure 10 to Figure 13. [30]
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Figure 10. Solubility of MnSO, in sulfuric acid solution with different
acidic concentrations at 20 °C. ___ Petri work, ---- and Other symbols are
the experimental results. [30]
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Figure 11. Solubility of MnSQ, in sulfuric acid solution with different acidic
concentrations at 40 °C. Petri work, ---- and Other symbols are the experimental
results. [30]
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Solubility of MnSO, / molkg"'

H,S0,/ molkg

Figure 12. Solubility of MnSOy. in sulfuric acid solution with different acidic concentrations
at 70 °C. __ Petri work, ---- and Other symbols are the experimental results. [30]

3.0

Solubility of MnSO, / molkg™!

0 2 4 6 8 10
H,SO, / molkg™

Figure 13. Solubility of MnSO. in sulfuric acid solution with different acidic
concentrations at 90 °C. ___ Petri work, ---- and Other symbols are the experimental
results. [30]

The results in Figure 10 to Figure 13 show that the solubility of MnSOa4 in sulfuric acid
decreases with increasing temperature, and the solubility of MnSQO4 decreases with increasing the

sulfuric acid concentration. [30]

2.1.5. Speciation Study of Mn(I1), Mn(l11), and Mn(1V) in Sulfuric Acid Media
Mn(11), Mn(111), and Mn(IV) were reported to exist as an octahedral coordination framework,

albeit somewhat distorted. [31]
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2.1.5.1. Speciation Study of Mn(I1)

Mn(11) in sulfuric acid solution exists in the form of Mn?* with an octahedral coordination
structure with water molecules and aqueous undissociated MnSOa. [18, 20] However, with the
presence of SO+ in acidic media, Mn?* forms MnSOa (aq) complex in the solution as shown in Eq.
2.4.[20, 21, 32]

MnSO,,, < Mn?* + 5032, K = 0.00158 Eq.2.4

Mn(I1) hydrolyzes in aqueous solution in low acid concentration (pH ~5.3). [31] Hydrolysis
reaction of Mn(ll) in acidic solution is shown in Eq. 2.5 with its reported equilibrium reaction
constant. [31]

Mn?* + H,0 & MnOH™* + H*, K = 2.57x10"11 Eq.2.5

The hydrolysis of Mn(1l) would lead to Mn(OH)2 solid formation in low acid concentration

(pH approximately > 5.3). [31]

2.1.5.2. Speciation Study of Mn(I11)

Mn(I11) exists in sulfuric acid solution as Mn®* with an octahedral coordination with water
molecules; however, it is readily hydrolyzed in aqueous solution to form Mn (OH)x*©* jons and
non-stochiometric solid MnOOH. [31] Hydrolysis of Mn(ll1) in acidic solution was studied by
Biedermann in 1978. [33] He studied the equilibria of Mn®* in an acidic media that consisted of
H*, Li*, and ClO4 at 25 °C by using potentiometric method. The resulted equilibrium reaction
constants of Mn(l11) hydrolysis obtained by Biedermann are shown in Eg. 2.6 and Eq. 2.7 [33]

Mn3* + H,0 & MnOH*? + H*, K = 100401 Eq.2.6
Mn3* + 2H,0 < Mn(OH), " + 2H*, K = 1001£01 Eq.2.7
Beside Mn(111) hydrolysis in aqueous solution, Mn(I1l) tends to disproportionate to Mn(ll)

and Mn(IV) in acidic solution if no stabilizing complexing agent is present in the system. [16, 18,
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19, 31] Various materials have been found to complex with Mn(l11) and to stabilize the Mn(l11)
species from disproportionation reaction. EDTA, pyrophosphate, and citrate complexation in
acidic medium were suggested by Klewicki in 1988 to stabilize Mn(l11). [34] Various organic
complex agents were also reported in the literature that can suppress Mn(l11) disproportionation
reaction. [35] However, using organic materials to stabilize Mn(lIl) in aqueous solution would
increase the ohmic resistance in the electrolyte and it can also introduce other side electrochemical
reactions of hydrocarbon species. Therefore, inorganic materials are preferable as a complex agent
to stabilize Mn(lI1) in aqueous solution. Recently, ions such as TiO?*, and Ti*" with Mn%* in
aqueous sulfuric acid solution were suggested to help in stabilizing Mn(l11). [25, 36] It was found
that Mn(111) stability increased the most with the presence of Ti** in sulfuric acid solution. [36] A
prior study was conducted by Sumitomo Electric Industries in 2016 to study the stability of Mn(l11)
with the presence of TiOSO4 in 3M sulfuric acid solution for Ti/Mn RFB. [25] In their study, they
found that TiO?* slowed down the disproportionation reaction of Mn(111) in sulfuric acid solution
and the stability of Mn(I11) increases with TiO?* concentration in sulfuric acid solution. [25] They
believed that the TiO?* stabilized Mn(I11) in sulfuric acid solution by forming a complex ligand

with Mn®* in sulfuric acid solution. [25]

2.1.5.3. Speciation Study of Mn(1V)

Mn(1V) ions were found to be not stable in aqueous acidic solution because it hydrolyzes very
rapidly to MnOz. [22, 31] They may exist in acidic solution in a negligible amount in equilibrium
with other species in the system. [22, 31] Finally, the standard Gibbs free energy of formation of

all possible manganese species in acidic solution are listed in Table 3.
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Table 3. Reported standard Gibbs free energy of formation AG%; [KJ/mole], for Manganese species from different
sources

Species [18] [37] [22] [24] [38] [39] [40] [41] [42]
H,0 -237.18 - - - - - - - -
502~ -744.63 - - - - - - - -
HSO; -756.01 - - - - - - - -
Mn?* 2281 | -227.61 - - - -228.11 - - -

MnSO,, - - - - - - - - -982.4
Mn(OH)* - - -404.9 - - -405.01 - - -
Mn(OH), | -615.0 - - - - -615.01 | -615.7 - -
Mn’* -83 -81.92 - - - - - - -
Mn(OH)?* - -324.4 | -322.46 - - - - -
Mn(OH)3 - - - -557.93 - - - - -
Mn(OH), - - - - -757.73 | -757.3 -
MnO,(y) | -4485 - - - - -456.47 | -4619 | -461.88 -
MnO, (a) - - - - - -453.13 - - -
MnOOH(o) | -557.7 - - - - -556.045 | -554.8 -
MnOOH(y) | -563.2 - - - - -557.73 | -557.69 | -557.7 -
MnOOH(5) - -553.54 - - - - - - -
MnOOH(B) - - - - - - -547.07 - -
Mn(OH)#2 - - - - -431.93 - - - -
Mn** - 74.85 - - - - - - -

2.1.6. Electrochemical Study of MnSO4 Redox Mechanism in Sulfuric Acid Solution

Several electrochemical studies of MnSOg electrolyte in sulfuric acid solution were conducted
using cyclic voltammetry technique, chronoamperometry technique, and linear sweep
voltammetry technique with different working electrodes materials such as Platinum-based
working electrode, solid carbon-based working electrode, and porous carbon-based working
electrode to study the mechanism of redox reaction of MnSO4 in aqueous sulfuric acid solution.
[16, 19, 25, 43, 44, 45, 46] Most of the mechanism studies of MnSQO4 redox reaction were made to

explain to the formation of MnO electrodeposition in acidic solution. [19, 43, 44, 45, 46, 47]
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2.1.6.1. Platinum-Based Working Electrode

In 1992, Kao and Weibel studied the electrochemical oxidation of MnSQOj4 to form electrolytic
manganese dioxide (EMD) in sulfuric acid aqueous solution using a platinum Rotating-Ring-Disc
working electrode. [43] The electrolyte solution used by Kao was 10mM MnSQOs in 0.5M H>SO4
solution. Based on their work on the electrodeposition of EMD on Pt electrode, they concluded
that the nucleation of EMD was controlled by an equilibrium reaction of an unknown Mn(llI)
intermediate that was undergone a disproportionation reaction on the Pt electrode and the growth
of EMD involved the reduction of the already formed MnO; surfaces by Mn?* in the solution to
form MnOOH followed by MnOOH oxidation and proton releasing from MnOOH structure to
form MnOy. [43] They also believed that at high Mn?* concentration, the MnOOH layer was built
up and the controlling step of EMD electrodeposition was the proton insertion into MNnOOH solid.
On the other hand, when low Mn?* concentration was used, the controlling step of EMD
electrodeposition was controlled by the rate of diffusion of Mn?* from the bulk electrolyte to the

electrode surface. [43]

In 1994, Bodoardo investigated the reduction of the electrodeposited MnO; in sulfuric acid
solution with considering the effect of temperature, pH, and Mn?* concentration using linear sweep
voltammetry and cyclic voltammetry technique. [23] He conducted his electrochemical
experiments using a Pt working electrode and 0.5M MnSOa in 0.5M H>SO4 electrolyte solution
and the resulted cyclic voltammogram is shown in Figure 14. In addition, XRD measurement of
the electrodeposited MnO; that resulted from oxidizing MnSOz in sulfuric acid solution at room
temperature and at 90 °C showed the phase of MnO: to be y-phase as shown in Figure 15. Bodoardo
conclusion differs from what Kao and Weibel found regarding the formed MnOOH. Bodoardo

believed that a thin insulated layer of MNOOH was formed on the surface of MnO> during the first
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reduction peak, its thickness depending on the solution pH and the Mn?* concentration in the
solution electrolyte. This MnOOH layer was believed to limit the reduction reaction of MnO;
leading to a limited current measured after the first reduction peak, and at low applied voltage
during cathodic scan, the cathodic current intensity increased again. He concluded that when MnO;
was electrodeposited on a non-stationary working electrode at room temperature, the surface oxide
layer was destroyed during the first reduction peak to form MnOOH and a second peak appeared

during the reduction scan of cyclic voltammetry. [23]

1/ mA cm?

-500 0 500 1000

V/mV (SSE)

Figure 14. Cyclic voltammetry on platinum for 0.5M MnSQ, in 0.5M H,SO, at 25°C and at scan rate of
0.5mV/s [23]
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Figure 15. X-ray diffraction patterns for y-MnO- electrodeposited resulted from oxidizing MnSO in
sulfuric acid solution at (a) room temperature. (b) at 90 °C [23]
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Bodoardo’s explanation for the reduction of YMnO> to MNnOOH agreed with the theoretical
basis of the polymorph yMnO, that was first introduced by Ruetschi in 1988. [47] Ruetschi
explained the electrochemical reduction of yMnO, to be proceeded via proton insertion into the
solid phase to form a mixture of polymorph solid of yMnO, and aMnOOH . The partial reduced
yMnO, leads to the insulated aMnOOH solid. The process that leads to aMnOOH is produced by
a topotactic reduction of yMnO, [47]. The electrochemical reactivity of yMnO, is largely
determined by the rate of proton diffusion in the solid phase of MnO>. The structure of aMnOOH

is shown below:

Figure 16. Crystal structure of a-MnOOH that was proposed by Ruetschi model [27]

The chemical formula of aMnOOH that was proposed by Ruetschi is [28]
Mn3Zt,. 0F 25, . OHT, 54
It is well accepted that the electrochemical reduction of yMnO, can be written without
considering the nonstoichiometric yMnO,, for sake of simplicity as shown in Eq. 2.8. [23]

MnO, + H* + e~ & MnOOH Eq. 2.8

Nijjer studied the electrochemical oxidation of MnSO4 and the electrochemical reduction of
MnO: in sulfuric acid solution by cyclic voltammetry on Pt working electrode at different
temperatures, MnSO4 concentration, and sulfuric acid concentration, with and without convection
in 2000. [45] In his study, the MnSO4 electrolyte that was used in cyclic voltammetry was in the

range of 0.018M-0.73M MnSO; in different sulfuric acid concentrations ranging from 0.5M-6M
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H>SO4 and at a 22 °C and 35 °C. [45] Nijjer conclusion about the electrochemical oxidation of
Mn(Il) to Mn(I11) was that the electrochemical reaction was limited by mass transport and the
oxidation of Mn(Il) to MnO. was proceed via the ECE mechanism (electron transfer reaction-
chemical reaction- electron transfer reaction) where the chemical reaction step was the controlling
step for the EMD electrodeposition. [45] He observed that at high temperature and convection, the
oxidation of Mn(Il) to MnO, was enhanced; at low acid concentration, the electrodeposition of
MnO; was favored; and at high acid concentration, MnO> formation was inhibited [45]. The ECE
mechanism for the oxidation of Mn?* to Mn®*" and MnO, that was described by Nijjer is shown in

Eq.2.9 to Eq.2.12 [45]
Mn3* + e~ & Mn?* Eq.2.9

At low acid concentration: Mn** is disproportionated as shown in Eq.2.10 or it may hydrolyze

to form MnOOH as in Eq. 2.11 [45]
2Mn3* & Mn*t + Mn?* Eq.2.10
Mn3* + 2H,0 < MnOOH + 3H* Eq.2.11

The intermediates products such as Mn** and MnOOH are oxidized to form MnO2 on the electrode
surface. [45] Nijjer suggested that the overall oxidation reaction of Mn?* during the cyclic

voltammetry oxidation scan was from Mn?* to MnO2 as shown in Eq. 2.12. [45]
Mn?* + 2H,0 & MnO, + 4H* Eq.2.12

Regarding the electrochemical reduction of MnO, to Mn?*, Nijjer suggested that the deposited

MnO. was partially reduced at the electrode interface between the electrode and MnO: interface
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depending on the acid concentration and Mn?* concentration where the electrodeposited MnO;

was affected by a chemical reaction with Mn?* [45]

In 2006, Clarke studied the mechanism of MnO: electrodeposition using Pt-RDE and Pt-
RRDE voltammetry for 0.1M-1M MnSQO4 concentration range, 0.1M-5M H>SO4 concentration
range, at a rotation rate of 1000-4000 rpm, and at 22 °C and 98 °C temperature range. [19] Based
on his experimental results, the current response of the voltammetry showed a peak. He believed
that peak was due to a decrease on the catalytic activity of the electrode due to MnO2 deposition
on the electrode surface. [19] From the effect of varying Mn(lI1) concentration in both dilute H>SO4
solution and concentrated H>SOs solution, Clarke concluded that the solid precipitated in
concentrated acid solution was only MnO: and the solid precipitated in dilute acid solution was
initially MnOOH. [19] Based on Levich plot analysis, Clarke suggested that the limited current
observed during voltammetry oxidation scan was attributed to the activation instead of the mass
transport limitation of Mn(l1) to the electrode surface. Regarding Mn(l11) stability after oxidizing
Mn(Il) in dilute and concentrated acid media, Clarke concluded that based on his voltammetry
results, small amount of Mn(l11) was formed in dilute acid concentration, while in concentrated
acid solution almost all of Mn(l11) was presented in the solution and it disproportionated into MnO;
and Mn(11) in the solution. [19] He suggested that in dilute acid concentration the electrogenerated
Mn(11) hydrolyzed and precipitated to form solid MnOOH which eventually oxidized to form
MnO: on the electrode surface. Ultimately, a mechanism for the oxidation of MnSQOas in dilute and

concentrated sulfuric acid solution was proposed by Clarke as shown below [19]:

- Dilute sulfuric acid solution (<1M) [19]

[Mn(H,0)]%* & [Mn(H;0)g]ags”

[Mn(H;0)lags” " © [Mn(H;0)glags” " + e~
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[Mn(H,0)6laas "+ © [Mn(H,0)5(0H)],as° " + H*
[Mn(H,0)5(0H)].4s>" < MnOOH. (H,0), + 2H" (Fast)
MnOOH & MnO, + H* + e~ (slow)

- Concentrated sulfuric acid solution (>1M) [19]
[Mn(H,0)4]%* © [Mn(H;0)g]aas”
[Mn(H,0)6lags” " © [Mn(H;0)glaas” + + €~
[Mn(H,0)glags” " < [Mn(H,0)4]%*

2[Mn(H;0)¢]** & [Mn(H,0)6]** + [Mn(H,0)6]** (slow)
[Mn(H,0)¢]** -»— MnO, (fast)

2.1.6.2. Solid Carbon-Based Working Electrode

Xue investigated the electrochemical behavior of Mn(11)/Mn(l11) couple using steady state
polarization curve, electrochemical impedance spectroscopy, transient potential-step experiment,
X-ray diffraction, charge—discharge experiments, and cyclic voltammetry on spectral pure
graphite working electrode at room temperature for 0.01M-0.3M MnSQO4 concentration range in
0.5M-5M H2SO4 solution. [46] The result obtained by Xue for the cyclic voltammetry for 0.3M
MnSOg4 in 0.5M-5M H>SO4 solution on pure graphite electrode at room temperature is shown in
Figure 17. Xue concluded that during anodic scan in cyclic voltammetry, Mn?* was oxidized to
Mn®" and then Mn3* was disproportionated to MnO.. During cathodic scan, the main reduction
reaction was the reduction from MnO; to Mn?*. [46] He believed that disproportionation reaction
of Mn(l11) was weak on graphite electrode as opposed to carbon felt electrode due to graphite
electrode’s fewer active sites. [46] Based on his cyclic voltammetry on graphite electrode, Xue
concluded that, the reversibility of Mn(11)/Mn(l1l) redox reaction was best when sulfuric acid

concentration was 5M. [46]
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Figure 17. Cyclic voltammograms for 0.3M MnSQy in sulfuric acid with different sulfuric acid concentrations at scan
rate of 5mVs on graphite rod electrodes. Concentrations of the sulfuric acid, (1) 0.5M; (2) 1M; (3) 3M; (4) 5M [46]

2.1.6.3. Porous Carbon-Based Working Electrode

Xue also conducted cyclic voltammetry using carbon felt working electrode. The result of
cyclic voltammetry obtained by xue for 0.3M MnSO4 in 1M-5M H>SO4 solution on carbon felt
electrode at room temperature is shown in Figure 18. [46] Xue suggested that using carbon felt for
Mn(I11)/Mn(11) redox couple in sulfuric acid solution for RFB application was not suitable because

Mn(111) disproportionation reaction became highly active on carbon felt working electrode. [46]

i/ mA em2

0.6 0.8 1.0 12 14
E/Vvs SCE

Figure 18. Cyclic voltammograms for 0.3M MnSO, in sulfuric acid with different
concentrations at scan rate of 5mVs™ on carbon felt electrodes. [46]
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In 2017, Sumitomo Electric Industries (SEI), in their study of the characteristic of Ti-Mn RFB,
studied the electrochemical behavior of Mn(111)/Mn(I1) redox couple using cyclic voltammetry on
carbon felt working electrode. [16] SE used 1M of MnSO4 in 3M H2SO4 electrolyte solution with
and without the addition of 1M TiOSOg as a stabilizer for Mn(l11) in aqueous solution in their
cyclic voltammetry experiment on carbon felt electrode at room temperature. [16] They used a
small flow cell with a carbon felt as a working electrode and as a counter electrode. The working
electrode area was 0.785 cm?. [16] During the cyclic voltammetry, the tested electrolyte was kept
still on the working electrode and the electrolyte on counter electrode was flowed. [16] The cyclic
voltammogram of 1M of MnSO4 in 3M H2SO; electrolyte solution with and without the addition

of 1M TiOSOg obtained by SEI is shown in Figure 19. [16]
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Figure 19. Voltammogram of 1M MnSO, in 3M HSOs __ with 1M
TiOSO4 addition; ---without 1M TiOSO4 addition [16]

SEI assumed that the observed oxidation peak of cyclic voltammetry in both Mn electrolyte with
and without the addition of TiOSO4 attributed to the oxidation reaction of the entire Mn active
material at the working electrode. [16] For the cyclic voltammetry of Mn electrolyte during the

negative scan, two reduction peaks were detected at 1.3V vs. Ag/AgCl and at 0.97 V vs. Ag/AgCl.
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These two reduction peaks were assumed to be attributed to the reduction reaction of Mn®* to Mn?*
and MnO; to Mn?*. [16] SEI observed that with the addition of 1M TiOSO4 in 1M MnSO4
electrolyte the oxidation peak decreased which indicated that the oxidation reaction of Mn
electroactive species was suppressed. [16] In addition, the reduction peak of MnO2 to Mn?* during
the cathodic scan was shifted from 0.97V to 1.1V vs. Ag/AgCIl. [16] From the shifted peak, SEI
concluded that the reduction reaction activity of MnO, to Mn?* was increased when TiOSO4 was
added to Mn electrolyte. [16] The total number of the reactive electron from Mn electrolyte was

1.5 or more. [16]

SEl also found based on their FE-SEM images of the Mn electrolyte with a 90% SOC that the
addition of TiOSO4 to the Mn electrolyte led to the formation of smaller MnO: solids from the
disproportionation reaction compared to the case where TiOSO4 was not added as shown in Figure
20. [16] They found that with addition of Ti in the Mn electrolyte, the size of the solid precipitates

in the solution was changed from 2,000 nm to 5 nm. [16]

Figure 20 FE-SEM images of MnO, precipitates derived from (a,b)
Ti+Mn electrolyte and (c,d) Mn electrolyte [16]
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2.1.7. Stability of Manganese Electrolyte in Sulfuric Acid solution after being Charged

The stability of Mn electrolyte in sulfuric acid solution after being charged was studied by
SEI with and without the addition of Ti(IV) species in Mn electrolyte system in 2016. [25] SEI
found that after charging the positive Mn electrolyte material in Ti/Mn RFB by oxidizing Mn(ll),
Mn(lIl) was formed in the electrolyte; however, Mn(lll) can readily disproportionate in the
aqueous solution to form Mn(11) and MnO.. [25] SEI suggested that Ti(I\V) species can be used to
stabilize Mn(l1l) after the positive electrolyte was charged. [25] They suggested that by mixing
Ti(IV) in the positive electrolyte, Mn(l1l) disproportionation reaction was suppressed and the
morphology of the precipitated MnO2 was only yMnO, in smaller size that had less effect on the
flow of the positive electrolyte to the electrochemical cell during discharge mode. [25] They also
noted that by adding more TiOSO4 to the Mn electrolyte, the redox of Mn electrolyte became more
reversible in cyclic voltammetry. [25] The cyclic voltammetry on carbon felt working electrode
for Mn electrolyte with different TIOSO4 concentrations in 3M H2SO4 solution is shown in Figure

21. [25]
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Figure 21. Cyclic voltammetry results for M MnSO. in 3M H,SO, with different TiOSO.
addition in % mol of TiOSOs. [25]
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From Figure 22, SEI observed that, the reduction peak during cyclic voltammetry was shifted
to the right with the addition of TiOSO4 which indicated higher reversibility of charged species.
[25] SEI suggested that Mn®* formed a complex with the added Ti(1V) species based on their UV-
vis spectroscopic study. [25] The spectra of 1M Mn SO4+3M H2SO4 with and without the addition

of 1M TiOSOys in different charging conditions in Figure 24. [25]
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Figure 22. UV-visible spectra of (a) Ti 0% electrolyte, (b) Ti 100% electrolyte. Fully
discharged, charged to 0.01, 0.05, 0.1 mol dm= as Mn®* concentration. [25]

SE attributed the wavelength of Mn®* to be at 520 nm. [25] The interpretation of the UV-vis
spectra on the basis of the wavelength location was assumed to be the reason of the assumed
interaction of Ti(IV) species and Mn(l11) species by SE; However, the observation between the
intensity of the absorbance with and without the addition of Ti shows a higher absorbance in the

case of Mn electrolyte Ti-free the intensity which may indicates that the concentration of Mn3* is

high in Ti-free solution. [25]
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However, solid material was observed in the electrolyte one week after the Mn electrolyte
with and without the addition of TiOSO4 system was charged up to 90%SOC using XRD as shown

in Figure 23 . [25]

Ti0% ¥ 7-MnO, -
- e} O a-Mno, =
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26/ deg (Cu-Ka)

Figure 23. XRD patterns of the precipitates collected from the bottom of the vials of Ti 0%
and Ti 100% electrolytes. [25]

From the XRD of SE of the Mn solid without Ti addition in the electrolyte, the solid observed by
SE indicates the formation of a-MnOz2, y-MnO: with undefined peaks. With the addition of Ti in
the electrolyte, the peaks in the XRD were weak due to the small particle size formed in the
solution <100nm, and based on the SE analysis, those weak peaks were only attributed to y-MnO..
[25] The y-MnO; solid was suggested to be reactive, so that it can be reduced to Mn?* and small
enough to be flowed to the electrochemical cell during discharge operation. [25] The analysis of
XRD by SE did not account for the formation of Mn(l11) solid such as MnOOH, and the reason of

forming a-MnOz in the Ti-free Mn electrolyte was not discussed.

In 2019, Garcia studied the speciation and the mechanism of the complexation between
Mn(I11) and Ti(IV) species using K-edge XANES technique for 0.2M MnSO4+3M H>SO4 with
and without the addition of 0.2 M TiOSOQj4 after oxidizing the tested solution at 100 mA/cm? on 9

cm? until a voltage of 1.7V vs. Ag/AgCl was measured as shown in Figure 24. [36]
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Figure 24. Mn K-edge XANES measurements for Mn(lll) solutions formed
through the electrochemical oxidation of MnSQO4 in 3 M H,SO4 in the presence
and absence of 0.2 M Ti(SO.).. [36]

Garcia compared the tested solutions spectra with Mn(acac)z, MnzO4 and MnO_ powder spectra.
[36] Garcia attributed the decrease of the spectra of the Mn-Ti electrolyte to the decrease of the
formation of Mn(IV) via disproportionation reaction. [36] He hypothesized that this decreased
pattern of Mn(IV) species in Mn-Ti electrolyte may due to the formation of a weak interaction
between Mn(111) and Ti(IV) species through oxo bridge ligand that can stabilize the Mn(lll) in
sulfuric acid. [36] In his study, Garcia did not account for the decrease of the solid particle size for

the charged species in Mn-Ti electrolyte as was suggested by SE.
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2.2. Titanium Electrolyte in Sulfuric Acid

Titanium element has various oxidation states ranging from 0 to 4. [18] The Ti-Mn RFB
negative electrolyte deals with Titanium of oxidation states from 3 to 4 which are the most stable
oxidation state in aqueous solution among all Titanium oxidation states . [16, 22] In this section
an overview of the apparent form and the chemical and electrochemical behavior of Ti(IV), and

Ti(l) in sulfuric acid aqueous solution is reviewed.

2.2.1. Ti(1V) in Sulfuric Acid Solution

Ti(IV) is used as a starting negative electro-active material in the Ti-Mn RFB before it is
charged. [16] Ti(IV) salts have many forms in nature such as TiO2, TiSO4, and TiOSO4 etc. In
high sulfuric acid concentration solution (for pH<1), Ti(IV) is present in the form of
[Ti(OH),]?**and [Ti(OH);]*. [48] In addition to the formation of [Ti(OH),]?*and [Ti(OH)5]™,
recent studies conducted by Fabien Baillon, and Alexandre Pichavant indicated that Ti(IV)
complexes with SO+ in sulfuric acid solution to form [Ti(OH)2S04]%q and [Ti(OH)2 (SO4)2 1*

aq. [49, 50]

2.2.2. Ti(1H) in Sulfuric Acid Solution
Ti(111) hydrolyzes in aqueous solution to form Ti(OH)?*. [51] In the presence of sulfuric acid
in the solution, Ti(l11) is present in the form of Ti** and it reacts with SO4? to form Ti (SO4)x>™,

which is considered to be most stable form of Ti(lll) in a sulfuric acid solution. [52]
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2.2.3. The Standard Reduction Potentials of Ti(IV)/Ti(l1l)
The standard reduction potentials of the Ti(IV)/Ti(Ill) couple in acidic media ,where Ti(IV)
is in the form of TiO?* and Ti(I) is in the form of Ti®*, was reported in literature as shown in

Eq2.13. [16, 18]

o Ti(IV)/Ti(IN):
TiO?* + 2H* + e~ & Ti3* + H,0 E°=0.1Vvs SHE Eq.2.13
The standard reduction of Ti(IV)/Ti(ll1) was also reported in chloride media, where Ti(IV)
and Ti(l11) are in the form of Ti(OH).?*, Ti**, and Ti**, as shown in Eq2.14 and Eq2.15. [53]
o Ti(IV)/Ti(llI):
Ti(OH)3* + 2H* + e~ & Ti3* + 2H,0 E° = 0.007(+/-)0.006V vs SHE  Eq.2.14

Ti** + e~ o Ti3* E® = 0.202(+/-)0.002Vvs SHE  Eq.2.15

2.2.4. Solubility of TiOSOs in Sulfuric Acid Solution

No data can be found for TiOSOs solubility in aqueous sulfuric acid solution in the literatures.

2.2.5. Speciation Study of Ti(1V) and Ti(lll) in Sulfuric Acid Media

Ti(ll) was reported to exist as an octahedral coordination framework in most aqueous
solution. Ti(IV) may not exist as a free tetra-valent oxidation state species in the form of octahedral
structure. Rather, in acidic aqueous solution, Ti(IV) exists in the form of oxo species. [31, 48]
Ti(IV) was reported to be readily hydrolyzed in acidic solution to form different titanium (IV)

hydroxide species and precipitated out as TiO> in low to moderate acidic solution. [22, 31, 48]
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2.2.5.1. Speciation Study of Ti(IV) and Ti(lll)
Collected values of standard Gibbs free energy of formation of all possible species of Ti(I1V)
in acidic aqueous solution are shown in Table 4. In addition, experimental values of the equilibrium

chemical reactions that were reported in the literature for Ti(I\V) and Ti(lll) species are listed in

Table 5.

Table 4. Values of standard Gibbs free energy of formation, AG%; [KJ/mole], of Ti(IV) and Ti(lll) species in
[KJ/mol] from different sources

Species [54] [55] [56] [18] [57]
H,0 -237.178408 -237.190 - -237.18 -
N -744.62648 -744.459 - -744.63 -
HSOZ - -755.756 - -756.01 -
Tio2+ - - - -577.4 -610 (+/-) 17
Ti** - - -354.18 - -349 (+/-) 9
Ti(S0,)*2 - -1082.400 - - -
Ti(OH)3* -614.00 -611 (+/-) 2.3
Ti(OH)3* -869.56 -866 .4(+/-) 2.3
Ti(OH)# - - -1092.5 - -1091.4 (+/-)2.3
Ti(OH), - -1320.310 - - -1314.1 (+/-)2.3
H,SO0, -690.06712 - - -690.101 -
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Table 5. Reported equilibrium reaction constants, K, for Ti(IV) and Ti(lll) chemical reactions in an acidic aqueous
solution

Reactions [58], [60] [53] [49], | [61], [63] [64]
[59] [50] [62]
H,S04 + H,0 & H;0* + HSO; 108 - - - - - -
HSO; + H,0 & H;0* +S03~ 0.012 - - - - - -
Ti(OH)3* 4+ H* « Ti(OH)3* + H,0 - | 447E-3 | 0.083 - - - -
TiOH3* + H* & Ti** + H,0 - 1.62 E-3 | 0.49 - - - -
Ti(OH)3* + H,0 < Ti(OH)I + H* - | 794E-3| - 0.0195 | - - -
Ti(OH)} + H,0 < Ti(OH), + H* - 4.27E-4 - - - - -
Ti(OH)3* +S03% © [Ti(0H),S0, 1%, - - - 3.4 - - -
Ti(OH)3* + 25032 o [Ti(OH),(S0,), 172, - - - 12.02 - - -
Ti** + H,0 < Ti(OH)** + H* - - - - - | 0.0028 | 0.072
Ti(OH)2* + H,0 < Ti(OH)," + H* - - - - - - 0.032
Ti** + 5032 &  Ti(S0,)* - - - - 24.3 - -

2.2.6. Electrochemical Study of TiOSO4 Redox Mechanism in Sulfuric Acid Solution
Several electrochemical studies of TiOSOselectrolyte in sulfuric acid solution were conducted
using cyclic voltammetry and square voltammetry techniques with different working electrode
materials such as a solid carbon-based working electrode and porous carbon-based working
electrode to study the mechanism of redox reaction of Ti(lI1)/Ti(IV) couple in aqueous sulfuric

acid solution. [16, 65, 66]

2.2.6.1. Solid Carbon-Based Working Electrode

In 1981, Kiekens studied the electrochemical behavior of Ti(IV)/Ti(lll) redox couple on a
rotating glassy carbon electrode in sulfuric acid media. He conducted his experiment using 2mM
Ti(IV) in the form of TiOSO4 salt in a concentrated sulfuric acid solution (>5M H2SO4 solution)
at room temperature. [66] During the cyclic voltammetry reduction scan of Ti(IV) on glassy carbon

electrode, Kiekens did not observe a reduction wave of Ti(IV) below 5M H.SO4 solvent, while at
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higher sulfuric acid concentration the reduction wave of Ti(IVV) was obvious with no observed
limited current. [66] He suggested that a limited current was not observed because of other non-Ti
species in the solution was reduced such as hydrated sulfate complexes, or because of the
interference of hydrogen reduction current in the low voltage range used in the voltage scan
window from 1.2V vs SCE to -0.8V vs SCE. [66] The voltammogram during reduction scan of

Ti(IV) on glassy carbon electrode obtained by Kiekens is shown in Figure 25. [66]
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Figure 25. Current-Voltage curve of the reduction of 2mM TiOSO4 in 10M H2SO4
solution on glassy carbon electrode with different rotation speed in (rad/s) [66]

During the cyclic voltammetry oxidation scan of Ti(lll) on glassy carbon electrode, single
wave was observed by Kiekens for the oxidation of Ti(lll) to Ti(IV) in 4M H2SO4 solution with a
limited current. [66] When Kiekens increased the concentration of H2SOas, he noticed that the
oxidation wave was shifted to a more negative potential and the limited current decreased. [66] He
concluded that the reversibility of the oxidation of Ti(Ill) was increased with increasing the acid
concentration and viscosity of the solution was increased with increasing the acid concentration

that was led to a low limited current. [66] The voltammogram during oxidation scan of Ti(lll) on

glassy carbon electrode that was obtained by Kiekens is shown in Figure 26. [66]
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Figure 26. Current-Voltage curve of the reduction of 1.5mM Ti(lll) in 4M H3SO,
solution on glassy carbon electrode with different rotation speed in (rad/s) [66]

In 1987, Noel and Anantharaman studied the voltammetry behavior of Ti(IV)/Ti(lll) redox
system in H2SO4 solution on glassy carbon electrode. [65] The electrolyte used in their study was
124.7 mM TiOSO4 in 2M H>S0s. [65] The result obtained by Noel and Anantharaman is shown
in Figure 27. [65] The same observation of unlimited Ti(IV) reduction current reported by Kiekens

was also noticed in Noel and Anantharaman Ti(IV)/Ti(lll) voltammogram shown in Figure

27. [65]
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Figure 27. Cyclic voltammogram of 124.7 mM TiOSO4 in 2M H,SO. on glassy
carbon with scan rate 20mV/s at room temperature. [65]
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Noel and Anantharaman concluded that the cause of the unlimited cathodic current was
attributed to the uncomplex Ti(IV) species in 2M sulfuric acid solution, and the supporting
electrolyte reduction reaction during the cathodic scan was not the cause of the unlimited cathodic
current because Noel and Anantharaman suggested that hydrogen reduction on a glassy carbon
electrode should occur at a potential that is more negative than the voltage windows that they used
which was from 0.7V vs. SCE to -0.8 V vs. SCE. [65] They believed that if a high Ti(IV)
concentration was used with a high sulfuric acid concentration, Ti(IV) could complex with the
sulfate in the solution to form a more electrochemically active Ti(IV) that is easily reducible. [65]
During the anodic scan, Noel and Anantharaman observed an oxidation peak and they attributed
it to the oxidation of Ti(lll) species to Ti(IV) species. [65] They believed that Ti(lll) species
formed a stable complex form with the sulfate anion species in the solution that could be easily

oxidized back to Ti(IV) when needed. [65]

2.2.6.2. Porous Carbon-Based Working Electrode

In 2017, Sumitomo Electric Industries (SEI), in their study of the characteristic of Ti-Mn RFB,
studied the electrochemical behavior of Ti(IV)/Ti(lll) redox couple using cyclic voltammetry on
carbon felt working electrode. [16] They used 1M TiOSO4 in 3M H2SO4 electrolyte solution with
and without the addition of 1M MnSO4 to study the interference effect of MnSO4 on the
Ti(IV)/Ti(l11) redox couple in aqueous solution in their cyclic voltammetry experiment on carbon
felt electrode at room temperature. [16] They used a small flow cell with a carbon felt as a working
electrode and as a counter electrode. The working electrode area was 0.785 cm?. [16] During the
cyclic voltammetry, the tested electrolyte was kept still on the working electrode and the

electrolyte on counter electrode was flowed continuously. [16] The cyclic voltammogram of 1M
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of TiOSO4 in 3M H2SO; electrolyte solution with and without the addition of LM MnSO4 that was

obtained by SEI is shown in Figure 28. [16]
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Figure 28. Voltammogram of 1M TiOSO4 in 3M HSOs __ without 1M MnSO,
addition; ---with 1M MnSQ, addition [16]

SEI assumed that the observed reduction peak of cyclic voltammetry during the cathodic scan

in both Ti electrolyte with and without the addition of 1M MnSO;4 to be due to the reduction

reaction of TiO?" to Ti* and the oxidation peak during the anodic scan to the oxidation reaction

of Ti®* to TiO%*. [16] SEI observed that with the addition of 1M MnSO. in 1M TiOSOs electrolyte,

there was almost no effect on the redox reaction of TiO?*/Ti** couple and concluded that there was

no issue in using TiOSO4 as negative materials for Ti-Mn RFB. [16]
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3. Theoretical and Experimental Study

In this chapter, an introduction to the fundamental of the cyclic voltammetry in
electrochemical system is briefly described with the microscopic theory of electron transfer
reaction for single and multiple reactions cases. Next, a thermodynamic calculation for Ti-Mn
system in sulfuric acid is performed to help give an overall evaluation for the stability of electrolyte
in aqueous sulfuric acid solution. Finally, the preparation and procedure of all conducted
experiments for Ti-Mn redox electrochemical characterization and the Ti-Mn electrolyte solubility

in sulfuric acid solution are discussed in detail.

3.1. Overview of Cyclic Voltammetry Experiment

Cyclic voltammetry (CV) is a qualitative electrochemical technique that is used to investigate
the redox reaction process of molecular species. [67, 68] In general, CV is the initial
electrochemical study of new electrochemical systems because it can give information about
complicated electrode reactions. [68] CV experiment constructs a plot of the measured current
flowing through the working electrode with respect to the applied voltage on the working electrode
as function of time which can be called a voltammogram. [67, 69] The working electrode’s
potential starts at a potential E1 which is usually selected so that the electro-active species that are
under study are not oxidized or reduced. [69] The potential is then swept linearly to a voltage E>
where E: is selected so that the potential difference between E; and E: includes reduction reaction
or oxidation reaction of interest. [69] The applied voltage reverses the sweep direction from E> to
the starting potential E1. During the forward scan from E; to Ea, if E2 > Ej1, the swept voltage
process is called an anodic scan where oxidation reaction takes place on the working electrode.
[69] In contrast, during the reverse scan, the swept voltage is called a cathodic scan where

reduction reaction takes place on the working electrode. [69] A typical profile of the wave form of
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the voltage applied on the working electrode during CV experiment is shown in Figure 29. [69]
From Figure 25, the applied potential on the working electrode during the CV experiment sweeps
from E1 initially to E; at tswitch, then the potential sweeps from E; at tswiten to E1. [69] The slope of
the applied potential between t=0 to t= tswitch indicates the scan rate of the applied voltage during

the CV experiment. [69]
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Figure 29. Typical applied voltage wave shape as function of time in cyclic
voltamettry experimnet. [69]

For simple reversible one-electron reaction, two peak currents are expected on the
voltammogram during a CV experiment and they reveal that the electrochemical reaction process
of the electro-active species is under mass transport control mode. [68, 69] The first peak current
is observed during anodic scan and it indicates the mass transport limitation in delivering electro-
active species from the bulk solution to the working electrode surface for an oxidation reaction.
[68, 69] The second current peak current is attributed to the mass transport limitation in delivering
electro-active species from the bulk solution to the working electrode surface for a reduction

reaction. [68, 69] More often the behavior of the electrochemical system during CV experiment

depend on the kinetics of the heterogenous redox reaction, the equilibria of the chemical reactions
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associated with the redox reaction, the mass transport of electro-active species near the electrode

surface, and the voltage scan rate during CV experiment. [68, 69]

An electrochemical reversible system of one electron transfer reaction can be characterized
from the voltammogram when two current peak ratio, that can be observed during the anodic scan
and the cathodic scan, is equal to unity and the voltage peak separation is equal to 59 mV at 25 °C
for one-electron transfer reaction. [68, 69] An electrochemical reversible system (or a Nernstian
system) is often said if the system follows the Nernst equation as shown in Eq 3.1 and Eq 3.2 or

an equation derived from it. [68]

O+ne” &R Eqg3.1
E=E”+ I (‘é—; Eq3.2

From Eg3.1, O is the oxidized species and R is the reduced species. Eq3.2 shows the relation
of the equilibrium potential of the cell, E (V vs. SHE), to the formal reduction potential, E® (V vs.
SHE), and the concentration of the electro-active species on the electrode surface. [68] The formal
potential measures the potential of the half-cell (in V vis SHE) when the concentration of species
O and the concentration of species R are equal on the electrode surface in a giving medium
electrolyte at a given temperature and pressure in an electrolyte. [68] In general, the formal
potential is used to avoid dealing with the activity coefficients of electro-active species in the
electrolyte solution because they are almost always unknown. [68] Often, the formal potential
contains the standard reduction potential of the half-cell reaction, the activity coefficient of electro-
active species and terms involving chemical reaction equilibrium constants in different electrolyte

media. [68]
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3.2. Overview of the Theory of Electron Transfer Reaction

If an electrochemical cell has a defined equilibrium potential, the departure of the cell potential
from the equilibrium value upon passage of a faradic current is called polarization. [68] The extent
of polarization is the driving force of electron transfer reaction and it is measured by the

overpotential 1. [68]
N =E—Egq Eg3.3

For simple one electron transfer reaction that is shown in Eq3.1, the current-overpotential

equation is shown in Eq3.4 [68]

(1-)F —aF
=1, cR(:),t) Rk Co(:)»t) eﬁn] Eq3.4
R Co
and,
_ gor o RT, (Co
Eeq =E7+ F In (C}}) E43.

Note that the first term describes the anodic component current and the second term describes
the cathodic component current based on the convention that positive current due to the net
oxidation current. [68] Cr™ and Co" are the concentrations of the electro-active species in the bulk
solution. [68] The exchange current I is the measure of any system’s ability to deliver a net current
without an appreciable lost due to activation. [68] Exchange current I, is expressed in Eq3.6 as
function of the bulk electrolyte concentration and the standard rate constant K® which measures
the kinetic facility of a redox couple. [68] The cathodic transfer coefficient a value is near 0.5 for

simple one electron transfer reaction. [68]

I, = FAK°C: "9 Cr® Eq3.6
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A straightforward definition of the standard rate constant K° is that it measures the
electrochemical kinetic facility of a redox couple. [68] The larger the value of K°, the faster the
equilibrium is achieved. [68] The largest measured value of K°® was reported to be in the range of
1to 10 cm/s in a simple electron transfer reaction and the lowest value was reported to be less than
10° cm/s when a significant molecular rearrangement is associated with the electron transfer
reaction. [68] Another way to express the current-overpotential equation is by using the form of
the rate constant of the anodic reaction ka and the rate constant of the cathodic reaction k¢ as shown

in Eq3.7. [67, 69]

[ = Sr(OD k, — Coc(f.t) k, Eq3.7
o

Cr
where,

k, =1, [e%”] and k. =1, [e%TF"]

3.3. Microscopic Theory of Electron Transfer

The microscopic theory of electron transfer reaction considers two aspects during the
heterogenous electron transfer reaction. [68] For an outer sphere, single electron transfer reaction
from an electrode to a species O to form a reduced species R as shown in Eg3.1, the electron
transfer reaction is proceeded by an electronic rearrangement of the reacting species
radiationlessly. [68] Due to the radiationless electron transfer, the electron must transfer from an
initial state on the electrode to a receiving state that is species O on the electrode surface where
the receiving state has the same energy level of the initial state. [68, 69] Second, During the action
of electron transfer, the reactants and the products resulted from the electron transfer reaction do

not change their nuclear configuration, such as nuclear momenta and position, on the time scale of
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electronic transition. This theory is based on the Franck-Condon principle. [67, 69] As a result, the
reactant O and product R have a similar nuclear configuration during the moment of electron
transfer. [67, 69] Based on Marcus microscopic model of electron transfer, the rate constant of
reduction reaction can be written as a function of the activation energy of reduction of O species
AGf, a precursor equilibrium constant of reactant species at a reactive position on the electrode
Kp 0, the frequency of attempts on the energy barrier (associated with bond vibration and solvent

motion) v, and the electronic transmission coefficient k., as shown in Eq3.8. [68]
-aGE
kC = Kpjovnkel [eﬁl Eq38

The activation energy of reduction of O species AGf was evaluated based on Marcus model to be
a function of the reorganization energy and the difference between the applied potential to the

standard reduction potential as shown in Eq3.9. [68]

—_EO)\ 2
aGE =2 (1+ 1) Eq3.9

A is the reorganization energy which represents the energy required to transform the nuclear
configuration in the reactant and the solvent to those of the product state. [68] It can be divided
into inner component Aj that is for the contribution of reactant O and outer component A, that is for

the contribution of the solvent as shown in Eq3.10. [68]
A=7A+2, Eqg3.10

Typical values of A are in the range of 0.5 to 1 eV. [68]
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3.3.1. Multiple Electron Transfer Reactions Case

A general concept in electrochemistry of multiple electron transfer reactions is that an overall
process involving a change of n electrons must involve n distinct electron transfer steps where it
may also involve other chemical reaction elementary steps. [68] In most cases of multiple electron
transfer, one elementary step is more sluggish than all the others, so that it controls the overall
reaction. A true elementary electron transfer reaction is always involving the exchange of one

electron. [68]
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3.4. Chemistry of Manganese in Sulfuric Acid Solution
3.4.1. Selected Thermodynamic Values of Mn System

Due to the variety of reported thermodynamic values of the Mn system, the selected
thermodynamic values of the standard Gibbs free energy of formation of all possible Manganese
species in sulfuric acid solution are shown in Table 6. Those values were chosen based on the
reproducibility from different source and how closely they are from experimental data. Some of
the Gibbs free energy of formation of Mn species could not be found in literature, and their Gibbs
free energy of formation were assumed to be in linear fitting with the addition of the complex ion

such as OH".

Table 6. Selected values of Standard Gibbs free energy of formation AG%;, in [KJ/mol] from Table 3 for
Manganese species in sulfuric acid solution from different sources.

Species Assumed value Selected values
H,0 - -237.178
H,S0, -690.101
S05~ - -744.63
HSO; - -756.01
Mn?* - -228.1
Mn(OH)* - -405.0112
Mn(OH), - 615.0
Mn3* - -83
Mn(OH)2* - -324.4
Mn(OH)% - -557.93
Mn(OH), - -757.727
MnO, (y) - -456.4744
MnO, (o) - -453.1272
MnO, (B) - -465.14
MnOOH () - -556.045
MnOOH(y) - -557.6851
MnOOH(6) - -553.543
MnOOH(B) - -547.072
Mn(OH), -925.79 -925.79
Mn(OH)? -680.36 -680.36
Mn(OH)#2 - -431.93
Mn(OH)3* -180.5 -180.5
Mn** - 74.852

Due to few reported chemical reactions for Mn system in literature, the equilibrium constants

for unreported chemical reaction was estimated by evaluating the chemical reaction constants of
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those proposed chemical reactions using the reported values of Gibbs free energy of formations
from Table 6. All possible chemical reactions, where some chemical reactions were proposed in
this thesis to study their effect with experiments, that may occur for Mn(I1), Mn(111) and Mn(IV)

in aqueous sulfuric acid solution are shown in Table 7.

Table 7. Calculated equilibrium reaction constants for all Mn(11), Mn(l11), and Mn(1V) in an acidic aqueous solution.

No. Reactions Calculated Experimental Selected
K K K

Eqg3.11 MnS0, © Mn?* + S0;2 0.02 0.0052 0.02
Eq3.12 Mn?* + H,0 & Mn(OH)* + H* 2.725E-11 2.57 E-11 2.57 E-11
Eq3.13 Mn(OH)* + H,0 < Mn(OH), + H* 1.7E-5 - 1.7E-5
Eq3.14 Mn3* + H,0 & Mn(OH)?* + H* 5.5 2.5 2.5
Eq3.15 Mn(OH)2* + H,0 & Mn(OH); + H* 0.23 0.5 0.5
Eq3.16 Mn(OH)," + H,0 & Mn(OH), + H* 2.8 E-7 - 2.8 E-7
Eq3.17 Mn(OH)2+ < (Y)MnOOH + H* 0.9059 - 0.9059
Eq3.18 Mn(OH)," & ()MnOOH + H* 0.467 - 0.467
Eg3.19 Mn(OH)," < (§)MnOOH + H* 0.17 - 0.17
Eq3.20 Mn(OH)2+ < (B)MnOOH + H* 0.0125 - 0.0125
Eq3.21 Mn** + H,0 & Mn(OH)3* + H* 1532.4 - 1532.4
Eq3.22 Mn(OH)3* + H,0 & Mn(OH)22+ +H' 122.87 - 122.87
Eq3.23 Mn(OH),** + H,0 & Mn(OH)¥ + H* 240 - 240
Eg3.24 Mn(OH);* + H,0 & Mn(OH), + H* 27.9 - 27.9
Eq3.25 Mn(OH),** & aMnO, + 2H* 5.2 E+3 - 5.2 E+3
Eq.3.26 Mn(OH),** & yMnO, + 2H* 2E+4 - 2E+4
Eq3.27 Mn(OH)3* 4+ H,0 < aMnO, + 3H* 1.6E+6 - 1.6E+6
Eq3.28 Mn(OH)3** + H,0 & yMnO, + 3H* 6.3E+6 - 6.3E+6
Eq3.29 H,S04 + H,0 & H,0% + HSO; 3.6E+11 108 108
Eq3.30 HSO; + H,0 & H,0% + S0Z" 0.012 0.012 0.012

3.4.1.1. Manganese Speciation Study in 1-3 M Sulfuric Acid Solution
3.4.1.1.1. Mn(Il) Species in 1-3 M Sulfuric Acid Solution

Mn(11) was reported to hydrolyze in low acidic solution to form Mn(OH)" and Mn(OH). based
on Eq3.12, and Eq3.13 in Table 7; however, in 1-3M H2SO4, the dominant Mn(I1) species is in the
form of Mn?* free cation. However, with the presence of SO4> in acidic media, Mn?* forms
MnSOa4aq) complex in the solution. [20, 21, 32]

MnSO4Aq o Mn?* + 5052, K =0.00158 Eqg3.11
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Mn2* + H,0 & Mn(OH)* + H* K=2.725 E-11 Eg3.12
HSO; & H* + 502~ K=0.012 Eg3.30

Assume we have 1M MnSOg4 aq in 1-3M H2SO4. All possible reactions that may occur for Mn(Il)
in 1-3M H»>SOq4 are based on reactions Eq.3.11, Eq3.12, and Eq.3.30. H2SO4 was assumed to be
fully dissociate into HSO4™ and H3O™ based on Eq3.29 in Table 7. Sample modeling equations of

the equilibrium concentration of species in the solution are shown in Appendix A.

Table 8. Equilibrium concentrations of Mn(1l) species in 1-3M sulfuric acid solution.

[M] H2SO4 Concentration
Species 1 2 3 Trend

Cuso; [M] 1.085587 2.093852 3.097058 Increase
Cy+[M] 0.914413 1.906148 2.902942 Increase
Cynz+ [M] 0.099834 | 0.107034 0.10986 Same
Cso52[M] 0.014246 | 0.013182 0.012802 Decreased
Cymnom*[M] 3.00E-12 1.54E-12 5.63E-12 Peaked
Canso, 5o M 0.900167 | 0.892966 |  0.89014 Decreased

From Table 8, as the acid concentration increases, the dissociation of MnSQOy4 increases; however,

Mn?* concentration in all three sulfuric acid solutions seems to be almost the same.

3.4.1.1.2. Mn(l11) Species in 1-3 M Sulfuric Acid Solution
Assume we have 1M Mn®*", 1.5M SO42 in 1-3M H2S0a4. All possible reactions that may occur

for Mn(111) in 1-3M H>SO4 without considering Mn(l11) disproportionation reaction are shown

below. H.SO4 was assumed to fully dissociate into HSO4 and H3O" based on Eg3.29 in Table 7.
Mn3* + H,0 < Mn(OH)?* + H* K=2.5 Eq3.13
Mn(OH)?* + H,0 < Mn(OH)J + H* K=0.5 Eq3.14

HSO; & H* + S02- K=0.012 Eq3.30
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The equilibrium concentration of all Mn(lll) species in Eq3.30, Eg3.13, and Eq3.14 were

estimated, and their values are shown in Table 9.

Table 9. Equilibrium concentrations of Mn(lll) species without considering disproportionation reaction in 1-3M
sulfuric acid solution.

[M] H2SO4 Concentration

Species 1 2 3 Trend
Cusoz [M] 2.46 3.47 4.48 Increase
Cy+[M] 0.735 1.418 2.21 Increase
Cyp3+ [M] 0.149 0.295 0.42 Increase
Cso;2[M] 0.04 0.0293 0.024 Decreased
Cymncomz+[M] 0.507 0.521 0.474 Peaked
Cymn(omz [M] 0.344 0.184 0.107 Decreased

From Table 9, the concentrations of HSO;, H*, and Mn3* increased with increasing the acid
concentration from 1M to 3M H,S0,. Mn(OH)Z concentration decreases as the acid concentration
increases from 1M to 3M H,S0,.
3.4.1.1.3. Mn(1V) Species in 1-3 M Sulfuric Acid Solution

Assume we have 1M Mn**, 2M S04 in 1-3M H,SOa. All possible reactions that may occur
for Mn(1V) in 1-3 H2SO4 without considering Mn(I11) disproportionation reaction are shown

below. H2SO4 was assumed to be fully dissociate into HSO4™ and H3O* based on E3q.29.

HSO; & H* + 502~ K=0.012 Eq3.30

Mn** + H,0 & Mn(OH)3* + H* K=1532.4 Eg3.21
Mn(OH)3* + H,0 & Mn(OH),** + H* K=122.87 Eq3.22
Mn(OH)** + H,0 & yMnO, ) + 3H* K= 6.3E6 Eq3.28

The equilibrium concentration of all Mn(IV) species in Eq3.30, Eq3.21, Eq3.22, and Eq3.28 were

estimated, and they are shown in Table 10.
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Table 10. Equilibrium concentrations of Mn(1V) species reaction in 1-3M sulfuric acid solution.

[M] H2SO4 Concentration

Species 1 2 3 Trend
Cusoy [M] 2.98809 3.98807 4.98805 Increase
Cy+[M] 3.011544 | 4.011272 5.010912 Increase
Cyppt+ [M] 0 0 0 )
Cs0;2[M] 0.01191 0.01193 0.01195 Increase
Cumncom3+[M] 4.22E-06 | 1.04E-05 1.96E-05 Increase
Cumncomz+[M] 1.77 E-4 3.14 E-4 4.89 E-4 Increase

From Table 10, the concentrations of HSOz, and H* increased with increasing the acid
concentration for 1M to 3M H,S0,. The dominant form of Mn(IV) in 1M to 3M H, SO, was in the
form of MnO, because of the significant hydrolysis reaction of Mn(IV) in sulfuric acid solution.
Mn(OH)3* and Mn(OH)Z? concentrations were negligibly small in 1M to 3M H,SO,. Based on
this theoretical calculation, Mn** was not stable in sulfuric acid solution and it hydrolyzed

significantly to MnOs..

3.4.2. Possible Electron Transfer Reactions of MnSOa4 in Sulfuric Acid Solution

Based on the theoretical study of the Mn system in sulfuric acid solution in the previous
sections, all possible reduction reactions of Mn species in a sulfuric acid solution that may possibly
occur with their standard reduction potential against standard Saturated Calomel Electrode (SCE)

are shown below.

- Mn(111)/ Mn(ll):
Mn3* + e~ & Mn?*, E° = 1.26 Vvs SCE, [18] Eqg3.31
Mn(OH)?* + e~ & Mn(OH)*, E° = 0.59 Vvs SCE Eq3.32

Mn(OH)} + e~ & Mn(OH),, E° = 0.347 Vvs SCE Eg3.33



- Mn(IV)/ Mn(l11):

Mn** + e~ & Mn3*, E° = 1.392 Vvs SCE
Mn(OH)3* + e~ & Mn(OH)?*, E° = 1.247 Vvs SCE
Mn(OH)5* + e~ & Mn(OH)Z, E° = 1.06 Vvs SCE
Mn(OH)? + e~ & Mn(OH);, E° = 0.557V vs SCE
- yMnO2/ XMnOOH:
+*+ HY + (y)MnO, + e~ & («)MnOOH , E° = 0.788 V vs SCE, [18]
+* HY + (a)MnO, + e~ & (y)MnOOH , E° = 0.839 V vs SCE, [18]
H* + ()MnO, + e~ & (§)MnOOH , E° = 0.797 Vvs SCE
H* + ()MnO, + e~ & («)MnOOH , E° = 0.823 V vs SCE

H* + (@)MnO, + e~ « (B)MnOOH , E° = 0.73 Vvs SCE
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Eq3.34

Eq3.35

Eq3.36

Eq3.37

Eq3.38

Eg3.39

Eq3.40

Eq3.41

Eq3.42

**|t was reported that (y)MnO,, is formed by oxidizing («)MnOOH and («)MnO, is formed by

oxidizing (y)MnOOH . [18]

3.4.2.1. MnO2 Morphology in Sulfuric Acid Solution

Disproportionation reaction of Mn(l11) species in a system consist of MnSO4 and H2SO4 was

studied theoretically to predict the possible route for disproportionation reaction in the electrolyte

system. Based on the study of Mn system in sulfuric acid solution, SEI found that Mn(lll) can

readily disproportionate in the aqueous solution to Mn(Il) and MnO.. [25] Their characterization

measurement for the solid formed in Mn-sulfuric acid aqueous solution using XRD indicated that

the morphology of MnO; was a mixture of y-MnO; and a-MnO> with relatively high dominant
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phase of y-MnO,. [25] Based on SEI results, a proposed hypothetical route for the formation of y-
MnO; and a-MnO: is that y-MnO- is the phase that is favored to form by the electrochemical
pathway since it is more thermodynamically favorable in sulfuric acid solution. If Mn®*" was
assumed to hydrolyze all the way to MnOOH solid species, the more favorable pathway for Mn3*

may be the formation of y-MnOOH and the oxidation of y-MnOOH to a-MnO>,

Speciation of Mn(I11) should be considered to find the possible pathway of the disproportion
reaction in aqueous sulfuric acid solution. The possible scenario for the disproportionation reaction
is by considering two types of Mn(l11) species where one may be the solid MNnOOH. As Mn(l11)
diffuses away from the electrode surface after being generated electrochemically in a very high
acid concentration, the most apparent form of Mn(l11) is the free cation Mn3*. Some of this free
Mn(111) cation hydrolyze in water to form many hydrolyzed Mn(l11) species and metastable solids
such as MnOOH. (y)MnOOH was found to be oxidized to produce («)MnO,. [27] («)MnOOH
was reported to be oxidized to form (y)MnO,. [18,27] The generated electron is taken by Mn3*

to form Mn?*. The whole process should be spontaneous as shown in the reaction sequence below.

Mn3* + H,0 © Mn(OH)?+ + H*, K=2.5 Eq3.14
Mn(OH)?* + H,0 & Mn(OH)} + H*, K=0.5 Eq3.15
Mn(OH)," < (y)MnOOH + H*, K=0.9059 Eq3.17
(y)MnOOH © H* + (a)MnO, + e~, E° = 0.839 Vvs SCE Eg3.38
Mn3* + e~ & Mn?*, E° = 1.26 Vvs SCE Eq3.30

Overall: 2Mn3* + 2H,0 & Mn?* + (a)MnO, + 4H™* Eq3.43
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The key reaction for the disproportion reaction is the sum of reaction Eq3.38 and Eq3.30 to

give Eq3.44.
(y)MnOOH + Mn3* & Mn?* + H* + (a)MnO,, K=1.3 E+7 Eq3.44

Similarly, for (y)MnO, formed by disproportionation reaction

Mn3* + H,0 o Mn(OH)?+ + H*, K=2.5 Eq3.14

Mn(OH)?* + H,0 & Mn(OH)} + H*, K=0.5 Eq3.15

Mn(OH)," < ()MnOOH + H*, K=0.467 Eq3.18

(«)MnOOH © H* + (y)MnO, + e~, E® =0.788 V vs SCE Eg3.39

Mn3t + e~ & Mn?*, E® = 1.26 Vvs SCE Eq3.30

Overall: 2Mn3* + 2H,0 & Mn?* + (y)MnO, + 4H* Eq3.45

The key reaction for the disproportion reaction is the sum of reaction Eq3.39 and Eq3.30 to give

Eq3.46.
(0)MnOOH + Mn3* & Mn?* + H* 4+ (y)MnO,, K=2.5E+7 Eq3.46

According to the reaction constants of Mn®* hydrolysis to MNnOOH species, Mn** is more likely
to hydrolyze to (y)MnOOH. Therefore, Mn(l11) disproportionation reaction in aqueous solution

may more likely form (a)MnO,.
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3.5. Chemistry of Titanium in Sulfuric Acid Solution
3.5.1. Selected Thermodynamic Values of Ti System

Similar to the selected Mn thermodynamic data, the selected thermodynamic values of the
Standard Gibbs free energy of formation of all possible Titanium species in sulfuric acid solution
and the reported equilibrium constants of all possible reactions of Ti in sulfuric acid solution are
shown in Tables 11 and 12. Those values were chosen based on the reproducibility from different

sources and how closely they are from experimental data.

Table 11. Selected values of Standard Gibbs free energy of formation AG%; [KJ/mol], from Table 4 for Titanium
species in sulfuric acid solution from different sources.

Species Reported Estimated Selected
AGP;[KJI/mole] AGP;[KJ/mole] AGP;[KJ/mole]
Tio?* -5774 -577.4
Ti** -340 -340
Ti(S0,)*? -1082.4 -1082.4
Ti(OH)3* -611 -611
Ti(OH)3* -866 .4 -866 .4
Ti(OH)?} -1093.7 -1093.7
Ti3* -359.682, [53] -359.682
Ti(OH)?* -590.161 [64] -590.161
Ti(OH), " -818.813 [64] -818.813
Ti(S0,)* -1112.216 [ [61], [62]] -1112.216

Table 12. Selected
solution.

equilibrium reaction constants for all possible Ti(lll), and Ti(IV) species in an acidic aqueous

No. Reactions Selected K
Eq3.47 TiO?** + H,0 © Ti(OH)3* 1.2E+9 "
Eq3.48 Ti(OH)2* + H* o Ti(OH)3** + H,0 0.083
Eq3.49 TiOH3* + H* o Ti** + H,0 0.49
Eq3.50 Ti** + S0;% < Ti(S0,)*? 0.4065"
Eg3.51 Ti(OH)%* + H,0 & Ti(OH)¥ + H* 1.95E-2
Eq3.52 Ti(OH)? + H,0 o Ti(OH), + H* 8.5 E-4
Eq3.53 Ti(OH)3* + S0;% © [Ti(0H),S0,1%,q 34
Eq3.54 Ti(OH)3* + 2S0;2 © [Ti(0H),(S0,), 172, 12.02
Eq3.55 Ti** + H,0 < Ti(OH)?** + H* 0.072
Eq3.56 Ti(OH)** + H,0 & Ti(OH)," + H* 0.0323
Eq3.57 Ti3* + S0;%2 < Ti(S0,)* 24.3

* Calculated K based on the selected values of Gibbs free energy of formation
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Assume we have 1M TiO?*, 1M SO42 in 1-3M H2SO4. All possible reactions that may occur

for Ti(IV) in aqueous phase in 1-3M H2SO4 are shown below. H.SO4 was assumed to be fully

dissociate into HSO4™ and HzO" based on Eq3.29 and TiO?* was assumed to be fully converted to

Ti(OH).** according to Eq3.47. Equilibrium concentrations of Ti(IV) species are shown in Table

13.
HSO; < H* +S0%~ K=0.012
Ti(OH)3* + H* < Ti(OH)3* + H,0 K=0.083
Ti(OH)3* + H* o Ti** + H,0 K=0.49
Ti** + S032 & Ti(S0,)*? K=0.4065
Ti(OH)%* + H,0 < Ti(OH)§ + H* K=1.95E-2
Ti(OH)3* + 5032 & [Ti(0OH),S0, 1%, K=3.4
Ti(OH)3* + 25032 © [Ti(OH),(S0,), 174, K=12.02

Table 13. Equilibrium concentrations of Ti(IV) species in 1-3M sulfuric acid solution

[M] H2SO4 Concentration

Species 1 2 3 Trend
Chsog [M] 1.68 2.85 3.90 Increase
Cy+[M] 0.3 1.01 1.80 Increase
Cricomyz2 [M] 7.60E-01 | 7.95E-01 7.24E-01 Peaked
Cs0;2[M] 6.69E-02 | 3.38E-02 2.60E-02 Decreased
Cricom*s [M] 1.90E-02 | 6.71E-02 1.09E-01 Increased
Crpia+ [M] 2.81E-03 | 3.33E-02 9.58E-02 Increased
Cricomyz[M] 4.92E-03 | 1.53E-03 7.84E-04 Decreased
Crisoz+[M] 7.64E-05 | 4.58E-04 1.01E-03 Increased
Cricoms0,)° M 1.73E-01 | 9.13E-02 6.39E-02 Decreased
Ciri(om),(s04),)-2 [M] 4.10E-02 | 1.09E-02 5.87E-03 Decreased

Eq3.30
Eq3.48
Eq3.49
Eq3.50
Eq3.51

Eq3.53

Eq3.55
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From Table 13, the most dominant Ti(IV) species formed in sulfuric acid solution is Ti(OH).*? at
acid concentration from 1M to 3M H2SO4. The concentrations of various species of Ti(IV) with
increasing the sulfuric acid concentration are shown in Table 13.
3.5.1.1.2. Ti(1V) and Mn(11) Species in 1-3 M Sulfuric Acid solution

Based on all chemical reactions for Mn(ll) and Ti(IV) that were discussed in 3.4.1.1.1 and
3.5.1.1.1, the speciation of compounded Ti(IV) and Mn(ll) can be studied in 1-3M H2SO4 by
assuming that the same chemical reactions that were proposed in sections 3.4.1.1.1 and 3.5.1.1.1

are occurred.

If one dissolve 1M TiOSO4 salt with 1M MnSOg4 salt in in 1-3 M H2SOy4, the dissociation of
1M TiOSO4 salt yields 1M TiO?* and 1M SO4 and the dissociation of 1M MnSO4 salt yields 1M
MnSOs (aq). All possible reactions that may occur for Ti(IV) and Mn(I1) species in aqueous phase
in 1-3 H2S0.4 are shown below. H2SO4 was assumed to be fully dissociate into HSO4 and H* based
on Eg3.29, and TiO?" was assumed to be fully converted to Ti(OH)2%* according to Eq3.47.

Equilibrium concentrations of Ti(IV) and Mn(ll) species are shown in Table 14.

HSO; < H* +S0%~ K=0.012 Eq3.30

MnSO,,, <> Mn** +50;?%, K = 0.00158 Eqg3.11
Ti(OH)3* + H* < Ti(OH)3* + H,0 K=0.083 Eq3.48
Ti(OH)3* + HT & Ti** + H,0 K=0.49 Eq3.49
Ti** + S032 & Ti(S0,)*? K=0.4065 Eq3.50
Ti(OH)%* + H,0 « Ti(OH)} + H* K=1.95E-2 Eq3.51
Ti(OH)3* +S03% < [Ti(0OH),S041%q K=3.4 Eq3.53

Ti(OH)3* + 25032 © [Ti(OH),(S0,), 174, K=12.02 Eq3.55
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Table 14. Equilibrium concentrations of Ti(IV)/Mn(ll) species in 1-3M sulfuric acid solution

[M] H2S04 Concentration

Species 1 2 3 Trend
Cusoy [M] 1.71 2.89 3.95 Increase
Cy+[M] 0.308 0.995 1.77 Increase

Cricomy2 [M] 7.28E-01 | 7.84E-01 7.22E-01 Peaked
Cso52[M] 6.67E-02 | 3.49E-02 2.68E-02 Decreased
Cricom*s [M] 1.86E-02 | 6.47E-02 1.06E-01 Increased
Crya+ [M] 2.82E-03 | 3.15E-02 9.17E-02 Increased
Cricomz [M] 4.61E-02 | 1.54E-02 7.96E-03 Decreased
Crisoz+[M] 7.63E-05 | 4.47E-04 9.99E-04 Increased
Cricoms0,)° M 1.65E-01 | 9.30E-02 6.58E-02 Decreased
Cricom),(s0,),)-2 [M] 3.80E-02 | 1.15E-02 6.24E-03 Decreased
Cmnso, [M] 9.77E-01 | 9.57E-01 9.44E-01 Decreased
Cupz+ [M] 2.31E-02 | 4.33E-02 5.56E-02 Increased

From Table 14, the most dominant Ti(IV) species formed in sulfuric acid solution is Ti(OH),*?
at acid concentration from 1M to 3M H2SOa. The dissociation of MnSOg4aq into Mn?* is less
compared to the case when there is no Ti from Table 8. The concentrations of the species of Ti(IV)
with increasing the sulfuric acid concentration are shown in Table 13.
3.5.1.1.3. Ti(l1) Species in 1-3 M Sulfuric Acid solution

Ti(111) was reported to hydrolyze in low acidic solution to form Ti(OH)*? and Ti(OH), based
on Eqg3.55 and Eq3.56; however, in 1-3M H2SOs, the dominant Ti(IV) species is in the form of

TiSO4* as shown in Eq3.57.

Ti** +S0;2 © Ti(S0,)* K=24.3 Eq3.57
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3.5.2. Possible Electron Transfer Reactions of TiOSOa in Sulfuric Acid Solution

Based on the theoretical study of the Ti system in sulfuric acid solution in the previous
sections, all possible reduction reactions of Ti species in a sulfuric acid solution that may possibly
occur with their standard reduction potential against standard Saturated Calomel Electrode (SCE)

are shown below.

e Reported standard reduction potential, E® in [ V vs. SCE] of Ti(IV)/Ti(lll) redox couple

from literature: [53]

Ti(OH)3* + 2H* + e~ & Ti®* + 2H,0 E°=-0.235VvsSCE  Eq.2.13

Ti** + e~ o Ti3* E® = —0.04 Vvs SCE Eq.2.14

e Proposed additional redox reactions in sulfuric acid media that was estimated based on

the Standard Gibbs free energy of formation from Table 5.
Ti(S0,)*% + e~ & Ti(SO,)* E°=0.065V vs SCE Eq3.58
Ti(OH)3* 4e~ < Ti(OH)?* E° = —0.46 Vvs SCE Eq3.59

Ti(OH),** + e~ & Ti(OH),* E° = —0.735Vvs SCE Eq3.60
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3.6. Experimental Study for Ti-Mn System in Sulfuric Acid Solution

In this section, several experiments used to investigate the Ti-Mn electrolyte system in sulfuric
acid solution media are discussed. The method of measuring the solubility of MnSO4 salt in 1-3M
sulfuric acid solution at different temperatures ranging from 20°C to 45°C was conducted by using
the UV-vis spectroscopy characterization technique. For TiOSOg4 salt solubility in 1-3M sulfuric
acid solution, there was no characteristic peak of Ti(IV) species that can be measured from the
UV-vis spectrometer. This might be explained by that TiOSO4 salt hydrolyzes into different
hydrolyzed species and TiOSOs salt forms different types of complexes in the sulfuric acid
solution. Therefore, the solubility of TiOSO4 salt in 1-3M sulfuric acid solution at different
temperatures ranging from 20°C to 45°C was suggested by using mass addition into the solvent
until it was saturated with TiOSOs. Then, the electrochemical behavior of Ti-Mn electrolyte
system in sulfuric acid solution media was studied using the cyclic voltammetry and anodic voltage
hold techniques. Cyclic voltammetry was employed to study the electrochemical behavior for
MnSOg in 1-3M sulfuric acid solution, TiOSOs4 in 1-3M sulfuric acid solution, and MnSO4+
TiOSO4 in 1-3M sulfuric acid solution. The anodic voltage hold technique was used for MnSO4+
TiOSO4 in 3M sulfuric acid solution to study the anodic product formation by reduction scan.

Detailed descriptions of the experimental procedure and the setup are shown in this section.
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3.6.1. Method of Preparation the Solution of MnSO4 or TiOSO4

During all proposed experiments, the ultimate goal is to study the chemical and the

electrochemical behavior of Ti/Mn system in a free oxygen condition. In addition, the

electrochemical state of Ti/Mn system is not affected by the added acid. During the solution

preparation, both oxygen and concentrated sulfuric acid can oxidize Mn(Il) and Ti(IV) and that

may alter the experimental results of the Ti/Mn system. Thus, caution should be considered when

one prepares MnSO4 or TiOSOs in sulfuric acid solution. A procedure of preparation Ti/Mn

electrolyte in sulfuric acid solution was developed as shown below where the physical amount of

1M MnSOg in 3M H2SO; is taken as an example.

1)

2)

3)

4)

5)

6)
7)

8)

Use two cleaned 250 ml volumetric flask.

For the first volumetric flask, fill it with DI water and deoxygenate the DI water
using a N2 gas for 20 min.

Fill half of the second volumetric flask with 127.6 ml DI water and use N2 gas for
20 min to deoxygenate it.

Add 122.4 ml of 98% concentrated sulfuric acid solution using a volumetric
pipette to prepare a 9M sulfuric acid solution in the second volumetric flask and
then deoxygenate the whole solution using N2 gas for 20 min.

Stir the 9M sulfuric acid solution until it cools down to the room temperature
while keeping the N gas to deoxygenate the solution.

Use wax paper to seal the two volumetric flasks.

Use a cleaned 10 ml volumetric flask and fill it with 5ml deoxygenated DI water.
For 1M MnSQg solution, take 1.609g from the stock salt bottle of MnSO4.H.O

and add it to the 10 ml volumetric flask.
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9) Add a magnetic bar to stir the solution and N> gas for 10 min to 15min to remove
oxygen while stirring.

10) While the solution is stirred and deoxygenated, use a clean volumetric pipette and
withdraw 3.33 ml from the 9M deoxygenated sulfuric acid flask and add to the 10
ml volumetric flask that contains the salt to make a 3M sulfuric acid solution.

11) Stir the 10ml volumetric flask until it cools down to the room temperature while
keeping the N gas to deoxygenate the solution and then make up the remaining
volume by the deoxygenated DI water up to the calibration line on the volumetric

flask to have exactly 10ml solution.

The salt that was used to prepare Mn electrolyte and Ti electrolyte solution was purchased

from Sigma Aldrich. Table 15 shows the specification of the used Ti and Mn salts in experiments.

Table 15. Stock materials used in experiments

Materials name Molecular weight [g/mol]
Manganese(l1) sulfate monohydrate 169.02
Titanium(IV) oxysulfate monohydrate 177.93

3.6.2. Measuring the Solubility of MnSOg at Different Temperatures in 1-3 M Sulfuric Acid

Solution by UV-Vis Spectroscopy

3.6.2.1. UV-Vis Spectroscopy Technique Overview

UV-Vis spectroscopic method directs a light beam through the solution containing the soluble
species of interest. [70] Then, some of the light beam is absorbed by the electrons in the species.
When an electron absorbs a visible and ultraviolet photon, it changes its energy level. [70] The
absorbance spectra are like fingerprints. [70] Each compound has its own unique spectrum. In

some cases, the spectrum can be used to identify the presence of certain compounds in a sample.



68

[70] More often, it is used to determine the amount of a compound present. [70] The wavelength

of UV-vis spectroscopic range from 100nm to 700nm. [70]

The UV-Vis spectrometer used in this study is GENESYS™ 10S UV-Vis Spectrophotometer

as shown in Figure 30 [71]

Figure 30. GENESYS™ 10S UV-Vis Spectrophotometer [71]

The mechanism of a typical spectrophotometer in measuring the light absorbed by the sample
solution is shown in Figure 31. [72] A typical spectrophotometer consists of a light source, a
collimator, a monochromator, a wavelength selector, a cuvette for sample solution, a photoelectric
detector, and a digital display. [72] The measurement of light absorbed starts with supplying the
desired wavelength of light from a light source. [72] Then, the collimator directs a beam of light
to a monochromator to be spitted into different wavelengths. The wavelength selector allows only

the desired spectrum to pass it. [72] Then, the desired range of spectrum of light passes through
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Collimator Wavelength Selector Detector
(Lens) (Slit) (Photocell)
~ p . 020 |
- \l T I
Digital Display
Light source Monochromator Sample or Meter
(Prism or Grating) Solution
(in Cuvette)

Figure 31. Basic structure of spectrophotometer [72]

the sample solution in the cuvette. [72] The photometer measures the adsorbed light by the sample

solution and then sends a signal to the digital display. [72]

3.6.2.2. Beer-Lambert Law
Beer-Lambert law states that the amount of energy absorbed by passing a light beam through
a homogeneous solution is directly proportional to the concentration of absorbing solute and the

path length of light. [48]
The mathematical expression of Beer-Lombard law is shown in Eq3.61. [48]
A=c¢lC Eq3.61

Where ¢ is the absorption coefficient of the solute in solution media [dm?/mole], 1 is the optical

path length in [dm], and C is the concentration of the solute [mole/L] in the solution.

The UV-Vis spectroscopy technique allows one to measure the concentration of an unknown
solute sample concentration based on the light absorbed by the sample if one has a calibration

curve between the light absorbed in different solute concentrations.
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3.6.2.3. MnSO4-H2S04 Calibration Curve

Seven sample solutions of known concentration of MnSQs in either solvent DI water or 3M
H>SO4 were used as shown in Table 16 as standard solutions for the calibration curve of MnSOa.
The ranges of H.SO4 and MnSO4 concentrations measured in this study are reported below in

Table 16.

Table 16. MnSO4 solution used for UV-Vis spectroscopy calibration

M MnSQOq4
Solvent 0.75M 0.9 M 1M 11M 1.25M 1.35M 15M
M H2SOq4 oM Y oM Y oM oM oM
M H2SOq4 3M 3M 3M 3M 3M 3M 3M

Several concerns, such as the solvent, the cuvette, and the temperature during the UV-vis
measurements, need to be studied to get a reliable calibration measurement. First, Mn(ll) solution
absorbance was measured for 1M MnSO4 in 3M H2S04,1.25M MnSO4 in 3M H2SOg4, and 1.5M
MnSO4 in 3M H2SO4 to search for the characteristic wavelength of Mn(ll). The UV-Vis
spectroscopy was scanned using a light wavelength ranging from 300 nm to 450 nm at 23°C with
DI water blank sample. The resulted spectra for all three Mn(I1) concentrations are shown in Figure
32. The spectra of all three MnSO4 concentrations show that at 401.1nm wavelength the resulted
absorbance is directly proportional to the MnSO4 concentration in the solution. Thus, the 401.1nm
wavelength was assumed as the characteristic wavelength of Mn(l1) species in the form of Mn?*

free cation in the sulfuric acid solution.
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Figure 32. UV-vis spectrum of 1M, 1.25M, and 1.5M MnSOg in 3M H,SO4

Second, the absorbance of all solutions in Table 16 were measured at 401.1nm wavelength as

shown in Tables 17 and 18. All measurements were repeated three times and the average value
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was calculated with the standard deviation of the measured values. From Table 17, the relative

error of absorbance of MnSO4 in DI water standard solution was calculated relative to the

absorbance of the same MnSQ4 concentration when 3M H>SO4 was the solvent. The relative error

of absorbance of MnSO4 shows that at 401.1nm wavelength the light absorption is independent of

the used solvent. Therefore, MnSO4 standard solutions in DI water solvent were selected to be

used to make the UV-Vis calibration curve of MnSQas.

Table 17. UV-Vis absorbance at 401.1 nm wavelength of MnSQO, in 3M H,SO, standard solutions at 23 °C

Solution (1) Intensity | (2) Intensity | (3) Intensity |r§¢e\é%|)ty sD

0.75M MnS04+3MH2504 0.026 0.027 0.026 0.026 0.001
0.9M MnS0O4+3MH2S04 0.034 0.033 0.033 0.033 0.001

1M MnS04+3MH2S04 0.036 0.036 0.035 0.036 0.001
1.1M MnS04+3MH2S04 0.037 0.040 0.041 0.039 0.002
1.25M MnS04+3MH2504 0.045 0.046 0.048 0.046 0.002
1.35M MnS04+3MH2S04 0.049 0.049 0.049 0.049 0.000
1.5M MnS04+3MH2S04 0.054 0.054 0.055 0.054 0.001




Table 18. UV-Vis absorbance at 401.1 nm wavelength of MnSO. in DI water standard solutions at 23 °C

(1) (2) (3) (Avg.) %Relative
Solution Intensity Intensity Intensity Intensity error SD
0.75M MnSO4+DIW 0.027 0.027 0.027 0.027 1.25 0.0E+00
0.9M MnSO4+DIW 0.032 0.032 0.032 0.032 -2.04 0.0E+00
1M MnSO4+DIW 0.034 0.033 0.039 0.035 -0.47 3.2E-03
1.1M MnSO4+DIW 0.037 0.037 0.044 0.039 0.00 4.0E-03
1.25M MnSO4+DIW 0.045 0.045 0.045 0.045 -1.46 8.5E-18
1.35M MnS0O4+DIW 0.049 0.049 0.049 0.049 0.00 8.5E-18
1.5M MnSO4+DIW 0.052 0.056 0.055 0.054 0.00 2.1E-03

During the UV-Vis spectroscopy measurements, the cuvette condition was found to affect the
measured spectrum. It was observed that using the same cuvette for different solution multiple
times gave different absorbance readings. Thus, it was suggested to use a new cuvette for each

solution to get an accurate absorbance measurement.

Regarding the temperature effect on UV-Vis spectroscopy measurements, two measurements
of 0.9 M MnSO: standard solution absorbance at 401.1 nm wavelength were conducted at 23 °C
and 35 °C. The measured absorbance of the standard solution at 23 °C was 7.7% higher than the
one that was measured at 35 °C, so the temperature had an effect on the measurement. The resulted
absorbance of 0.9 M MnSO; standard solution at 401.1 nm wavelength at 23 °C and 35 °C are
shown in Table 19. Therefore, all the measured values of Mn(Il) absorbance in UV-vis

spectroscopy device are conducted at 23 °C.

Table 19. UV-Vis absorbance at 401.1 nm wavelength of 0.9 M MnSO; in DI water standard solutions at 23°C and
35°C

Solution Measured absorbance
0.9M MnSO4+DIW at 23 °C 0.032
0.9M MnSO4+DIW at 35 oC 0.03

The generated calibration of MnSO4 standard solution is shown in Figure 33. The data points

of the calibration curve were fitted in a linear equation form with a zero intercept in order to get
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the Beer-Lombard mathematical relation form of the calibrated data points of MnSQO4 standard

solutions as shown in Eq3.62.
A =0.036 Cypp2+ Eqg3.62

The slope in Eg3.62 represents the cuvette optical pathway [ which is 0.1dm multiplied by the
solute absorptivity € which is 0.36 dm?mole. Thus, the calibration curve of Mn?* solute shows

that the solute concentration of Mn?* is directly proportional to the measured absorbance.
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Figure 33. UV-Vis spectroscopy calibration curve of MnSQO, standard solutions at 23 °C
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3.6.2.4. Experimental Procedure for Measuring Solubility of MnSOa in 1-3 M Sulfuric Acid
Solution at Different Temperatures

The goal of this experiment is to find the solubility of MnSQO4 in different sulfuric acid
concentrations at different temperatures. In doing that, the solubility of MnSO4 salt is measured in
1M, 2M, and 3M sulfuric acid solution at 20°C, 25°C, 30°C, 40°C, and 45°C. A controlled
temperature water bath is used to maintain a constant temperature. The schematic of the controlled

temperature water bath is shown in Figure 34.

[1c |

PTFE sealing
S BRG]
Glass Beaker
v
PI controller
Sample solution “ Water bath
== ater ba
® .l.o '...' '.

Output heat

Figure 34. Schematic of a controlled temperature water bath with magnetic stirring

In Figure 34, the sample supersaturated solution of MnSOQa is placed in a 10 ml volumetric
flask sealed with a double wax paper. Pl temperature controller is installed as shown in Figure 30
to control the water temperature in the glass beaker by heating the metal heating block that is
placed under the glass beaker. The water bath temperature is measured by a thermocouple that is
immersed in the water bath. The thermocouple would send a signal to the PI controller to adjust
the water bath temperature to be equivalent to the set point (SP) temperature. A magnetic stirring

device is placed under the heating block to stir the magnetic bar inside the sample solution flask.
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The glass beaker is sealed at the top by a wax sealing paper to avoid water evaporation. The
procedure of measuring the solubility of MnSOg4 in different sulfuric acid solution at a given

temperature is shown below:

1. Prepare a standard solution of MnSOq that is fully dissolved in the given standard solution
in a 10 ml volumetric flask at lab temperature.

2. After the MnSO4 standard solution is fully dissolved at lab temperature, immerse the
volumetric flask into the controlled temperature water bath with stirring.

3. Leave the solution for one day to reach to the equilibrium state.

4. After one day, if the solution still homogenous, take the sample solution out the water bath
and add more of MnSO4 salt into the flask and put it back again in the water bath and leave
it for another day.

5. Repeat step 4 until you get a saturated MnSO4 solution in a given sulfuric acid solvent.

After getting a saturated MnSQO4 solution at a given sulfuric acid concentration, the procedure

in measuring the concentration in the UV-Vis spectroscopy device is shown below:

1. Take a new cuvette and wash it with DI water three times.

2. Dry the cuvette by using N2 gas.

3. Take a clean 1mm pipette and wash it with the sample solution by withdrawing the sample
solution into the pipette and let it move inside the pipette to avoid any dilution of the sample
solution and dispose it out into a separate beaker.

4. Next, withdraw the sample solution into the pipette slowly and pour it into a cuvette by
gravity.

5. Then, use a new 1mm pipette to withdraw DI water and discharge the DI water into the

cuvette that contains the sample solution.
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6. Repeat step 5 one more time, so the sample solution is diluted it by three times its original
concentration.

7. Close the cuvette and shake it gently for 30 min.

8. Take a new cleaned cuvette and fill it with DI as a blank sample to be used in the UV-Vis
device.

9. Before putting the cuvette in the UV-Vis device, measure the temperature of the solution
by inserting a clean thermostat inside the cuvette to make sure the UV-Vis measurement is
done at 23 °C.

10. Insert the cuvette inside the UV-Vis device and do UV-Vis scanning of the sample solution
at 401.1 nm three times.

11. After measuring the absorbance at 401.1 nm wavelength, use the calibration curve to

determine the concentration of Mn?* in the sample solution.

The raw data of MnSO4 solubility are shown in Appendix B.

3.6.3. Measuring the Solubility of TiIOSO4 by Mass Addition at Different Temperatures in 1-
3M Sulfuric Acid Solution

The goal of this experiment is to find the solubility of TiOSO4 in different sulfuric acid
concentrations at different temperatures. In doing that, the solubility of TiOSO4 salt is measured
in 1M, 2M, and 3M sulfuric acid solution at 20 °C, 25°C, 30 °C, 40 °C, and 45°C. A controlled
temperature water bath is used to maintain a constant temperature. The schematic of the controlled
temperature water bath is shown in Figure 30. TiOSO4 salt is added manually to the sample
solution with a known amount until the sample solution is saturated with the salt. This method was

used in the study for TiOSO4 because no suitable UV-vis wavelength was found.
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3.6.3.1. Experimental Setup and Procedure
The procedure of measuring the solubility of TiOSOg in different sulfuric acid solution at a

given temperature is shown below:

1. Prepare a standard solution of TiOSOg4 that is fully dissolved in the given standard solution
in a 10 ml volumetric flask at lab temperature.

2. After the TiOSO4 standard solution is fully dissolved at lab temperature, immerse the
volumetric flask into a controlled temperature water bath with stirring.

3. Leave the solution for one day to reach to the equilibrium state.

4. After one day, if the solution still homogenous, take the sample solution out the water bath
and add 0.1 M of TiOSO, salt into the flask and put it back again in the water bath and
leave it for another day.

5. Record the added amount of TiOSOj salt in the solution.

6. Repeat step 4 and 5 until you get a saturated TiOSO4 solution in a given sulfuric acid
solvent.

7. Repeat all the steps at a different water bath temperature.

The raw data of TiOSOg4 solubility are shown in Appendix B.
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3.7. Cyclic Voltammetry Experiment for MnSO4 and TiOSOu4 in Sulfuric Acid Solution

In this section, the cyclic voltammetry and the anodic voltage hold test setup and procedure
are explained in detail. The cyclic voltammetry technique is employed to study the electrochemical
behavior of MnSO4 and TiOSOg in different sulfuric acid concentration solution concentrations.
The electrochemical behavior of MnSO4 and TiOSOg electrolyte are studied individually and when
they are mixed in the same solution using the cyclic voltammetry technique. The anodic voltage
hold test is used to analyze the anodic products of MnSO4 electrolyte with and without the addition
of TiOSO4 by reducing the anodic products in different solutions. The cyclic voltammetry and
anodic voltage hold tests are conducted using Interface S000E™ potentiostat that is made by

GAMRY Instruments as shown in Figure 35.

INTerrace5000@E

Figure 35. Interface 5000E™ potentiostat GAMRY INSTRUMENTS
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3.7.1. Electrochemical Cell Setup

A three-electrode electrochemical cell is used for the cyclic voltammetry and anodic voltage
hold tests. The electrochemical cell consists of a working electrode (WE), a Saturated Calomel
Reference electrode (SCE), and a counter electrode (CE). The WE and the RE are placed in the
tested electrolyte solution in which the WE is placed close to the RE to minimize the solution
resistance. The CE is placed in a separate compartment that contains the solvent solution only and
the two compartments are separated by a proton-exchange membrane separator made of NAFION

117 material. A schematic of the three-electrode electrochemical cell setup is shown in Figure 36.

RE -
____pPtwire
WE<€—

B Counter electrolyte solution

Tested electrolyte solution 4

(117 NAFION) Proton exchange membrane separator

Figure 36. Schematic diagram of the three-electrode electrochemical cell setup
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The setup of the electrochemical cell when the WE, CE, and RE are connected to a potentiostat
is represented in Figure 33. The current flow through the WE is measured with an I/E converter
and the potential difference between the WE and the RE is measured by an electrometer. To control
the applied potential on the electrochemical cell, the potentiostat passes the needed current through
the control amplifier between the WE and the CE until the measured potential between the WE
and the RE matches the set potential by the user. If the applied potential is higher than the
equilibrium potential of the tested electrolyte solution relative to the RE potential, an anodic
current is generated on the WE due to an oxidation reaction on the WE. In contrast, if the applied
potential is lower than the equilibrium potential of the tested electrolyte solution relative to the RE

potential, a cathodic current is generated on the WE due to a reduction reaction on the WE.

Control amplifier

Signal

CE
Electrometer

RE :
Potential of WE /l P Electrochemical cell
relative to RE K_—

IE converter

Current between
WE and CE

DDU

Figure 37. Setup and operation of a potentiostat connect to a three-electrode electrochemical cell
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3.7.2. Experimental Details

Two working electrode materials were used to conduct the cyclic voltammetry scan of
TiOSO4 in H2SO4 solution and MnSO4 in H2SO4 solution with and without the addition of TiOSOa,
A graphite rod working electrode is used in the first cell and a carbon felt working electrode is
used in the second cell. The counter electrode material is 3cm x 3cm carbon felt that is attached to
Pt wire to increase the counter electrode electrical conductivity and to ensure that the overall
electrochemical behavior of the electrochemical cell is not limited by the counter electrode. The
same solution free of tested electroactive species (MnSOs or TiOSOg) is used in the counter
electrode compartment. The expected redox reactions on the counter electrode are oxygen
evolution reaction at high applied potential above 1.2 V vs. SHE, hydrogen evolution reaction at
a potential lower than 0 V vs. SHE, and carbon oxidation reaction. The specifications of

electrochemical cell that is used in cyclic voltammetry are shown below:
- Cell (1) specifications

Working Electrode: ~0.8cm? graphite rod

Reference Electrode: Saturated Calomel Electrode

Counter Electrode: 9cm? carbon felt

lon exchange separator: NAFION 117 membrane

Working electrode compartment solution volume: 10ml

Counter electrode compartment solution volume: 20ml

Temperature: Lab temperature ~ 23 °C
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- Cell (2) specifications
Working Electrode: ~1cm? carbon felt
Reference Electrode: Saturated Calomel Electrode
Counter Electrode: 9cm? carbon felt
lon exchange separator: NAFION 117 membrane
Working electrode compartment solution volume: 10ml
Counter electrode compartment solution volume: 20ml
Temperature: Lab temperature ~ 23 °C

The electrolyte solutions that were studied using the cyclic voltammetry are shown in Tables 20

and 21.

- MnSOs tested electrolyte

Table 20. MnSO; electrolyte solutions used in cyclic voltammetry

Solution no. 1 2 3 4 5 6

M MnSQOg4 1 1 1 1 1 1

M H,SO4 1 2 3 1 2 3

M TiOSO, 0 0 0 1 1 1

- TiOSOq4 tested electrolyte
Table 21. TiOSO; electrolyte solutions used in cyclic voltammetry

Solution no. 7 8 9 10 11 12
M MnSO, 0 0 0 1 1 1

M H>SO. 1 2 3 1 2 3

M TiOSO4 1 1 1 1 1 1
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Before the cyclic voltammetry scan, the open circuit potential (OCP) is measured for 10min
for each solution to study the effect of increasing the acid concentration in the electrolyte solution
on the electro-active species stability. The open circuit potential (OCP) is the potential measured
between the reference electrode (RE) and the working electrode WE. [68, 73] The OCP
measurement is a passive experiment where the counter electrode circuitry of the potentiostat is
bypassed, so the measured potential is only between the reference electrode and the working
electrode. [73] Although a true equilibrium of the electrochemical system is not obtained during
the OCP measurement because the measured OCP is measured with one ion type such as Mn?* ion
and without Mn®* counter ion. However, negligible impurities of the Mn3* counter ion may coexist
with Mn?* salt. Thus, the system may not be considered electrochemically at equilibrium and the
measured OCP value may attributed to the electrometer internal circuit and the electrolyte solution
ability to conduct current. A small change of the OCP over a long period of time (x5 mV/min or
less) reveals that the chemical system is stable enough chemically. [68, 73] This experiment was

conducted using Cell 1. The OCV results are shown in Appendix C.

All the electrolyte solutions that are shown in Tables 20 and 21 are prepared by following the
procedure in section 3.6.1. In addition to the OCP measurements, the potential loss due to the
solution resistance is measured using the Electrochemical Impedance Spectroscopy (EIS) for all

electrolyte solutions in Tables 20 and 21.

3.7.3. Test Setting Selections

o Electrochemical Impedance Spectroscopy Setting

The voltage loss due to the electrolyte resistance of each MnSO4 and TiOSOg4 electrolyte

solution is measured by using the EIS spectroscopy tools in the potentiostat. The resistance
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measurements are done in the frequency ranging from 500 Hz to 20,000 Hz. This experiment

was conducted using Cell 1. The IR results are shown in Appendix C.

e Cyclic voltammetry scan Settings

1) Cyclic voltammetry for the solvent

The cyclic voltammetry sets and settings for solvent electrolyte solutions (1M, 2M, and
3M H2S04) in MnSO4 voltage window are shown below:

Voltage Scan window: -0.244 V t01.506 V vs. SCE

Scan rate: 2 mV/s

Number of cycles: 3

The cyclic voltammetry sets and settings for solvent electrolyte solutions (1M, 2M, and
3M H2S04) in TiOSO4 voltage window are shown below:

Voltage Scan window: 0.358 V t0 -0.442 V vs. SCE

Scan rate: 2 mV/s

Number of cycles: 3

2) Cyclic voltammetry for MnSO4 electrolyte solution without the addition of TiOSO4

The cyclic voltammetry sets and settings for MnSO4 electrolyte solution ranging from
solution 1 to solution 3 in Table 20 are shown below:

Voltage Scan window: -0.244 V t01.506 V vs. SCE

Scan rate: 2 mV/s

Number of cycles: 3
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- For solution number 3, different end applied potential during anodic scan is selected to
study the effect of end potential on the reduction scan of Mn electrolyte.
Voltage Scan window: -0.244 V to (1.2, 1.25, 1.3, 1.35, 1.4, and 1.6) V vs. SCE
Scan rate: 2 mV/s
Number of cycles: 3

3) Cyclic voltammetry for MnSO4 electrolyte solution with the addition of TiOSO4

- The cyclic voltammetry sets and settings for MnSO4 electrolyte solution ranging from
solution 4 to solution 6 in Table 20 are shown below:
Voltage Scan window: 0.2 V vs. SCE t01.506 V vs. SCE
Scan rate: 2 mV/s
Number of cycles: 3

4) Cyclic voltammetry for TiOSO4 electrolyte solution without the addition of MnSO4

- The cyclic voltammetry sets and settings for TiIOSO4 electrolyte solution ranging from
solution 7 to solution 9 in Table 21 are shown below:
Voltage Scan window: 0.358 V vs. SCE to -0.442 V vs. SCE
Scan rate: 2 mV/s
Number of cycles: 3

- The voltage scan rate is varied for solution 9 to study the effect of associated chemical
reactions of Ti electrolytes during the cyclic voltammetry.
Voltage Scan window: 0.358 V vs. SCE to0 -0.442 V vs. SCE
Scan rate: 10 mV/s, 20 mV/s, and 50 mV/s

Number of cycles: 3
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5) Cyclic voltammetry for TiOSO; electrolyte solution with the addition of MnSO4

- The cyclic voltammetry sets and settings for TiOSO4 electrolyte solution ranging from
solution 10 to solution 12 in Table 21 are shown below:
Voltage Scan window: 0.358 V vs. SCE to -0.442 V vs. SCE
Scan rate: 2 mV/s
Number of cycles: 3

- The voltage scan rate is varied for solution 12 to study the effect of associated chemical
reactions of Ti electrolytes during the cyclic voltammetry.
Voltage Scan window: 0.358 V vs. SCE to -0.442 V vs. SCE
Scan rate: 10 mV/s, 20 mV/s, and 50 mV/s

Number of cycles: 3

The third cycle is selected for the analysis; while, the first and second cyclic voltammetry

scans are shown in Appendix C.
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3.8. Anodic Voltage Hold Experiment Setup for MnSOa in Sulfuric Acid Solution
3.8.1. Qualitative Experimental Details

The anodic voltage hold experiment is used to study the anodic products formation during the
anodic voltage hold by studying the voltage-current responses during the cathodic scan in a new
electrolyte solution. This experiment was proposed mainly to study whether MnO2 solid would be
formed on the working electrode when MnSQO4 in 3M H2SO4 with and without TiOSO4 addition is
held at an anodic voltage. First, an anodic voltage hold at 1.5V vs. SCE for 15 min is conducted
for 1M MnSO4+3M H2SO4 and for 1M MnSO4+1M TiOSO4+3M H>SO4 on a graphite rod working
electrode to study whether the anodic products are formed on the working electrode or in the
electrolyte solution. To do this, the working electrode that is used for the anodic voltage hold is
removed from the electrolyte after the anodic voltage hold. The working electrode is washed with
a 10 ml of 3M H>SO4 and is held for 15 min to be completely dried. Then, a new electrolyte
solution of 3M H2S0Os is used with the washed and dried electrode for the cathodic linear voltage
scan down to -0.242V vs. SCE for the anodic products on the working electrode resulted from Mn
electrolyte and down to 0.2V vs. SCE for the anodic products on the working electrode resulted

from Mn+Ti electrolyte after holding the OCV for 10 min.

If the ratio of the cathodic charges to the anodic charges is greater than half, then the anodic
products from Mn electrolyte oxidation reactions during the anodic voltage hold experiment are
assumed to be mostly generated as a solid deposited on the working electrode. Otherwise, it can

be used that the anodic charge went to create soluble products.

To confirm the findings of the previous experiment, the solution is stirred after the anodic
voltage hold experiment for 2 min. Then, the working electrode is replaced by a new working

electrode to measure the OCV of the electro-active species in the solution. From the measured
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OCV, one may use Nernst equation relation, Eq.3.5, for Mn®*/Mn?* redox couple to estimate the
concentrations of the aqueous Mn®" species generated from the anodic voltage hold experiment in
the electrolyte solution. From the estimated Mn®* concentration, the anodic charges generated
during the anodic voltage hold from the Mn®* ions in the solution can be estimated by using

Faraday’s law as shown in Eq.3.63:
Qanodic = C;VnF Eg. 3.63

Where,

Qanodic: Amount of charges delivered during the oxidation reaction. [C]

C;: The concentration of species i in the solution. [mol/L]

V: Solution volume. [L]

n: Number of electrons delivered during the oxidation reaction. [ mole e/mole of i]

F: Faraday constant, 96485. [C/mole €]

If the anodic products are found to be formed on the working electrode as a deposited solid, the
formed anodic solid materials are investigated in different solution conditions, in different working

electrodes types, and in different mass transport conditions.

3.8.2. Anodic Voltage Hold Experiment Details

3.8.2.1. Study the Effect of Mn?* on the Anodic Products Resulted from 1M MnSQOs-3M
H2SO4 Anodic Voltage at 1.5 V vs. SCE During the Cathodic Scan
Two anodic voltage holds at 1.5 V vs. SCE for 15min for 1M MnSO4+3M H,SO4 were

conducted on a graphite rod working electrode. A pre-step anodic voltage hold at 0.6V was
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conducted for 5min, where there is no faradaic process, followed by applying a 1.5V step voltage
for 15min. After the anodic voltage hold experiment, the working electrode was rinsed with a 3M
H>SO4 solution for 3min and then was dried for 15 min. Then, a cathodic linear voltage sweep
scan at 2mV/s was conducted after measuring the OCV for 10 min from the OCV down to -0.242V

vs. SCE in:

1- 1M MnSO4+3M H2SO; electrolyte solution

2- 3M H2SO04 electrolyte solution

The observation of this experiment is expected to show the effect of Mn?* species on the anodic

products.

3.8.2.2. Study the Effect of H* on the Anodic Products Resulted from 1M MnSQO4-3M H2SO4
Anodic Voltage Hold at 1.5 V vs. SCE with a Different Holding OCV Time Prior the Cathodic
Scan

In this experiment, the anodic voltage hold is repeated three times with the same amount of
anodic charge for 1M MnSO4+3M H2SO4 solution on a graphite rod working electrode, and the
working electrode is washed using a 3M H>SO4 solution and is dried after the anodic voltage hold
experiment. The dried electrode is then placed in a new solution for the cathodic scan study. The
time of holding the working electrode OCV in 3M H2SO; is varied, in which the OCV is held for
5 sec, 10 min, and 2hrs, before the cathodic linear voltage sweep in 3M H2SO4 solution from OCV
down to -0.242V vs. SCE. The observation of this experiment is expected to show the effect of H*

species interaction with the anodic products.
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3.8.2.3. Study the Effect of TiOSO4 on the Anodic Products Resulted from 1M MnS0O4-3M
H2SO4 Anodic Voltage Hold at 1.5 V vs. SCE

Two anodic voltage holds at 1.5 V vs. SCE for 15min for 1M MnSO4+3M H2SO4 are
conducted on a graphite rod working electrode. A pre-step anodic voltage hold at 0.6V, where
there is no any faradic process, followed by a applying a 1.5V step voltage for 15min. After the
anodic voltage hold experiment, the working electrode is rinsed with a 3M H2SO4 solution for
3min and then is dried for 15 min. Then, it is studied in a new solution and a cathodic linear voltage
sweep scan at 2mV/s is conducted after measuring the OCV for 10 min from the OCV down to 0.2

V vs. SCE in:

1- 1M MnSO4+1M TiOSO4+ 3M H2SO;4 electrolyte solution

2- 1M TiOSO4+3M H2SO;4 electrolyte solution

The observation of this experiment is expected to show the effect of TiO?* species interaction

with the anodic products during the cathodic scan.

3.8.2.4. Study the Effect of TiOSOa4 on the Anodic Products Resulted from 1M MnSO4-1M
TiOSO:-3M H2S04 Anodic Voltage Hold at 1.5 V vs. SCE

Four anodic voltage holds at 1.5 V vs. SCE for 15min for 1M MnSO4+3M H,SO4 are
conducted on a graphite rod working electrode. A pre-step anodic voltage hold at 0.6V for 5min,
where there is no any faradic process, followed by applying a 1.5V step voltage for 15min. After
the anodic voltage hold experiment, the working electrode is rinsed with a 3M H2SO4 solution for
3min and then is dried for 15 min. Then, it is placed in a new solution and a cathodic linear voltage
sweep scan at 2mV/s is conducted after measuring the OCV for 10 min from the OCV down to

0.242V vs. SCE in:
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1- 1M MnSO4+1M TiOSO4+ 3M H2SO4 electrolyte solution
2- 1M TiOSO4+ 3M H2SO4 electrolyte solution
3- 1M MnSO4+3M H2SO4 electrolyte solution

4- 3M H2SO;4 electrolyte solution

The observation of this experiment is expected to show the effect of TiO?* species

interaction with the anodic products during the anodic voltage hold.

3.8.2.5. Study the Effect of Using a Porous Working Electrode (Carbon Felt) on the Anodic
Products Resulted from 1M MnSOs-1M TiOSO4-3M H2SOs and 1M MnS0O4-3M H2SO4
Anodic Voltage Hold at 1.5 V vs. SCE

Two anodic voltage holds at 1.5 V vs. SCE for 15min for 1M MnSO4+3M H2SO4 with and
without the addition of TiOSO4 are conducted on a carbon felt working electrode. A pre-step
anodic voltage hold at 0.6V for 5min, where there is no any faradic process, followed by a applying
a 1.5V step voltage for 15min. After the anodic voltage hold experiment, the working electrode is
rinsed with a 3M H2SO4 solution for 3min and then is dried for 15 min. Then, it is placed in a new
solution and a cathodic linear voltage sweep scan at 2mV/s is conducted after measuring the OCV
for 10 min from the OCV down to -0.242V vs. SCE for the case without TiOSO4 and from the
OCV down to 0.2V vs. SCE for the case with TiIOSO4 in 3M H2SO4 solution. The observation of
this experiment is expected to show that if the reduced species from the reduction of the anodic
product during the cathodic scan falls from the working electrode, the falling reduced species
would fall within the carbon felt material and not in the solution. Based on this assumption, the
cathodic behavior of the fallen reduced species can be studied from the cathodic linear voltage

scan.
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3.8.2.6. Study the Effect of Convection on the Anodic Products Resulted from 1M MnSO4-
1M TiOSO4-3M H2S04 and 1M MnS04-3M H2S0O4 Anodic Voltage Hold at 1.5 V vs. SCE
on a Flat Working Electrode (Graphite Rod) and on a Porous Working Electrode (Carbon
Felt)

Two anodic voltage holds at 1.5 V vs. SCE for 15min for 1M MnSO4+3M H2SO4 with and
without the addition of TiOSO4 are conducted on a carbon felt working electrode and, on a graphite
rod working electrode with convection at 600 rpm. A pre-step anodic voltage hold at 0.6V for
5min, where there is no any faradic process, followed by a applying a 1.5V step voltage for 15min.
An 8mm PTFE magnetic stirrer bar is inserted in the working electrode electrolyte compartment
and the stirring rate is set at 600rpm in using a magnetic stirrer made by Thermo Scientific during

the anodic hold experiment.

After the anodic voltage hold experiment, the working electrode is rinsed with a 3M H2SO4
solution for 3min and then is dried for 15 min. Then, the dried electrode is placed in a new solution
and a cathodic linear voltage sweep scan at 2mV/s is conducted after measuring the OCV for 10
min from the OCV down to -0.242V vs. SCE for the case without TiOSO4 and from the OCV
down to 0.2V vs. SCE for the case with TiOSO4in 3M H2SO4 solution. The observation of this
experiment can be used to study the effect of convection on the anodic voltage hold intermediate
electro-active species during the anodic voltage hold. The resulted anodic products can be studied
by the cathodic linear voltage sweep in 3M H2SO4 solution and a comparison is made between the

case of convection condition and the case of stagnant condition anodic products cathodic scan.
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4, Results and Discussions

4.1. MnSO4 and TiOSO4 Electrolyte Solubility in Sulfuric Acid Solution
- MnSO;4 electrolyte solubility in 1-3M H2SO4 aqueous solution at 20 °C, 25 °C, 30 °C,

40 °C, and 45 °C.
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Figure 38. MnSO4electrolyte solubility in 1-3M H,SO4 aqueous solution at 20 °C, 25 °C, 30 °C, 40 °C, and 45 °C

From Figure 38, the solubility of MnSO4 salt decreases as the concentration of H>SO4 in the
solution increase. The solubility of MnSO4 negatively depends on the electrolyte temperature. As
the temperature of the electrolyte increases from 20°C up to 45°C, the solubility of MnSO4 salt
decreases in the solution. The results show a good agreement with the work done by Petri Kobylin
in 2013 as his results show that the solubility of MnSOy4 in sulfuric acid decreases with increasing

temperature and decreases with increasing the sulfuric acid concentration. [30]

The experimental data points for each acid concentrations were fitted in a linear function by

using the least square method and the solubility of MnSQO4salt is found to be linearly proportional
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to the temperature of the solution. From the fitted line equation for each acid concentrations, the
absolute value of the slope of MnSO4 solubility with increasing the temperature is the highest for
the case when the H2SO4 concentration in the solution is 1M H2SO4 and the absolute value of the
slope is the lowest in the case when H>SO4 concentration is 3M H2SO4. The highest solubility of
MnSO4 was measured at 20°C in 1M H2SO;4 and it is 3.86 £0.048M MnSOs, and the lowest was
measured at 45°C in 3M H2SO4 at 1.667+0.000M MnSO4. Table 22 shows the numerical values

of MnSOg solubility in 1-3M H2SO4 at 20°C, 25°C, 30°C, 40°C, and 45°C

Table 22. MnSQgelectrolyte solubility [M] in 1-3M H2SO4 aqueous solution at 20 °C, 25 °C, 30 °C, 40 °C, and 45 °C

H2SO4 concentration
Temperature
[°C] 1M 2M 3M
20+0.1 3.864+0.048 2.836+000 2.131+0.257
25+0.1 3.694+0.048 2.778+0.192 2.056+000
30+0.1 3.556+0.315 2.639+0.21 1.926+0.064
40+0.1 3.250+0.363 2.528+0.268 1.722+0.096
45+0.1 3.139+0.385 2.444+0.631 1.667+000
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TiOSO4 electrolyte solubility in 1-3M H2SO4 aqueous solution at 20 °C, 25 °C, 30 °C,
40°C, and 45 °C
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Figure 39. TiOSO4 electrolyte solubility in 1-3M H2SO4 aqueous solution at 20 °C, 25 °C, 30 °C, 40 °C, and 45 °C
From Figure 39, the solubility of TiOSO4 salt decreases as the concentration of H2SO4 in the
solution increase. The solubility of TiOSO4 positively depends on the electrolyte temperature. As
the temperature of the electrolyte solution increases from 20°C up to 45°C, the solubility of TiOSO4

salt increases.

The experimental data points for each acid concentrations were fitted in a linear function by
using the least square method and the solubility of TiOSO4 is found to be linearly proportional to
the temperature of the solution. From the fitted line equation for each acid concentrations, the
slope of TiOSO4 solubility with increasing the temperature is the highest for the case when the
H>SO4 concentration in the solution is 1M H>SO4 and the slope is the lowest in the case when
H2SO4 concentration is 3M H>SOa. The highest solubility of TiOSOs was measured at 45°C in

1M H2SO4 and it is 4.45 +0.05 M TiOSOQg4, and the lowest was measured at 20°C in 3M H2SO4 at
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1.825+0.025 M TiOSO4. Table 23 shows the numerical values of MnSO4 solubility in 1-3M H2SO4

at 20 °C, 25 °C, 30 °C, 40 °C, and 45 °C.

Table 23. TiOSO4 electrolyte solubility [M] in 1-3M H,SO. aqueous solution at 20 °C, 25 °C, 30 °C, 40 °C, and 45 °C

H2SO4 concentration

Temperature
[°C] 1M 2M 3Mm
20+0.1 3.85+0.05 2.75%0.05 1.825+0.025
25+0.1 3.95+0.05 2.775+0.025 1.875+0.025
30+0.1 4.15+0.05 2.95+0.05 1.925+0.025
40+0.1 4.4+0.05 3.05+0.05 1.95+0.05
45+0.1 4.45x0.05 3.15+0.05 2.05+0.05
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4.2. Cyclic Voltammetry Scans for Solvent Electrolyte Solutions
4.2.1. Cyclic voltammetry of solvents within MnSOz voltage scan window

The third cyclic voltammetry scans of 1M, 2M, and 3M H2SO4 solutions on graphite rod
working electrode and on carbon felt working electrode at a 2mV/s voltage scan rate as shown in
Figures 40 and 41. An anodic current wave is observed starting after 1V vs SCE during the positive
scan and a cathodic current wave is observed below 0.16V during the negative scan.
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Figure 40. Third cyclic voltammetry scan of 1M H>SO4, 2M H>SO4, and 3M H,SO4 on
graphite rod working electrode at 2minV/s voltage scan rate in MnSO, voltage scan window
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Figure 41. Third cyclic voltammetry scan of 1M H;SOs4, 2M H3SO,, and 3M H,SO4 on
carbon felt working electrode at 2minV/s voltage scan rate in MnSQO, voltage scan window
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The anodic current wave after 1V can be attributed to both carbon oxidation and oxygen
evolution reaction in which the oxygen evolution reaction is the dominant oxidation reaction. As
the working electrode area increases when a carbon felt working electrode is used, the anodic
current increases. Although the acid concentration was increased for the cyclic voltammetry scan
for 2M and 3M sulfuric acid solutions in which the reduction potential of oxygen evolution
reaction and the reduction potential of hydrogen evolution reaction are expected to shift to a more
positive value, the observed currents for those solutions seem to be not influenced by the shifting
of the reduction potentials and almost similar current behavior is observed among all the three
tested solutions. This may suggest that the graphite rod working electrode has a low
electrochemical reaction activity for OER and HER reactions. However, the anodic wave after 1V
on carbon felt working electrode for 1M sulfuric acid solution is influenced by the shifted reduction
potential of OER as shown in Figure 41. Nevertheless, the anodic current waves of 2M and 3M
sulfuric acid solutions are almost the same. Regarding the observed cathodic wave below 0.16 V,
the reduction wave is attributed to the hydrogen evolution reaction on the working electrode and
the observed cathodic current does not exceed 1.5 mA in the cyclic voltammetry scans on graphite
rod and carbon felt working electrodes for all tested solutions. Within the region between the
anodic wave lower than 1V and the cathodic wave higher than 0.16, two anodic peak currents at
0.5V and 0.96V, three reduction pecks current 0.84V, 0.76V, and 0.436V are detected in all three
solutions scanned. The current intensity of those peaks does not exceed 500 HA. Those observed
peak currents are attributed to carbon materials redox reactions and their current intensity is low

which indicates their low reactivity during the cyclic voltammetry scan.
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4.2.2. Cyclic voltammetry of solvents within TiOSO4 voltage scan window
Figures 42 and 43 show the third cyclic voltammetry scan of 1M, 2M, and 3M H2SO4 solutions

on graphite rod working electrode and on carbon felt working electrode in the TiOSO4 voltage

scan window at a 2mV/s voltage scan rate.
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Figure 42. Third cyclic voltammetry scan of 1M H2SO4, 2M H3SO4, and 3M H2SO4

on graphite rod working electrode at 2minV/s voltage scan rate in TiOSO, voltage scan
window
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Figure 43. Third cyclic voltammetry scan of 1M H2SO4, 2M H2SO4, and 3M H2SO4 on

carbon felt working electrode at 2minV/s voltage scan rate in TiOSO4 voltage scan
window

One cathodic current wave below 0.3 V vs SCE is observed during cyclic voltammetry scan of all
tested solution. This current wave is attributed to the hydrogen evolution reaction on the working

electrode. In Figure 42, Some sparks in current during the negative scan are observed between
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0.1V and -0.3V during the cathodic scan. This observation may due to the ripping effect of the
formed hydrogen atoms on the working electrode at low overpotential. Although the acid
concentration was increased for the cyclic voltammetry scan for 2M and 3M sulfuric acid solutions
in which the reduction potential of hydrogen evolution reaction is expected to shift to a more
positive value, the observed currents for those solution seem to be not influence by the
thermodynamic potential shifting of the HER reduction potential and almost similar current
behavior is observed among all the three tested solutions. This may suggest that the graphite rod
working electrode has a low electrochemical reaction activity for HER reactions. However, the
cathodic wave below 0.3 V on carbon felt working electrode for 1M, 2M, and 3M sulfuric acid
solution is clearly influenced by the shifted reduction potential of HER where the cathodic current
increases with increasing the sulfuric acid concentration as shown in Figure 43. Nevertheless, the

cathodic current wave is still low on the carbon felt working electrode.
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4.3. Mn Electrolyte Characterization Results
4.3.1. Cyclic Voltammetry of Mn Electrolyte Results
The third cyclic voltammetry scans of 1M Mn in 1-3M H2SO4 solution on a graphite rod
working electrode and on a carbon felt working electrode at 2mV/s scan rate are shown in Figures
44 and 45. The obtained cyclic voltammograms are different from the cyclic voltammograms by
Xue due to the low MnSO4 concentration used in their work. [46]
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Figure 44. Third cyclic voltammetry scan of 1M MnSOs in 1M H,SO4, 2M H3SO4, and 3M
M H,SO4 on a graphite rod working electrode with 2mV/s scan rate
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Figure 45. Third cyclic voltammetry scan of 1M MnSQO4 in 1M H;SO4, 2M H,S04, and 3M
M H>SO4 on a carbon felt working electrode with 2mV/s scan rate
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Observations from Figures 44 and 45 during the positive scan:

During the anodic scan, only one single peak is observed in all three tested solutions on a
graphite rod working electrode, and on a carbon felt working electrode.

An anodic current starts to show up after 1.1 V vs SCE for all tested solutions.

The slope during the anodic scan after 1.1V increases at 1.21V for 1M Mn+1M H2SO4
case, 1.25V for 1M Mn+2M HSOg4, and 1.27V for 1M Mn+ 3M H2SO4 case on both
working electrodes.

The anodic peak currents are observed at 1.23V for 1M Mn+1M H,SO; case, at 1.29V for
1M Mn+2M H2SO4, and at 1.33V for 1M Mn+3M H,SOa.

From Figure 44, the peak currents intensity is the same for 1M Mn+1M H>SO4 and 1M
Mn+2M H2SO4 cases and higher in 1M Mn+3M H2SO4 case by 14.4% on a graphite rod
working electrode.

From Figure 45, the peak currents intensity is the same for 1M Mn+2M H>SO4 and 1M
Mn+3M H>SOs cases and higher in the 1M Mn+1M H2SO4 O4 case by 16.5% on a carbon
felt working electrode.

Observations from Figures 40 and 41 during the negative scan:

For the 1M Mn+1M H2SO; case, the first cathodic peak current is measured at 1.11V when
using both the graphite rod and the carbon felt working electrode. After the first cathodic
peak current, a limited current is measured during the negative scan on both used working
electrodes where the cathodic current decreases to zero current faster in the case when the
graphite rod working electrode is used.

For the 1M Mn+2M H,SO4 case, the first peak current is measured at 1.17V when either

the graphite rod or the carbon felt working electrode is used. After the first cathodic peak
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current, a limited current is observed during the negative scan on both electrodes with the
cathodic current decreases to zero faster when the graphite rod working electrode.

- For the 1M Mn+3M H,SO4 case, the first peak current is measured at 1.20V for both the
graphite rod and the carbon felt working electrodes. After the first cathodic current peak, a
smaller limited current is observed during the negative scan on a graphite rod electrode,
while for the carbon felt electrode a second cathodic peak current at 1V was observed
before it decreases to zero current. The cathodic current decreases zero current earlier in
the case of the graphite rod working electrode.

- From Figure 44, the intensity of the first cathodic peak current with a graphite rod electrode
in 1M Mn+3M H2SOs is higher than the cathodic peak currents intensity of 1M Mn in 1M
H>SO4 and 2M H2SO4 cases where their peak currents are almost equal in magnitude.

- From Figure 45, the intensity of the first cathodic peak current for the carbon felt electrode
in 1M Mn+1M H2SOs is higher than the cathodic peak currents intensity of 1M Mn in 2M
H>S04 and 3M H2SO4 cases where their peak currents are almost equal in magnitude.

e 1M Mn+3M H2SOs after the cyclic voltammetry experiment on a graphite rod

working electrode
Ny, i/

Figure 46. 1M Mn-3M H,SO, solution after the cyclic voltammetry experiment on graphite rod working electrode.
A Black solid material was observed in the tested electrolyte after the cyclic voltammetry test.
The electrolyte color was changed to red color after the cyclic voltammetry in which the darker

the red color was observed in the case of 1M MnSQ4 in 3M H2SO4 tested solution. The red color
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may due to the presence of Mn3* species in the solution, and the black solid material at the bottom

of the cell may due to the hydrolysis of Mn®* species to form MnOOH solid in the solution.

e Observation of the graphite working electrode after the cyclic voltammetry of 1M

Mn+3M H2S0a4 solution

A black solid deposit was found on the graphite rod electrode surface after the cyclic
voltammetry test of LM Mn+3M H>SO.. This black material may be due to the reduction of MnO

solid (in Eq3.38) to form MnOOH.

Figure 47. Graphite working electrode after the cyclic voltammetry of 1M Mn-3M H2S0O4 solution

e Possible oxidation pathway of MnSOs electrolyte in H2SO4

During the positive scan, Mn(l1) electro-active species is present in the form of Mn?* in
1-3M H2S04 solutions. According to Table 8, Mn?* equilibrium concentration can be assumed
to be the same in 1-3M H2SO4 solutions. Mn?* is more likely oxidized during the positive scan
on the working electrode after 1.1V to form Mn®* species based on Eq3.31 and not directly to
Mn(1V) species because Mn?* has to go through two elementary electron transfer reaction steps
to form Mn(1V) species. The change on the anodic current slope after 1.1V may attribute to
the Mn(111) oxidation reaction to form Mn(1V) where the oxidation reaction of Mn(l1l) species
to Mn(1V) species may be influenced by the Mn** hydrolysis reactions to form the electro-
active Mn(l11) species that undergoes the oxidation reaction in which the concertation of the

Mn(I11) electro-active species decreases as the acid concentration increases. The oxidized
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Mn(1V) species may undergo significant hydrolysis on the working electrode surface to form
MnO> deposit on the electrode surface. The MnO2 formed by the oxidation of Mn?* in sulfuric
acid is assumed to be (Y)MnO:; as it was reported. [44] The overall process during the positive

scan can be expressed by Eq.2.2:
Mn?* + 2H,0 © MnO, + 4H* + 2e” E°=0.988 Vvs SCE EQq.2.2

To support the proposed Mn oxidation pathway, based on the listed observations during
the positive scan of the cyclic voltammetry, the anodic current during the positive scan seems
to be limited in 1M Mn+1M H2SO4 and 1M Mn+2M H2SO4 cases on the graphite rod electrode,
shown in Figure 44, by the formed anodic products which seem to have a direct effect on the
course of the overall Mn(I1) oxidation process. From Figure 45, once the electrode surface area
is increased when using a carbon felt working electrode, the effect observed above on the
overall Mn(Il) oxidation reaction, in 1M Mn+1M H>SOs and 1M Mn+2M H>SOs cases
disappears in which the anodic peak current of 1M Mn+1M H2SO4 becomes the highest among
all the tested electrolyte. A possible explanation of this observation is that during the positive
scan, the oxidation of Mn?* is expected to form Mn®* first on the electrode surface as shown in

Eq.3.31:
Mn?* & Mn3t + e~ E® = 1.26 Vvs SCE Eg3.31

A direct oxidation of Mn®* species to Mn** species is not likely occurred on the electrode
because the high reduction potential of the Mn*"/ Mn** redox couple as shown in Eq.34 and
that Mn** is not a stable Mn(1V) species. In addition, the first hydrolyzed Mn(l11) species may
not be the one that is oxidized to Mn(IV) due to the close standard reduction potential of

Mn(OH)**/ Mn(OH)?* to the Mn3*/ Mn?* standard reduction potential, and that the estimated
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equilibrium concentration of Mn(OH)?* in 1-3M sulfuric acid solutions from Table 9 does not

decrease with increasing acid concentration.
Mn3t & Mn** +e, E® =1.392Vvs SCE Eq3.34
Mn(OH)?* & Mn(OH)3* + e~, E° = 1.247 Vvs SCE Eq3.35

More likely Mn(OH)2" may be the Mn(l11) electro-active species that undergoes oxidation
reaction to form Mn(OH).%*, as shown in Eq.3.36, which has a lower standard reduction

potential:
Mn(OH)? & Mn(OH)3* +e~, E°=1.06VvsSCE Eg3.36

Mn3* hydrolysis reactions near the electrode surface to form Mn(OH)?* and Mn(OH)." are

described in Eqg.3.14 and Eq.3.15:
Mn3* 4+ H,0 < Mn(OH)?* + Ht K=25 Eq3.14
Mn(OH)?* + H,0 < Mn(OH)J + H* K=0.5 Eq3.15

From Eq.3.14 and Eq.3.15, as the H* concentration increases, according to Le Chételet’s
principle, the equilibrium reactions in Eq.3.14 and Eq.3.15 are expected to shift from right to
left and less Mn(OH),* species are formed. Thus, the reduction potential of Eq3.36 is expected
to increase with the low concentration of Mn(OH)2", so that less Mn(OH),%* is formed by

Eq.3.36. The formed Mn(OH).?" is then hydrolyzed rapidly to YMnO> based on Eq.3.26:
Mn(OH),** & (y)MnO, + 2H* K=2E+4 Eq.3.26

The electrode electronic activity may be reduced when y-MnO; is deposited on the

electrode surface due to its lower electronic conductivity compared to the carbon-based
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working electrode. As the MnO> covers the working electrode, Mn?* may be oxidized on y-
MnO; substrate to form Mn**. The formed Mn** may not oxidize further to Mn(lV) species
due to the low electronic conductivity of the substrate, rather Mn®** may diffuse away from the
electrode or hydrolyze on the MnO; substrate to form MnOOH solid. More likely the MnOOH
phase resulted from Mn(I11) hydrolysis is y-MNnOOH because of the high equilibrium reaction

constant of Eq.3.17 compared to a-MnOOH in Eq3.18.
Mn(OH)," & (y)MnOOH + H*, K=0.9059 Eq3.17
Mn(OH)," < (a)MnOOH + H*, K=0.467 Eqg3.18

The resulted y-MnOOH and o -MnOOH solids may disproportionate with the present of

Mn3* in the solution to form a-MnO; and y-MnO,, as shown in Eq.3.44and Eq.3.46:
(yY)MnOOH + Mn3* & Mn?* + H* + (a)MnO,, K=1.3 E+7 Eq3.44
()MnOOH + Mn3* & Mn?* + H* 4+ (y)MnO,, K=2.5E+7 Eq3.46

The MnO> coverage phenomenon may explain that the similar anodic peak currents are
observed in Figure 44 for 1M Mn+1M H>SO4 and 1M Mn+2M H,SO4 because of the fast
MnO:> build up deposit on the working electrode that limits the overall anodic process. From
Figure 44, the significant drop of the anodic current of 1M Mn+1M H,SO4 solution by the end
of the positive scan may reveal that the large thick MnO2 deposit significantly increases the
working electrode electronic resistance. However, in the case of 1M Mn+3M H>SO4 the high
anodic peak current on the graphite rod working electrode indicates that the reduction potential
of Eq3.36 is shifted to more positive voltage due to the low hydrolysis of Mn3* that decreases
the formation of Mn(OH).". In this case MnO- build up on the working electrode may be slow

compared to the oxidation of Mn?* in Eq3.34 and more Mn®* is formed, so that more anodic
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current is measured because of the high available Mn®* that is slowly hydrolyzed and oxidized

to build up the MnO; deposit on the working electrode until it is limited by the MnO2 coverage.

As the working electrode area increases in Figure 45, the large available surface area on
the carbon felt working electrode reveals that MnO. deposit is greater in 1M Mn+1M H2SO4
solution than in 1M Mn in 2-3M H2SO4 solutions as it can be seen from the anodic peak current
of each tested solutions. As the working electrode area increases, the consumption rate of
Eqg3.31 is increased and more Mn*®" is formed during the positive scan. In this case, the limited
anodic current for the case of 1M H>SO4 may still due to the MnO. substrate that reduces the
electronic conductivity of the electrode. For 2M H>SO4 and 3M H>SO4 cases, the limited
current may due to the diffusion limitation of Mn?* species from the bulk to the electrode

surface.

- A proposed oxidation reaction mechanism of Eq.2.2 during the positive scan of the cyclic

voltammetry of MnSOys in sulfuric acid solution before the peak current is described below:

Mn?* & Mn3*t +e” E® = 1.26 Vvs SCE Eq3.31
Mn3* + H,0 < Mn(OH)?* + H*, K=2.5 Eq3.14
Mn(OH)2* + H,0 & Mn(OH)} + H*, K=0.5 Eq3.15
Mn(OH)} & Mn(OH)2* +e~, E°=1.06V vsSCE Eg3.36
Mn(OH),”* & (y)MnO, + 2H*, K=2E+4 Eq3.26

Overall: Mn?* + 2H,0 © (y)MnO, + 4H* + 2e~

- A proposed oxidation reaction mechanism during the positive scan of the cyclic

voltammetry of MnSOys in sulfuric acid solution after the peak current is described below:
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After (y)MnO, is fully covered the working electrode area, the working electrode
electronic resistance may increase and the anodic current may only be described by the Mn?*

diffusion to the substrate and the oxidation of Mn?* into Mn®* only as shown below:

Mn?* & Mn3t +e” E® = 1.26 Vvs SCE Eq3.31
Mn3* + H,0 & Mn(OH)?* + H*, K=25 Eq3.14
Mn(OH)?* + H,0 < Mn(OH)} + H*, K=0.5 Eq3.15
Mn(OH)," < (y)MnOOH + H*, K=0.9059 Eq3.17

e Possible reduction pathway of the anodic products of MnSOs electrolyte in H2SO4

It is difficult to interpret the cathodic scan behavior from the cyclic voltammetry results
in Figures 44 and 45 alone where there is MnO2 on the electrode surface and Mn(l11) species
may present in the solution as a Mn3* and MnOOH or on the electrode as MnOOH. During the
negative scan, mainly two cathodic wave currents can be noticed in all tested solutions. The
first cathodic peak current during the negative scan in Figure 44 increases and shifts to more
positive voltage with the increase of the acid concentration. However, from Figure 45, when
using a carbon felt working electrode, the first cathodic peak current decreases and shifts to
more positive voltage with the increase of the acid concentration. For the region below 1.05V
in Figure 44, the second cathodic wave current has irregular pattern where it increases in 2M
H>SO4 and decrease in 3M H2SO4. However, the second cathodic wave shifts to more positive
voltage with the increase of the acid concentration. In Figure 45, the second cathodic current
wave decreases and shifts to the right with the increase of the acid concentration. The irregular
pattern of the second cathodic wave current that is observed in Figure 44 is due to solids fallen

from the working electrode surface after the first cathodic peak current. This phenomenon is
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supported by a video recording. When using a carbon felt working electrode, the porous
structure of the working electrode retains the fallen solids after the first cathodic peak current,

and a regular pattern is shown for the second cathodic current wave in Figure 45 when this

solid is reduced.

These two observed cathodic waves are initially investigated by conducting a new cyclic
voltammetry scan for 1M Mn+3M H2SO4 with varying the end voltage during the positive scan

to study the effect of end potential on the two cathodic waves during the negative scan. as

shown in Figure 48.
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Figure 48. Third cyclic voltammetry scan of 1M MnSO4 in 3M M H>SO. on graphite rod working electrode
with 2mV/s scan rate, and with varying the end voltage during the positive scan

From Figure 48, as the end applied voltage increases, the first cathodic peak current becomes
almost fixed and the second cathodic wave current grows. At low cut off (E<1.25 V vs. SCE)
voltage only a small amount of Mn®* is formed and is reduced during the cathodic scan. At high
cut off voltage when more Mn®* is formed, more MnO2 and MnOOH is created, which results in

a more complex cathodic peak. Based on the proposed oxidation pathway, the overall oxidation
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reaction of Mn(11) leads to the formation of MnO: deposit on the working electrode until the MnO2

is fully covered the electrode area and limits the anodic process.

A cathodic route of the Mn anodic products is proposed to explain the observations in Figure
48. During the negative scan, the first cathodic wave is assumed to be attributed to the reduction
reaction of (y)MnO: solid to («)MnOOH solid on the working electrode as shown in Eq.3.38,
where the electrochemical reduction of (y)MnO,, proceeds via proton insertion into the solid phase
as it was suggested by Bedoardo, and the second cathodic wave is assumed to be attributed to the
reduction reaction of («)MnOOH and (y)MnOOH to Mn?* as shown in Eq.3.18, Eq.3.17, Eq.3.15,
Eq.14, and EQ3.31.[28,47] («)MNOOH was reported to be an electronically insulating
material. [28,47] (Y)MnOOH is assumed to be formed on the (y)MnO: solid structure after the
positive scan in Figure 48 becomes limited by the (y)MnO: solid deposits on the electrode surface
where the oxidation process on the (y)MnO: substrate is assumed to be only for the oxidation of
Mn?* to Mn®* due to the high electronic resistance of the substrate. Regarding Mn** species, if
Mn3* species was allowed to diffuse away from the electrode surface, it may hydrolyze into
(Y)MnOOH and (a)MnOOH solid in the solution. Thus, the proposed reduction pathway of Mn

anodic products is shown below:

H* + (y)MnO, + e~ © («)MnOOH , E° = 0.788 V vs SCE Eq3.38
(0)MnOOH + H* & Mn(OH)," K=2.14 Eq3.18
(Y)MnOOH + H* < Mn(OH)," K=1.1 Eq3.17

Mn(OH)f + H* & Mn(OH)?* + H,0, K=2 Eq3.15

Mn(OH)?* + H* & Mn3* + H,0, K=0.4 Eq3.14
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Mn3* + e~ & Mn?* E® = 1.26 Vvs SCE Eq3.31

Based on the proposed cathodic route of the Mn anodic products, the behavior of the negative
scan by varying the end voltage of the positive scan indicates that the oxidation process that takes
place after the anodic peak may not be attributed to the oxidation reaction of Mn?* to (y)MnO,.
Instead, as the working electrode resistance increases by the deposited (y)MnO,, Mn?* may only
be able to oxidize to Mn®*. This can be seen from the intensity of the first cathodic peak current
where the first cathodic peak stops increasing as the applied voltage increases further beyond the
anodic peak current voltage as in the last two scans. The formed Mn®*" on the (y)MnO, may
hydrolyze to (y)MnOOH or (a) MnOOH instead of being oxidizing further oxidize to Mn(1V)

species.

From Figure 45, with a carbon felt working electrode where the anodic process is not limited
by the small area of the electrode, as the concentration of H* increases, less MnO; is formed on
the working electrode, so that the first cathodic peak current is less in magnitude. The reduction
reaction of MnO> on the working electrode surface as described by Eq.3.38 seems to be influenced
by the H* concentration where the first cathodic wave shifts to the right with increasing the H*
concentration due to the positive shifting of the reduction potential of Eg.3.38 with increasing the
H* concentration. Another reaction that may also interfere with the first cathodic wave is that the
interaction of Mn?* with MnO, substrate when Mn3" is present in a negligible concentration as

shown in Eq.3.46:
Mn?* + H* + (y)MnO, © («)MnOOH + Mn3*, K=4E-8 Eq3.46

From Figure 45, the second cathodic wave may be attributed to the reduction reaction of

MnOOH based on Eq.3.18, Eq.3.17, Eq.3.15, Eq.14, and Eg3.31. As the acid concentration of the
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electrolyte increases, less MNOOH is formed on the electrode surface due to the positive potential
shift and the resulting slower deposition of MnO2 on the electrode surface. The overall reduction
reaction of MNOOH to Mn?* is enhanced by increasing the H* concentration based on Eq.3.46
where the second cathodic wave current shifts to the right with increasing the H* concentration
allowing the reaction to start early and have more time to be consumed. However, the large
generated Mn®* from the oxidation of Eq.3.31 in 3M H,SO4 may increase the ratio of MnOOH to
MnO: on the electrode surface as it can be seen in Figure 45 for the first cathodic peak current and

the second cathodic peak current.
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- Cyclic voltammetry of MnSO4+TiOSO4 in H2SO4 solution on a graphite rod and on a

carbon felt working electrode

The third cyclic voltammetry scan of 1M Mn+1M Ti in 1-3M H2SO4 solution on a graphite
rod working electrode and on a carbon felt working electrode with 2mV/s scan rate are shown in

Figures 49 and 50.
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Figure 49. Third cyclic voltammetry scan of 1M MnSO4-1M TiOSO4 in 1M H,S04, 2M H2SO4,
and 3M M H,SO4 on graphite rod working electrode with 2mV/s scan rate
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Figure 50. Third cyclic voltammetry scan of 1M MnSO4-1M TiOSO. in 1M H3SO04, 2M H3S0s4,
and 3M M H,S04 on carbon felt working electrode with 2mV/s scan rate
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Observations from Figures 49 and 50 during the positive scan:

During the positive scan, only one single peak is observed in all three tested solutions on a
graphite rod working electrode, and on a carbon felt working electrode.

An anodic current is started to show up after 1.1 V vs SCE for all tested solutions.

The anodic slope during the anodic scan after 1.2V decreases as the acid concentration
increases when using a carbon felt working electrode; while, the anodic slope is almost the
same for all tested solution on graphite working electrode.

The anodic peak currents are observed at 1.31V for 1M H»>SO; case, at 1.35V for 2M
H2SO4, and at 1.36V for 3M H2SO..

From Figure 49, the peak currents intensity is almost the same for all tested solutions on a
graphite rod working electrode.

From Figure 50, the peak currents intensity is the same for 1M H>SO4and 2M H>SO4 cases
and lower in the 3M H2SO4 case by 37% on a carbon felt working electrode.
Observations from Figures 45 and 46 during the negative scan:

For 1M H>SOs case, the first peak current is measured at 1.15V when using both the
graphite rod and the carbon felt working electrodes. After the first cathodic peak current, a
limited current is observed during the negative scan on both working electrodes where the
cathodic current decreases to zero current faster in the case with the graphite rod working
electrode.

For 2M H»SOq4 case, a broad peak current is measured at 1.13V when using both the
graphite rod and the carbon felt working electrodes. After the cathodic peak current, a

limited current is measured during the negative scan on both working electrodes where the



116

cathodic current decreases to zero current faster in the case with the graphite rod working
electrode.

For 3M H»SO4 case, the first peak current is measured at 1.20V with the graphite rod and
at 1.16V with the carbon felt working electrode. After the first cathodic current peak, a
smaller limited current is measured during the negative scan on graphite working electrode
compared to the carbon felt working electrode. The cathodic current decreases to zero
current faster in the case when using the graphite rod working electrode.

From Figure 49, as the acid concentration increases, the intensity of the first cathodic peak
current increases and shifts to the right.

From Figure 50, the intensity of the first cathodic peak current for 2M H,SQOx is higher than
the cathodic peak currents intensity of 1M H2SO4 and 3M H2SO4 cases where their peak

currents intensity is similar.
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e Discussion of the effect of the addition of TiOSOs4 on MnSOs+H2SO4 cyclic

voltammetry

The current-voltage behavior of Figures 49 and 50 is quite similar to the cyclic voltammetry

of Mn electrolyte without the addition of TiOSOj4 salt in terms of the single anodic peak current

and the broadness of the cathodic peak current in different acid concentrations. Based on the

theoretical calculation of the Mn?* and H* in Mn+Ti electrolyte in Table 14, the addition of TiOSO4

to the MnSOs+H.SO4 solutions significantly reduces the H* concentration and the Mn2*

concentration in the electrolyte compared to Mn solution without Ti.

Based on the observations during the positive scan, the same proposed oxidation mechanism

for Mn electrolyte without the addition of Ti may still hold for the Mn electrolyte with the addition

of Ti as shown below:

- A proposed oxidation reaction mechanism during the positive scan of the cyclic

voltammetry of MnSO4+TiOSO4 in sulfuric acid solution before the peak current is

described below.

Mn?* & Mn3* +e” E® = 1.26 Vvs SCE
Mn3t + H,0 & Mn(OH)?* + H*, K=25
Mn(OH)?* + H,0 < Mn(OH) + H*, K=0.5
Mn(OH)} & Mn(OH)3* +e~, E° =1.06V vsSCE

Mn(OH),** & (y)MnO, + 2H* K=2E+4

Eq3.31

Eq3.14

Eg3.15

Eq3.36

Eq3.26

Overall: Mn?* + 2H,0 © (y)MnO, + 4H* + 2e~
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- A proposed oxidation reaction mechanism during the positive scan of the cyclic

voltammetry of MnSO4+TiOSOg in sulfuric acid solution after the peak current is described

below:
Mn?* & Mn3t +e” E® = 1.26 V vs SCE Eg3.31
Mn3* + H,0 & Mn(OH)?* + H*, K=25 Eq3.14
Mn(OH)?* + H,0 & Mn(OH)} + H*, K=0.5 Eq3.15
Mn(OH)," < (y)MnOOH + H*, K=0.9059 Eq3.17

From Figure 49, the anodic peak current intensity of all tested solutions is almost the same
with a slight shifting of the anodic peak voltage with increasing the acid concentration. The same
intensity of the anodic peak current may due to the low consumption rate of Mn?* by Eg3.31 and
the fast MnO. build up on the working electrode by Eq3.36. Based on Table 14, as the acid
concentration of the electrolyte increases, the Mn?* concentration increases and more Mn3* is
generated by Eq3.31, so the oxidation reaction rate of Mn?* to Mn®" is increased with increasing
the acid concentration. With the effect of the small area of the graphite rod, the generated Mn3*
may hydrolyze to Mn(OH)," fast in low acid concentration to be further oxidized to Mn(OH),?*
based on Eg3.36. The fast build of MnO. on the graphite rod based on Eq3.14, Eq3.15, and Eq.3.36
compared to the slow oxidation reaction of Mn?" to Mn®* in Eq.3.31 in the case of 1M H2SO4
may limit the anodic process and less MnO: is formed on the graphite rod for the case 1M H2SOg.
As the acid concentration increases in the electrolyte solution, the slow accumulation of MnO2 on
the graphite rod based on Eq3.14, Eq3.15, and Eq.3.36 may increase the oxidation reaction of
Mn?* to Mn®* in Eq.3.31, so that more Mn®* is formed. As the Mn®* concentration increases, more

MnO: is built up on the graphite rod by Eq3.14, Eg3.15, and Eq.3.36. However, MnO is built up
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on the graphite rod may still be fast in 3M H2SOs, so that the anodic process may be still limited

by the MnO> covering the electrode.

From the negative scan in Figure 49, The first cathodic current wave describes the reduction
of MnO- deposit to MnOOH based on Eq3.38, and as the acid concentration of the electrolyte
solution increases, the first cathodic peak current gets higher which is consistent with the
description of the anodic behavior during the positive scan. The second cathodic current wave
below 1.15V indicates that the reduction of MNnOOH to Mn?* is enhanced by increasing the acid
concentration. During the second cathodic peak, a black solid was observed to fall from the
graphite rod working electrode which is assumed to be MnOOH that is less adhesive to the MnO-

substrate. This phenomenon was captured in a video recording during the experiment.

As the electrode area increases in Figure 50, the consumption rate of Mn?* in Eq3.31 is
increased and more Mn®* is generated during the anodic scan. The same anodic peak current
intensity for 1M H>SO4 and 2M H>SO4 cases with the low anodic current after the anodic peak
current in 1M H,SOx reveals the low concentration of Mn?* which may result in less MnO, and
MnOOH in the 1M H>SO4 case compared to the 2M H>SO4 case. In the 2M H2SO4 case, as the
Mn?* concentration increases, more MnO, and MnOOH are formed compared to the 1M H2SO4
case where the H* concentration is still low based on Table 14, so that the hydrolysis of Mn3* is
still fast. This hypothesis can be supported by the magnitude of the cathodic peak current of 1M
H2>S04and 2M H2SO4 cases where the cathodic peak current during the negative scan of 2M H2SO4
is higher than the cathodic peak current of the 1M H2SO4 case. For the 3M H2SO4 case during the
positive scan, the high concentration of H* slows the oxidation reaction of Mn(I1l) to Mn(IV) in
Eq3.36 due to the low hydrolysis of Mn®". This may form less MnO, deposit on the electrode

surface compared to 1M H2SO4and 2M H2SO4 cases as it can be seen from the low cathodic peak
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current during the negative scan. The second cathodic wave current shrink and is shifted to the
right in 3M H2SO4 which indicates that the amount of MNOOH is less on the working electrode as

the acid concentration increases.

e 1M Mn+1M Ti+3M H2SO4 after cyclic voltammetry experiment on a graphite rod

working electrode

From Figure 51(a), a black solid material was observed in 1M Mn+1M Ti+3M H2SO4 solution
at the bottom of the cell after the cyclic voltammetry. The electrolyte color was changed to
dark purple color after the cyclic voltammetry. When the solution is stirred, the black shadow
material at the bottom of the vial is disappeared and mix with the solution as shown in Figure
51(b). When a 3 ml of the tested electrolyte after the cyclic voltammetry is mixed with a 3 ml
of DI water in a separate vial, a brown solid material is observed to precipitate within

approximately 2min and the dark purple color disappeared as shown in Figure 51(c)

o)

Figure 51. 1M Mn-3M H2SO; solution after the cyclic voltammetry experiment on graphite rod working electrode,
(a) before stirring, (b) after stirring, and (c) after mixing with DI water.
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The dark purple color and the dark black solid in 1M Mn+1M Ti+3M H2SO4 solution after the
cyclic voltammetry are believed to be Mn(lll) aqueous species in equilibrium with MnOOH
resulted after the anodic peak current. This hypothesis may be supported by Figure 51(c) that after
increasing the pH of the electrolyte by diluting the electrolyte with DI water, Mn(lll) species
formed MnO- solid precipitate which has a brown color by the disproportionation reaction as

shown in Eq3.44 and Eq3.46.
(y)MnOOH + Mn3* & Mn?* + H* + (a)MnO,, K=1.3 E+7 Eq3.44
(«)MnOOH + Mn3* & Mn?* + H* + (y)MnO,, K=2.5E+7 Eq3.46

e Observation of the graphite working electrode after the cyclic voltammetry of 1M
Mn+3M H2SOs4 solution

A black solid deposit was found on the graphite rod working electrode surface after the cyclic

voltammetry test in 1M Mn+3M H2SO4. This black material may due to the reduction of MnO>

solid in Eq3.38 to form MnOOH that is less electrochemically active as shown in Figure 52.

Figure 52. Graphite working electrode after the cyclic voltammetry of 1M Mn-3M H,SO, solution
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e Comparison of the cyclic voltammetry of MnSO4 in 1M H2SO4 with and without

TiOSO4 addition

The Mn?* concentration is four times less, and the H* concentration is three times less when
Ti is added to the solution than the one without the addition of Ti based on Table 8 and Table
14. Eq3.31 reduction potential is expected to be positively shifted according to the Nernst
equation with the decrease of Mn?*. The equilibrium reaction in Eq3.14 and Eq3.15 is expected
to be favored toward the hydrolysis of Mn®" as the H* decreases based on Le Chatelet’s
principle. Since the overall chemical reaction of Eq3.14 and Eq3.15 is second-order depended
on the H* , the overall anodic process of lowering the concentration of Mn?* and H+ with the
addition of Ti in 1M Mn+1M H2SOs; solution is dominated by the decrease of H*
concentrations. Therefore, the overall oxidation reaction is controlled by the hydrolysis of
Mn?* species in Eq3.14 and Eg3.15 to form Mn(OH)." that undergoes an oxidation reaction to
form Mn(OH)2?* as described in Eq3.36. Thus, 1M Mn+1M Ti+1M H,SO; is expected to form
more MnO: deposit during the positive scan compared to the solution without the addition of
Ti, as the equilibrium reactions of Eq3.13 and Eq3.14 are shifted toward the products with the

low acid concentration of 1M Mn+1M Ti+1M H>SOa.

This hypothesis can be supported from Figure 53 where the anodic peak current and the first
cathodic peak current of 1M Mn+1M Ti+1M H2SO;4 are higher than anodic peak current and
the first cathodic peak current of 1M Mn+1M H>SOs which indicates that more MnO- is

formed during the anodic scan in 1M Mn+1M Ti+1M H>SO4.



123

1.40E-01
1.20E-01

1.00E-01
8.00E-02
6.00E-02

4.00E-02
2.00E-02
0.00E+00 —’

-2.00E-02 \

-4,00E-02 —_

-6.00E-02

-8.00E-02
-0.3 0 0.3 0.6 0.9 1.2 15

Voltage [V vs. SCE]

Current [A]

—— 1M Mn+1M Ti+1M H2SO4 1M Mn+1M H2S04

Figure 53. Third cyclic voltammetry scan of 1M MnSO4 with and without 1M TiOSOs in
1M H,S0. on carbon felt working electrode with 2mV/s scan rate

e Comparison of the cyclic voltammetry of MnSO4 in 3M H2SO4 with and without

TiOSOs addition

The resulted cyclic voltammetry of 1M Mn+3M H,SO4 solution with and without Ti on a
carbon felt working electrode shown in Figure 54 matches the one obtained by SEI in terms of the
high anodic peak current of the Ti-free solution and the positive shift of the first cathodic peak
current when Ti is added. [16] The Mn?* and H* concentrations when Ti is added to the 1M
Mn+3M H2SO4 solution are about half that of the one without the addition of Ti based on Table 8
and Table 14. Eg3.31 reduction potential is expected to be positively shifted according to the
Nernst equation with the decrease of Mn?*. The equilibrium reaction in Eq3.14 and Eg3.15 is
expected to be favored toward the hydrolysis of Mn3* as the H* concentration decreases based on
Le Chételet’s principle. However, the H* concentration in 1M Mn+1M Ti+3M H,SO4 is near
1.77M which is high compared to the Mn?* concentration which is about 0.056 M. Therefore, it is
assumed that the overall anodic process of lowering the concentration of Mn?* and H* with the

addition of Ti in 1M Mn+3M H2SO4 solution is dominated by the decrease of Mn?* concentration
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such that that the overall oxidation reaction is controlled by the oxidation of Mn?* to Mn®" species
until it is limited by the diffusion of Mn?* from the bulk to the electrode surface. With less
formation of Mn®* in 1M Mn+1M Ti+3M H2SOj4 solution, the reactions in Eq3.14 and Eq3.15 are
expected to form less Mn(OH)," that undergoes the oxidation reaction to form Mn(OH),?* as
described in Eq3.36. Thus, 1M Mn+1M Ti+3M H2SO4 is expected to form less MnO: deposit
during the positive scan compared to the solution without the addition of Ti as the equilibrium
reactions of Eq3.13 and Eq3.14 are shifted toward the reactant with the low Mn3" concentration

of 1M Mn+1M Ti+3M H2SOs.
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Figure 54. Third cyclic voltammetry scan of 1M MnSO4 with and without 1M TiOSOj in
3M H3,S04 0n carbon felt working electrode with 2mV/s scan rate

This hypothesis can be supported from Figure 54 where the anodic peak current of 1M
Mn+1M Ti+3M H,SOq is lower than anodic peak current of 1M Mn+3M H2SO4 which indicates
that less MnO; is formed during the anodic scan of 1M Mn+1M Ti+3M H2SO4. Regarding the
cathodic peak current of 1M Mn+1M Ti+3M H2SOy, it is believed that the broad single cathodic
peak contains the first and the second cathodic peak currents, and the single cathodic peak becomes
broader without the addition of Ti in the solution. Further investigation of the cathodic behavior

of 1M Mn+1M Ti+3M H2S04 and 1M Mn+3M H>SO4 solutions is shown in the next section.
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4.3.2. Anodic Voltage Hold of Mn Electrolyte and the cathodic Linear VVoltage Sweep Results

4.3.2.1. Investigating the Nature of Mn Anodic Products in 1M Mn-3M H2SO4 Solution with
and without the Addition of 1M TiOSO4

The anodic current response with respect to time resulted from holding the voltage at 0.6V vs.
SCE for 5min followed by stepping the voltage up to 1.5V vs. SCE for 15min starting at zero time
for 1M Mn+3M H2SO4 with and without Ti in the solution on a graphite rod working electrodes is

shown in Figure 55.
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Anodic-Voltage hold at 1.5V for 15min in 1M Mn+3M H2S04 for LVS in 3M H2S04 after holding
the OCV for 10min

Anodic-Voltage hold at 1.5V for 15min in 1M Mn+1M Ti+3M H2S04 for LVS in 3M H2S04 after
OCYV holding for 10min

Figure 55. Anodic voltage hold at 1.5V vs. SCE for 15min in 1M Mn-3M H,SO, with and without the
addition of Ti in the solution on a graphite rod working electrode

Before the scan, no faradic current is measured because the applied voltage at 0.6V is lower than
the minimum voltage requires to oxidize Mn?*. At zero time, a faradic current is measured due to
the oxidation reaction of Mn?* as described by Eqg2.2, and the anodic current peaks in the two

tested Mn solutions due to the large MnO> deposit on the electrode surface. After 100s, a limited
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anodic current is measured that may be attributed to the oxidation reaction of Mn?* to Mn®* as
shown in Eq 3.31. The high anodic limited current in 1M Mn+1M Ti +3M H,SO4 indicates that
less MnO> was deposited on the graphite rod than the solution without Ti. Furthermore, the high
limiting anodic current in the Mn+Ti electrolyte may indicate that the Mn?* oxidation reaction to
Mn3* in Eq3.31 was enhanced by the hydrolysis of Mn®* to MnOOH in the electrolyte solution in
Eq. 3.14, Eq 3.15, Eq.3.17, and Eq.3.18. However, the difference of the two limiting anodic
currents are within 2 mA. The amount of the anodic charges resulted from the anodic voltage hold
of 1M Mn+3M H>SOs is 8.5C, and the amount of the anodic charges is 9.711C when 1M Ti is
added to the solution.

e Observation of the graphite rod working electrode after the anodic voltage
experiment

A clear solid deposit covering the full surface area of the electrode is observed after the anodic
voltage experiment in the two Mn tested solutions as shown in Figure 56 (a) and (b). This deposit
is believed to be a mixture of MnO2 and MnOOH resulted from the oxidation reaction of Mn?* on
the working electrode. The solid deposit in Figure 56 (a) has a dark brown color; while, in Figure
56 (b) it is a dark black solid. This may indicate that the solid deposit resulted from Ti-free Mn

electrolyte has more MnOOH mixed with the MnO. than with Ti.

—i

(@) (b)

Figure 56. Pictures of the surface of the graphite rod working electrode after the anodic voltage
hold experiment, (a) in 1M Mn-3M H,SOs4, (b) in 1M Mn-1M Ti-3M H,SO.



127

The OCV was measured for the tested electrolyte after the anodic voltage hold experiment by
using a new clean graphite rod working electrode after the working electrode used for the anodic
voltage hold experiment was removed from the solution and the solution was stirred for 2min prior
the OCV measurement. The measured OCV of the tested electrolyte shown in Figure 57 describes
the equilibrium of the redox couple of Mn**/Mn?* in the solution based on the Nernst equation of

Eq3.31in Eg4.1.
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Figure 57. Measured Open Circuit Voltage (OCV) after the anodic voltage hold at 1.5V vs. SCE for 15min in 1M
Mn-3M H,SO, with and without the addition of Ti in the solution using a new graphite rod working electrode

The Mn®" concentration can be calculated from Eq4.1 by using the measured OCV and the
estimated concentration of Mn?* in 3M H.SO4 with and without the addition of Ti in Tables 8 and
14. Based on the estimated Mn®* concentration, the estimated anodic charges generated in the form

of Mn3* in the solution is calculated from Eq3.63, and the results are shown in Table 24.

Mn?* & Mn3t +e” E® = 1.26 Vvs SCE Eq3.31

0
Fl Eocv — E 3+
MnZ¥

CMn3+ = Can+ e RT Eq4.1




QMn3+ = CMn3+ V HF
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Eq3.63

From Table 24, the measured OCV indicates that the concentration of Mn3" in Mn+Ti

electrolyte is slightly higher than the one in Mn electrolyte. The estimated anodic charges used to

generate Mn3" is significantly low compared to the total anodic charges from the anodic voltage

hold of Mn and Mn+Ti electrolyte.

Table 24. Results of the anodic charges in the form of Mn*in 1M Mn-3M H,SO, with and without the addition of Ti.

Solution ocv Cynz+ Cyn3+ Qmn3z+

[V vs. SCE] | [Mole/L] [Mole/L] [C]

1M Mn+3M H,SO, 1.04 0.1099 2.09E-5 0.2
1M Mn+1M Ti+3M H2SO04 1.06 0.056 2.32E-5 0.22

The OCV measurements of the two deposited solid on the graphite rod working electrode in

a new 3M H>SOs solution show the same values which indicates that the same deposit material

was generated during the anodic voltage hold experiment in Mn electrolyte and Mn+Ti electrolyte

as shown in Figure 58.
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Figure 58. Measured Open Circuit VVoltage (OCV) after the anodic voltage hold at 1.5V vs.
SCE for 15min in a new 3M H,SO4 using the graphite rod working electrode that was used

for the anodic voltage hold
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From Figure 58, The measured OCV of the deposited solid on the working electrode after the
anodic voltage hold experiment describes the equilibrium of the redox couple of MnO2/MnOOH
based on the Nernst equation of Eq3.38. The measured OCYV is higher than the reduction potential
of Eq 3.38. It is believed that the measured OCV represents the equilibrium potential of the redox
reaction of the substrate layer attached on the surface of the working electrode, and based on the
proposed mechanism of the oxidation of Mn electrolyte, the deposit layer is dominantly contained
MnO: solid. Therefore, the measured OCV indicates the high activity of the MnO- solid substrate

compared to MnOOH.

From Figure 59, the cathodic voltage scan started from the measured OCV for the two tested
graphite rods in a new 3M H2SO; solution.

= VS of MnO2 resulted from Mn anodic voltage in 3M H2S04 after holding OCV for 10min

LVS of MnO2 resulted from Mn+Ti anodic voltage in 3M H2SO4 after holding OCV for 10min
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Figure 59. Cathodic linear voltage sweep of MnO- substrate resulted from the anodic voltage of Mn electrolyte
and Mn-Ti electrolyte in new 3M H,SO, solution at 2mV/s scan rate.

The first cathodic wave current before the cathodic peak current at 1.1V is attributed to the
reduction reaction of MnO2 to MnOOH as described by Eq3.38. The limited cathodic current at
1.1V is believed to result from the negligible availability of MnO> substrate on the graphite rod

and the large formation of MnOOH. The first cathodic peak current is higher for the substrate
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resulted from Mn electrolyte than the substrate resulted from Mn+Ti electrolyte which indicates
that large amount of MnO: is resulted from the anodic voltage hold of Mn electrolyte due to the

high Mn?*concetration.

Regarding the irregular profile of the first cathodic wave current and the second cathodic peak
current in Figure 59, it is suggested that the reduction reaction in Eq.3.38 may be affected by the
interaction of MNOOH with H* during the first cathodic wave. This can be seen from the sudden
slope change during the first cathodic wave before reaching the first cathodic peak current. Based
on previous studies on the reduction of MnO: in sulfuric acid media, the reaction in Eq4.2 was

suggested to interfere with the overall reduction of MnO- to MnOOH. [23, 45]
2MnOOH + 2H* < Mn?* + MnO, + 2H,0 Eq4.2
It is proposed that Eq4.2 is the sum of Eq4.3.a and Eg4.4.a:

3H* + MnOOH © Mn3* + 2H,0 Eq4.3.a

Mn3* + MnOOH < MnO, + Mn?* + H* Eqd.4.a

Eqg4.3.a may interfere with the reduction reaction of MnO, to MnOOH during the first
cathodic wave and Eqg4.4.a may start after the first cathodic peak current in which the H*
concentration inside the solid is low. Eq.4.4.a may form more MnO2 and H* inside the solid, so
that the reduction reaction of MnO2 may still proceed after the first cathodic peak as shown in
Eg3.38 and a second peak is reached which may indicate the low availability of Mn3* for Eq4.4.a.
To confirm this hypothesis, the anodic voltage experiment was repeated in the Mn electrolyte to
produce the same amount of the anodic charges generated in Figure 55 and the time of soaking the

deposited graphite rod in 3M H>SO4 was varied from 5s, 10min, to 1.92hrs before the cathodic
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linear voltage sweep experiment. The resulted cathodic voltage sweep of each holding OCV time

is shown in Figure 60.

From Figure 60, with more soaking time, MnOOH may dissolve and form Mn3* inside lattice
structure of MnO., and once the reduction scan is applied, the reduction of MnO>2 to MnOOH is
more affected by Eq4.3.a and Eg4.4.a. This can be seen from the intensity of the first cathodic
peak current where MnO> with 5s OCV holding time is reduced with less interferences from Eqg4.3.

= VS in 3M H2S04 after holding OCV for 5s LVS in 3M H2S04 after holding OCV for 10min
LVS in 3M H2S04 after holding OCV for 1.92hr
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Figure 60. Cathodic linear voltage sweep of MnO; substrate resulted from the anodic voltage of Mn electrolyte in
new 3M H>SO, solution at 2mV/s scan rate with different OCV holding time.

With 10 min OCV holding time, the first cathodic peak current becomes less due to the high
MnOOH interaction with H*. As the OCV holding time extended to 1.92 hr, MnOOH is dissolved
to Mn®" according to Eq4.3, and as the time is extended, Mn*" may react with the MnOOH
according to Eg4.4 to generate more MnQO>. This can be seen from the large intensity of the first

cathodic peak in the case of holding the OCV for 1.92 hr compared to the 10 min OCV holding

time.
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Going back to Figure 59, the second cathodic peak current is higher from the MnO2 deposit
resulted from Mn electrode due to the large amount of MnOOH solid formed within the solid of
MnO: during the anodic voltage hold experiment compared to the Mn+Ti electrolyte anodic
voltage hold. Solids fallen from the working electrode was observed below 0.8 V region during

the cathodic linear voltage sweep of the two deposited working electrodes as shown in Figure 61.

From Figure 61, below 0.8V applied voltage the reduction of Mn®** to Mn?* may proceed in
which it may be controlled by Eq4.3.a Below 0.8 V applied voltage, the amount of MnO3 is less
and more MnOOH is available on the electrode surface. In this case, the reduction of MNnOOH can

be described based on reaction Eg4.3.a and reaction Eq3.31.

3H* + MnOOH « Mn3* + 2H,0 Eg4.3.a

Mn3* + e~ & Mn?* E® = 1.26 Vvs SCE Eq3.31

Figure 61. Fallen solids observed during the LVS in 3M H,SO,
for MnO; resulted from Mn electrolyte anodic voltage
experiment

The falling solids at low applied voltage may due to the MnOOH sparingly dissolution and
the fast reduction reaction of Mn®* to Mn?* which may cause the detachment of the solids from the
working electrode surface. The recovered anodic charges are estimated by integrating the area of
the cathodic current of Figure 59 with time. The percentages of the cathodic charges from Figure

59 to the anodic charges generated during the anodic voltage in Figure 55 are 79% for MnO>



133

deposit resulted from Mn electrolyte and 35% for MnO. deposit resulted from Mn+Ti electrolyte.
It is believed that negligible anodic charges were generated in the form of Mn** in the solution
after the anodic voltage hold. The remaining anodic charges may be in the form of MnOOH solid

that fell into and was therefore inaccessible for reaction at the working electrode.
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4.3.2.2. Linear Voltage Sweep Results of Mn Anodic Products in Different Solutions on a
Graphite Rod Working Electrode

Figure 62 shows the anodic current response with respect to time resulted from holding the
voltage at 0.6V vs. SCE for 5min followed by stepping the voltage up to 1.5V vs. SCE and holding
it for 15min starting at zero time for 1M Mn+3M H2SO4 solution on a graphite rod working
electrode. The generated anodic charges in the form of solid deposit on the working electrode are

planned to be investigated by cathodic linear voltage sweep in a new in 3M H2SO4 solution.
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Figure 62. Anodic voltage hold at 1.5V vs. SCE for 15min in 1M Mn-3M H,SO4 on a graphite rod working
electrode planned to be investigated by cathodic linear voltage in 1M Mn-3M H2SQO4, 1M Ti-3M H2S04,1M Mn-
1M Ti-3M H3S0s, and in 3M H,SO; solutions.
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Figure 63. Measured Open Circuit Voltage (OCV) of the solid deposit on the graphite rod working electrode resulted
from the anodic voltage hold of Mn electrolyte in a new 1M Mn-3M H,SOs, 1M Ti-3M H;S04,1M Mn-1M Ti-3M
H2S04, and in 3M H2SO4 solutions.

From the Figure 63, the OCV of the substrate on the graphite rod working electrode is the
highest in 1M Ti+3M H2SO4 and 3M H.SO; solutions and the lowest in 1M Mn+3M H>SO;4 and
1M Mn+1M Ti+3M H2SO;4 solutions. The measured OCV of the deposited solid on the working
electrode after the anodic voltage hold experiment describes the equilibrium of the redox couple
of MnO2/MnOOH based on the Nernst equation of Eq3.38. The low value of the OCV in 1M
Mn+3M H2SO4 and 1M Mn+1M Ti+3M H2SO4 solutions is because of the comproportionation
reaction of Mn?* and MnO substrate as shown in Eq4.4.b that forms Mn** and MnOOH on the

substrate.
MnO, + Mn?* + H* & Mn3* + MnOOH Eq4.4.b

Photographs were taking of the graphite rod during the OCV measurement in 3M H>SO4, 1M

Mn+3M H2SO4 and 1M Mn+1M Ti+3M H2SO; solutions, and they are shown in Figure 64.
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(b)

Figure 64. Photographs of the surface of the graphite rod working electrode after the anodic voltage hold
during OCV measurement in (a) 3M H2SQOy, (b) in 1M Mn-3M H3SO4, and (¢) 1M Mn-1M Ti-3M H,S04

From Figure 64, in (a), no change in solution color is observed, in (b), the observed color next
to the working electrode is turned into red brown surrounding the surface, and in (c), the observed
color next to the working electrode is turned into purple mixed with black region near the surface
with accumulation of black materials at the bottom of the solution. Based on the observations in
Figure 64, comproportionation reaction may form aqueous Mn®" species, and the Mn®* species
may be in equilibrium with the Mn?* and MnO in Eq4.4.b due to the high H* concentration in 1M
Mn+3M H,SO4; while, comproportionation reaction of Mn?* in 1M Mn+Ti+3M H,SO4 may form
aqueous Mn3* species, and the resulted Mn3* species may undergo a significant hydrolysis based

on Eg4.3.b to form MnOOH in the solution due to the low H*.
Mn3* 4+ 2H,0 < 3H* + MnOOH Eq4.3.b

Precipitation of MnOOH in the solution in the case of 1M Mn+Ti+3M H2SOs may sustain

Eqg4.4.b and may result in losing the anodic charges in the solution in the form of MnOOH solid.

From Figure 65, the cathodic voltage scan starts from the measured OCV for the deposited
graphite rod in a new 1M Mn+3M H2SOs, 1M Ti+3M H2SOs, 1M Mn+1M Ti+3M H2SO4, and
3M H2S04 solutions. The first cathodic wave current before the cathodic peak currentat 1.1-1.15V

is attributed to the reduction reaction of MnO, to MnOOH as described by Eq3.38. The limited
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cathodic current at 1.1-1.15V is believed to result from the negligible availability of MnO;

substrate on the graphite rod and the large formation of MnOOH.

LVS in 3M H2S04 after holding OCV for 10min

LVS in 1M Mn+3M H2S04 after holding OCV for 10min

LVS in 1M Ti+3M H2S04 after holding OCV for 10min
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Figure 65. Cathodic linear voltage sweep of MnO; substrate resulted from the anodic voltage hold of Mn electrolyte
in a new 1M Mn-3M H3SO4, 1M Ti-3M H,SO4, 1M Mn-1M Ti+3M H;SO4, and 3M H2SO4 solutions at 2mV/s scan
rate.

The intensity of the first cathodic peak current is the highest when the MnO- substrate is reduced
in 1M Ti+3M H2SO4, and the lowest when the MnO> substrate is reduced in 1M Mn+1M Ti+3M
H2SO4, or 3M H2S04, Based on Table 13, the H* concentration in 1M Ti+3M H2SOs is lower than
1M Mn+3M H,SO4, and 3M H,SO4 solutions. Therefore, the interference of Eq4.3.a on the
reduction reaction of MnO, to MnOOH in Eq3.38 is suppressed, so the first cathodic wave current
is enhanced. However, the small observed limited cathodic current after the first cathodic peak
indicates that a negligible amount of Mn3* is formed inside the solid structures and a small amount

of MnO; is formed by Eg4.4.a.
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When the cathodic voltage scan of MnO; substrate takes place in 1M Mn+1M Ti+3M H2SO4
solution, the H* concentration in this solution is close to the solution without the addition of Mn?*.
Therefore, the interference of Eq4.3.a on the reduction reaction of MnO, to MnOOH in Eq3.38 is
expected to be suppressed. However, the comproportionation reaction of Mn?* in low H*
concentration consumes some of the MnO> substrate and leads to a low cathodic peak current
compared to the cathodic voltage scan of 1M Ti+3M H2SO4 solution. The second cathodic peak
during the cathodic scan of 1M Mn+1M Ti+3M H>SO4 disappears which indicates the low

possibility of forming a stable aqueous Mn** species inside the solid substrate by Eq4.3.a.

Regarding the cathodic voltage scan in the free-Ti solution, the high H* of 3M H.SO4 solution
leads to a significant interference of Eq4.3.a on the reduction reaction of MnO; to MnOOH, and
that leads to a low cathodic peak current of MnO: reduction. In 1M Mn+3M H2SO4 solution, the
H* concentration is slightly less than the H+ concentration in 3M H2SO4 solution. Therefore, the
interference of Eq4.3.a on the reduction reaction of MnO. to MnOOH in Eq3.38 is expected to be
less. In addition to H*, with the presence of Mn?* species in contact with the MnO; substrate, the
comproportionation reaction of Mn?* in Eq4.4.b generates Mn®* aqueous species, and with the
high H* concentration, the hydrolysis of Mn®* to MnOOH in Eq4.3.b is suppressed, so that the
Mn3* is at equilibrium in Eg4.4.b. The generated Mn®* aqueous species is consumed by Eq4.4.a
on the MnOOH substrate to form more MnO- solid on the working electrode, followed by the
reduction reaction of MnO: during the second cathodic peak. The second cathodic peak current is
high in 1M Mn+3M H2SO4 compared to the 3M H2SO4 solution because of the high concentration

of Mn** species resulted from the comproportionation reaction in Eq4.4.b.
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The estimated percentage of the cathodic charges of MnO2 substrate resulted from Mn
electrolyte anodic voltage hold during the cathodic linear voltage scan in the four new solutions

relative to the generated anodic charges is shown in Table 25.

Table 25. Estimated percentage of the cathodic charges of MnO, substrate resulted from Mn electrolyte anodic voltage
hold during the cathodic linear voltage scan in different solutions relative to the generated anodic charges.

Solution Anodic charges | Cathodic charges %Cathodic charges/anodic
[C] [C] charges
CLVS in 1M Mn+3M H,S04 8.340C -5.868 C 70.359%
CLVS in 3M H,S04 8.501 C -6.716 C 79.002%
CLVSin 1M Ti+3M H,SO4 8.216 C -5.788 C 70.448%
CLVS in 1M Mn+1M Ti+3M H,S0, 8.284 C -3.755C 45.328%

From Table 25, more of the MnO> substrate resulted from the anodic voltage hold of Mn
electrolyte is recovered during the cathodic linear voltage sweep in 3M H2SO4, by almost 79% due
to the high dissolution of MNnOOH in Eg4.3.a. In 1M Mn+3M H2SO4 the recovery of the cathodic
charges of the MO substrate is about 70% which is less than 3M H2SO4 because of the Mn?*
comproportionation reaction that may remove some of the MnO- substrate. However, the overall
recovery of the MnO: substrate in 1M Mn +3M H2SO4 solution is believed to be not significantly
affected by the comproportionation reaction due to the possibility of forming aqueous Mn*" that is

in equilibrium with the MnO: substrate near the solution side.

The recovery of the cathodic charges of the MnO2 substrate in 1M Ti+3M H>SO4 solution is
almost the same of the recovery in 1 M Mn+3M H>SO4. The reduction reaction of MnO> to
MnOOH is observed to be enhanced based on the intensity of the first cathodic peak current in
Figure 65; however, it is believed that the low recovery of the cathodic charges in 1M Ti+3M
H>SO04 compared to the 3M H2SO;4 is due to the low dissolution reaction of MNnOOH in Eg4.3.a
because of the low H* and the substrate falling from the working electrode at low applied voltage.

The recovery of the cathodic charges of the MnO> substrate in 1M Mn+1M Ti +3M H2SO4 solution
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is highly affected by the comproportionation reaction in Eq4.4.b due to the low H* concentration
that allows the Mn®* to precipitate to MNnOOH as shown in Eg4.3.b. As a result, MnO; cathodic
charges is believed to be lost in the solution in the form of MnOOH falling off the working

electrode.
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4.3.2.3. Linear Voltage Sweep Results of Mn-Ti Anodic Products in Different Solutions on a
Graphite Rod Working Electrode
The anodic current response with respect to time resulted from holding the voltage at 0.6V vs.

SCE for 5min followed by stepping the voltage up to 1.5V vs. SCE and holding it for 15min
starting at zero time for 1M Mn+1M Ti+3M H2SO4 solution on a graphite rod working electrode
is shown in Figure 66.
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H2S04 after OCV holding for 10min

Figure 66. Anodic voltage hold at 1.5V vs. SCE for 15min in 1M Mn-1M Ti+3M H,SO4 on a graphite rod working
electrode planned to be investigated by cathodic linear voltage in 1M Mn-3M H,SO4, 1M Ti-3M H3;S04,1M Mn-1M
Ti-3M H2S0y4, and in 3M H2SO;4 solutions.

The average amount of the anodic charges resulted from the four anodic voltage hold of 1M
Mn+3M H2>SO4 experiments is 10.17C. The generated anodic charges in the form of solid deposit
on the working electrode are planned to be investigated by cathodic linear voltage sweep in a new

1M Mn+3M H2SOg4, 1M Ti+3M H2SO4, 1M Mn+1M Ti+3M H2S04, and 3M H2SO4 solutions.
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From Figure 67, the OCV of the substrate on the graphite rod working electrode is the highest
in 1M Ti+3M H2SO4 and 3M H2SOg4 solutions and the lowest in 1M Mn+3M H2SO4 and 1M
Mn+1M Ti+3M H2SOs solutions. The measured OCV of the deposited solid on the working
electrode after the anodic voltage hold experiment describes the equilibrium of the redox couple
of MnO2/MnOOH based on the Nernst equation of Eq3.38. The low value of the OCV in 1M
Mn+3M H2SO4 and 1M Mn+1M Ti+3M H2SO4 solutions is because of the comproportionation
reaction of Mn?* and MnO substrate as shown in Egq4.4.b that forms Mn** and MnOOH on the
substrate.

MnO, + Mn?* + H* & Mn3* + MnOOH Eq4.4.b
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= OCV of MNnO2 resulted from Mn+Ti anodic voltage hold in 3M H2S04 for 10min
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OCV of Mn02 resulted from Mn+Ti anodic voltage hold in 1M Ti+3M H2S04 for 10min

OCV of MnO2 resulted from Mn+Ti anodic voltage hold in 1M Mn+1M Ti+3M H2S04 for 10min

Figure 67. Measured Open Circuit Voltage (OCV) of the solid deposit on the graphite rod working electrode resulted
from the anodic voltage hold of Mn-Ti electrolyte in a new 1M Mn-3M H;SO4, 1M Ti-3M H3S04,1M Mn-1M Ti-3M
H>S0O4, and in 3M H,SO4 solutions.

All the measured OCV of the MnO: substrate resulted from Mn+Ti electrolyte in Figure 67
are shifted to a more positive voltages compared to the measured OCV values of the MnO:
substrate resulted from Mn electrolyte anodic voltage in Figure 63. The higher OCV value

indicates that the anodic products on the graphite rod working electrode resulted from Mn+Ti has



143

less MNOOH compared to the anodic products on the graphite rod working electrode resulted from

Mn electrolyte.

Figure 68 shows the cathodic voltage scan started from the measured OCV for the deposited
graphite rod in a new 1M Mn+3M H2SO4, 1M Ti+3M H2SO4, 1M Mn+1M Ti+3M H>SOs, and
3M H;SO4 solutions. The first cathodic wave current before the cathodic peak current at 1.1-1.15V
is attributed to the reduction reaction of MnO, to MnOOH as described by Eq3.38. The limited
cathodic current at 1.1-1.15V is believed to result from the negligible availability of MnO>

substrate on the graphite rod and the large formation of MnOOH.

LVS of MnO2 resulted from Mn+Ti anodic voltage in 3M H2S04 after holding OCV for 10min
LVS of MnO2 resulted from Mn+Ti anodic voltage in 1M Mn+3M H2S04 after holding OCV for 10min
——LVS of MnO2 resulted from Mn+Ti anodic voltage in 1M Ti+3M H2S04 after holding OCV for 10min

LVS of MnO2 resulted from Mn+Ti anodic voltage in 1M Mn+1M Ti+3M H2S04 after holding OCV for 10min
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Figure 68. Cathodic linear voltage sweep of MnO; substrate resulted from the anodic voltage of Mn+TI electrolyte
in a new 1M Mn-3M H2S0s, 1M Ti-3M H2S04,1M Mn-1M Ti-3M H2S04, and in 3M H,SO, solutions at 2mV/s
scan rate.

Figure 68 shows a similar trend to the one observed in Figure 65 in term of the intensity of
the first cathodic peak current in different solutions. The highest first cathodic peak is when the

MnO- substrate is reduced in 1M Ti+3M H2S0O4, and the lowest when the MnQO> substrate is



144

reduced in 3M H2SOa4. However, the second cathodic peak current in 1M Mn+3M H>SO4 and 3M
H>SO4 solutions is less compared to the second cathodic peak current of the substrate resulted from
Mn electrolyte in Figure 65. This may indicate that less MnOOH may form on the graphite rod
working electrode during the anodic voltage hold of Mn+Ti electrolyte. The estimated percentage
of the reduced cathodic charges of MnO- substrate resulted from Mn+Ti electrolyte anodic voltage
hold during the cathodic linear voltage scan in the four new solutions relative to the generated

anodic charges is given on Table 26.

Table 26. Estimated percentage of the reduced cathodic charges of MnO, substrate resulted from Mn-Ti electrolyte
anodic voltage hold during the cathodic linear voltage scan in different solutions relative to the generated anodic
charges.

Solution Anodic charges | Cathodic charges %Cathodic charges/anodic
[C] [C] charges
CLVS in 1M Mn+3M H,SO4 10.49C -3.004 C 28.6%
CLVS in 3M H3S04 9.711C -3.383 C 34.8%
CLVS in 1M Ti+3M H,SO4 10.19C -3.805 C 37.3%
CLVSin 1M Mn+1M Ti+3M H,S0,4 10.29C -2.230 C 21.7%

From Table 26, the MnO; substrate resulted from the anodic voltage hold of Mn+Ti electrolyte
is recovered during the cathodic linear voltage sweep in 1M Ti+3M H,SO4 by almost 37% due to
the low H* concentration that helps to minimize the interference of MNOOH dissolution reaction
in Eq4.3.a. In 1M Mn+3M H3SO4 the recovery of the cathodic charges of the MnO; substrate is
about 28.6% which is less than 3M H»SO4 because of the Mn?* comproportionation reaction that
may consume some of the MnO: substrate. However, the overall recovery of the MnO2 substrate
in 1M Mn+3M H2SOs solution is believed to be not significantly affected by the
comproportionation reaction due to the possibility of forming aqueous Mn3* that is in equilibrium

with the MnO- substrate near the solution side.

The recovery of the cathodic charges of the MnO; substrate in 1M Mn+1M Ti+3M H>SO4

solution is highly affected by the comproportionation reaction in Eq4.4.b due to the low H*
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concentration that allows the Mn®* to precipitate to MnOOH as shown in Eg4.3.b. As a result,
MnO:; cathodic charges is believed to be lost in the solution in the form of MnOOH falling off the

working electrode.

Overall, the low recovery in Table 26 of the anodic substrate resulted from Mn+Ti electrolyte
anodic voltage hold compared to the recovery in Table 25 of the anodic substrate resulted from
Mn electrolyte anodic voltage is due to the high precipitation rate of MnOOH in the Mn+Ti
electrolyte that is caused by the comproportionation reaction in Eg4.4.b. Therefore, less MnOz is
available on the electrode during the linear voltage in a new solution and less estimated percentage

recovery ratio of charges is found.
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4.3.2.4. Linear Voltage Sweep Results of Mn and Mn-Ti Anodic Products in 3M H2SO4
Solution with and without Convection on a Graphite Rod Working Electrode

The anodic current response with respect to time resulted from holding the voltage at 0.6V vs.
SCE for 5min followed by stepping the voltage up to 1.5V vs. SCE and holding it or 15min starting
at zero time for 1M Mn+3M H2SO4 with and without Ti in the solution on a graphite rod working

electrode and with and without convection is shown in Figure 69.

Anodic Voltage hold at 1.5V for 15min in 1M Mn+3M H2S04 without convection

Anodic Voltage hold at 1.5V for 15min in 1M Mn+3M H2S04 with convection at 600rpm

Anodic Voltage hold at 1.5V for 15min in 1M Mn+1M Ti+3M H2S04 without convection
Anodic Voltage hold at 1.5V for 15min in 1M Mn+1M Ti+3M H2S04 with convection at 600 rpm
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Figure 69. Anodic voltage hold at 1.5V vs. SCE for 15min in 1M M-3M H,SO4 and in 1M Mn-3M H,SO4 on
a graphite rod working electrode with and without convection planned to be investigated by cathodic linear
voltage in 3M H,SQO;4 solution

Before scanning, no faradic current is measured because the applied voltage at 0.6V is lower than
the minimum voltage requires to oxidize Mn?*. At zero time when the voltage is raised to 1.5V vs.
SCE, a faradic current is measured due to the oxidation reaction of Mn?* as described by Eq2.2,
and the anodic current is peaked in the two tested Mn solutions due to the large MnO2 deposit on

the electrode surface. After 100s, a limited anodic current is measured that may be attributed to
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the oxidation reaction of Mn?* to Mn®" as shown in Eq 3.31. The high anodic limited current in
1M Mn+1M Ti +3M H2SO4 indicates that less MnO was deposited on the graphite rod than the
solution without Ti. In addition, the high limited anodic current in Mn+Ti electrolyte may indicate
to that Mn?* oxidation reaction to Mn®" in Eq3.31 was enhanced by the hydrolysis of Mn3* to
MnOOH in the electrolyte solution in Eq. 3.14, Eq 3.15, Eq.3.17, and EQ.3.18. When convection
is applied during the anodic voltage hold experiment for both Mn electrolyte and Mn+Ti
electrolyte, the anodic limited current slightly increases. The low measured effect on the anodic
limited current may due to the large MnO: deposit on the small graphite rod working electrode.

= VS of 1M Mn+3M H2S04 anodic products without convection in 3M H2SO4
LVS of 1M Mn+3M H2S04 anodic products with convection in 3M H2S04
LVS of 1M Mn+1M Ti+3M H2SO4 anodic products without convection in 3M H2SO4
LVS of 1M Mn+1M Ti+3M H2S04 anodic products with convection in 3M H2SO4
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Figure 70. Cathodic linear voltage sweep of MnO, substrate on graphite rod working electrode resulted
from the anodic voltage of Mn electrolyte and Mn-Ti electrolyte with and without convection in a new 3M
H>SO4 solutions at 2mV/s scan rate after holding the OCV for 10min.

From Figure 70, the cathodic voltage scan is started from the measured OCV for the four

tested graphite rods in a new 3M H>SOs solution. The first cathodic wave current before the
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cathodic peak current at 1.1V is attributed to the reduction reaction of MnO, to MnOOH as
described by Eg3.38. The limited cathodic current at 1.1V is believed to result from the negligible
availability of MnO; substrate on the graphite rod and the large formation of MnOOH. The first
cathodic peak current is higher for the substrate resulted from Mn electrolyte than the substrate
resulted from Mn+Ti electrolyte which indicates that large amount of MnQ: is resulted from the
anodic voltage hold of Mn electrolyte due to its high Mn?*concetration. The first cathodic peak
current of the MnO> substrate resulted from the anodic voltage hold of Mn electrolyte and Mn+Ti
electrolyte with convection increases which indicates that more MnQ; is formed on the working
electrode during the anodic voltage hold with convection in both electrolytes due to the increase
of the transport of Mn?* species from the bulk to the electrode surface which may increase the rate

of the oxidation reaction in Eq 3.31.

The percentage of the reduced cathodic charges of MnO. substrate resulted from Mn
electrolyte and Mn+Ti electrolyte anodic voltage hold with and without convection during the
cathodic linear voltage scan in a new 3M H2SO4 solution relative to the generated anodic charges
is given in Table 27. The percentage recovery of the MnO, substrate resulted from the anodic
voltage hold of Mn+Ti electrolyte without convection is almost the same to the percentage
recovery of the MnO; substrate resulted from the anodic voltage hold of Mn+Ti electrolyte with
convection. However, the percentage recovery of the MnO: substrate resulted from the anodic
voltage hold of Mn electrolyte with convection is 30% less than without convection because of the

removal of MnOOH substrate from the working electrode in the case of convection.



149

Table 27. Estimated percentage of the reduced cathodic charges of MnO; substrate resulted from Mn electrolyte and
Mn-Ti electrolyte anodic voltage hold with and without convection during the cathodic linear voltage scan in 3M
H>SO, relative to the generated anodic charges.

Solution Anodic charges | Cathodic charges %Cathodic charges/anodic

[C] [C] charges

CLVS of Mn anodic products in 3M
H2S0O4 with no convection 85C -6.7C 79%

CLVS of Mn anodic products in 3M

H,S0O4 with convection 116 C -6.4C 55.2%
CLVS of Mn+Ti anodic products in

3M H,SO4 with no convection 9.7C -3.34C 34.4%

CLVS of Mn+Ti anodic products in
3M H,SO4 with convection 158C -56C 35.4%
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4.3.2.5. Linear Voltage Sweep Results of Mn and Mn-Ti Anodic Products in 3M H2SO4
Solution with and without Convection on a Carbon Felt Working Electrode

The anodic current response with respect to time resulted from holding the voltage at 0.6V vs.
SCE for 5min followed by stepping the voltage up to 1.5V vs. SCE for 15min starting at zero time
for 1M Mn+3M H2SO4 with and without Ti in the solution on a carbon felt working electrode with

and without convection is shown in Figure 71 .

Anodic voltage hold at 1.5V for 15min in 1M Mn+3M H2S04 without convection

Anodic voltage hold at 1.5V for 15min in 1M Mn+3M H2S0O4 with convection at 600 rpm
Anodic voltage hold at 1.5V for 15min in 1M Mn+1M Ti+3M H2S0O4 without convection

Anodic voltage hold at 1.5V for 15min in 1M Mn+1M Ti+3M H2SO4 with convection at 600 rpm
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Figure 71. Anodic voltage hold at 1.5V vs. SCE for 15min in 1M M-3M H,SO4 and in 1M M-3M H,SO4 on a
carbon felt working electrode with and without convection planned to be investigated by cathodic linear voltage
in 3M H,S0O4 solution

Before scanning, no faradic current is measured because the applied voltage at 0.6V is lower than
the minimum voltage requires to oxidize Mn?*. At zero time when the voltage is raised to 1.5V vs
SCE, a faradic current is measured due to the oxidation reaction of Mn?* as described by Eq2.2,

and the anodic current is limited in the two tested Mn solutions due to Mn?* transport. After 100s,
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a limited anodic current is measured that may be attributed to the oxidation reaction of Mn?* to
Mn3* as shown in Eq 3.31. The high anodic limited current in 1M Mn+3M H,SOy4 is believed to
be due to the high concentration of Mn?* species compared to 1M Mn+1M Ti+3M H2SO4. Note
that the reactions in this case are limited by the electrode surface area because a porous carbon felt
is used. When convection is applied during the anodic voltage hold experiment for both Mn
electrolyte and Mn+Ti electrolyte, the anodic limited current is significantly increased due to the
high transport of Mn?* species from the bulk solution to the surface of the working electrode.
Although Mn?* concentration in the bulk of 1M Mn+1M Ti+3M H,SOs is less than the one in the
bulk of 1M Mn+3M H,SOy4, the fast hydrolysis of Mn®*" to Mn(OH)*; in Eq3.14 and Eqg3.15
because of the low H* concentration in 1M Mn+1M Ti+3M H2SO; electrolyte compared to the
1M Mn+3M H2S0s electrolyte, so that more Mn(OH)*; is available on the working electrode to

undergo the oxidation reaction in Eq3.36 and high anodic limited current is measured.

After the anodic voltage hold experiment, Mn+Ti electrolyte solution color turns into a non-
transparent dark black, and Mn electrolyte solution color turns into a semi-transparent red black

as shown in Figure 72.

(b)
Figure 72. 1M Mn-3M HSO4 solution after the anodic voltage hold experiment on a

carbon felt working electrode with convection, (a) without the addition of 1M Ti, (b)
with the addition of 1M Ti.
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The black color is believed to be MNOOH resulted from Mn®* hydrolysis reaction in Eq4.3b where
it is expected to be more in Mn+Ti electrolyte than Mn electrolyte due to the low H* concentration
in Mn+Ti electrolyte. The semi-transparent red black in Mn electrolyte indicates that Mn>* species
is more in Mn electrolyte than Mn+Ti electrolyte due to the high acid concentration of Mn
electrolyte. To confirm this findings, OCV measurements are conducted for the two tested

electrolyte solutions using a clean graphite rod working electrode for 2 min as shown in Figure 73.

—— OCYV after 1.5V anodic voltage hold for 15 min with convection in 1M Mn+3M
H2S04 using a new graphite rod WE
OCV after 1.5V anodic voltage hold for 15 min with convection in 1M Mn+1M
Ti+3M H2S04 using a new graphite rod WE
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Figure 73. Measured Open Circuit Voltage (OCV) after the anodic voltage hold on a carbon
felt working electrode with convection at 1.5V vs. SCE for 2 min in 1M Mn-3M H,SO4 with
and without the addition of Ti in the solution using a new graphite rod working electrode

From Figure 73, the measured OCV of the Mn electrolyte is higher than the OCV of Mn+Ti
electrolyte after the anodic voltage hold experiment on a carbon felt working electrode with
convection which indicates that more Mn?" cation species is formed in Mn electrolyte compared
to Mn+Ti electrolyte. However, the increase of the measured OCV with time indicates that MnO>
is forming on the electrode while measuring the OCV of the two tested electrolytes because of the
disproportionation reaction of Mn** and MnOOH on the working electrode surface as shown in
Eqg4.4.a. Generally, the dominant form of Mn(l111) species in the solution after the anodic voltage

hold is in the form of MNnOOH solid colloids and it is not electrochemically active unless it is on
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the working electrode surface, so it can be reduced at very low voltage (less than 500mV) to Mn3*

by dissolution first into Mn®*,

= V/S of 1M Mn+3M H2S04 products on CF WE without convection in 3M H2S04 after 10 min OCV
holding

LVS of 1M Mn+3M H2S04 products on CF WE with convection in 3M H2SO4 after 10 min OCV holding

LVS of 1M Mn+1M Ti+3M H2S0O4 products on CF WE without convection in 3M H2SO4 after 10 min
OCV holding

LVS of 1M Mn+1M Ti+3M H2S04 products on CF WE with convection in 3M H2S04 after 10 min OCV
holding
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Figure 74. Cathodic linear voltage sweep of MnO; substrate on carbon felt working electrode resulted from the anodic
voltage of Mn electrolyte and Mn-Ti electrolyte with and without convection in a new 3M H,SO, solutions at 2mV/s
scan rate after holding the OCV for 10min.

From Figure 74, the cathodic voltage scan starts from the measured OCV for the four tested
carbon felt working electrodes in a new 3M H>SOg4 solution. The first cathodic wave current before
the cathodic peak current at 1V is attributed to the reduction reaction of MnO2 to MnOOH as
described by Eq3.38. The limited cathodic current at 1.1V is believed to result from the negligible
availability of MnO> substrate on the carbon felt and the large formation of MNnOOH. For the
cathodic scan of the anodic products resulted without convection on the carbon felt, the first
cathodic peak current is higher for the substrate resulted from Mn electrolyte than the substrate

resulted from Mn+Ti electrolyte which indicates that large amount of MnQ: is resulted from the
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anodic voltage hold of Mn electrolyte due to the high Mn?concetration, and that the
comproportionation reaction of Eq4.4b is less destructive to the deposit in 1M Mn+3M H2SO4

solution.

During the cathodic scan below 0.8V vs. SCE, a second cathodic peak current is observed
where it peaks at 0.4V for the MnO: substrate resulted from Mn+Ti electrolyte, and at 0.25V for
the MnO. substrate resulted from Mn electrolyte. The second cathodic peak of the MnO- substrate
resulted from Mn electrolyte is higher than the one resulted from Mn+Ti electrolyte due to the
high Mn?* concentration in Mn electrolyte during the anodic voltage hold. This cathodic current
wave is believed to be attributed to the reduction reaction of MnOOH to form Mn?* based on

Eq3.17, Eq3.18, Eq3.15, Eq3.14, and Eq3.31.

(Y)MnOOH + H* & Mn(OH)," K=1.1 Eq3.17
(0)MnOOH + H* & Mn(OH)," K=2.14 Eq3.18
Mn(OH)} + H* & Mn(OH)?* + H,0, K=2 Eq3.15
Mn(OH)?* + H* & Mn3* + H,0, K=0 Eq3.14
Mn3* + e~ & Mn?* E® = 1.26 Vvs SCE Eq3.31

Regarding the anodic substrate resulted from the anodic voltage hold with convection on the
carbon felt, the first cathodic peak current is higher for the substrate resulted from Mn+Ti
electrolyte than the substrate resulted from Mn electrolyte which indicates that large amount of
MnO: is resulted from the anodic voltage hold of Mn+Ti electrolyte. The large formation of MnO;
is due to the fast hydrolysis of Mn3* to Mn(OH)*; in Eq3.14 and Eq3.15 because of the low H*

concentration in Mn+Ti electrolyte compared to the Mn electrolyte. Therefore, more Mn(OH)*2 is
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available on the working electrode to undergo the oxidation reaction in Eq3.36 and form MnO2 on

the working electrode.

As the H* concentration is high in Mn electrolyte, the applied convection on the working
electrode during the anodic voltage hold scan helps minimizing the formation of MnO: on the
working electrode by removing the Mn(l1l) species from the electrode surface and allowing it to
precipitate in the solution in the form of MnOOH. Therefore, the first cathodic peak current of the
MnO:; substrate resulted from Mn electrode with convection is less than on without convection.
However, the low H* concentration in the Mn+Ti electrolyte during the anodic voltage hold
increases the formation of MnO: on the working electrode compared to the anodic voltage hold of
Mn+Ti electrolyte without convection as it can be seen from the high intensity of the first cathodic

peak current.

The formed MnOOH substrate on the carbon felt is believed to be resulted from the hydrolysis
of Mn®" species in Eg4.3.b and not from the MnOOH that is resulted from the reduction reaction
of MnO2 during the first cathodic wave current. This can be supported by the cathodic voltage scan
of the MnO: substrate resulted from anodic voltage hold of Mn and Mn+Ti electrolytes with
convection where the second cathodic peak current disappears. Therefore, two MnOOH solid
phases are formed during the anodic voltage hold of Mn electrolyte, and Mn+Ti electrolyte. It is
proposed that the phase of MNnOOH formed by Mn(l11) hydrolysis is (y)MnOOH,and the phase of
MnOOH resulted from the reduction reaction of MnO; substrate is (a)MnOOH . It was confirmed
that the resulted morphology of electrochemically generated MnO: in sulfuric acid media is in the
form of (y)MnO,, so the reduction reaction of (y)MnO, is suggested to form (a)MnOOH. [23,

68]
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The second cathodic peak current that is clearly observed in Figure 74, was less observed in
Figure 70 because the large surface area of the carbon felt may increase the rate of the oxidation
reaction of Mn?* in Eq3.31 relative to the oxidation reaction of Mn(OH)* in Eq3.36, so that the
overall anodic process is not limited by the MnO. substrate on the working electrode. In this case,
more MnOOH is formed by Mn** hydrolysis as described in Eq4.3.b, and with the porosity of the
carbon felt, if MnOOH is fallen from the working electrode, it may assumed to be trapped within

the porous structure of the carbon felt working electrode.

The percentage of the reduced cathodic charges of MnO; substrate resulted from Mn and
Mn+Ti electrolyte anodic voltage hold with and without convection on a carbon felt working
electrode during the cathodic voltage scan in a new 3M H>SOj4 solution relative to the generated

anodic charges is given in Table 28.

Table 28. Estimated percentage of the reduced cathodic charges of MnO; substrate resulted from Mn electrolyte and
Mn-Ti electrolyte anodic voltage hold with and without convection during the cathodic linear voltage scan in 3M
H.SO4 relative to the generated anodic charges.

Solution Anodic charges | Cathodic charges %Cathodic charges/anodic
[C] [C] charges

CLVS of Mn anodic products in 3M

H2SO4 with no convection 27.5 -21.05 76.7
CLVS of Mn anodic products in 3M

H2SO4 with convection 34.4 -10.60 30.8
CLVS of Mn+Ti anodic products in

3M H,S04 with no convection 21.8 -12.36 56.9

CLVS of Mn+Ti anodic products in
3M H,SO4 with convection 38.9 -6.063 15.7
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4.3.3. Comparing the Mn Cyclic Voltammetry Results to Previous Reported Results

The shape of the cyclic voltammetry of the Mn electrolyte with and without the addition of Ti
obtained by SE in Figure 19 differs from the one obtained in Figure 54 because of the different
experimental setup. In Figure 54, the cyclic voltammetry was conducted in a static cell where the
working electrode was immersed in a large availability of the Mn electrolyte, so that not all the
Mn electro-active species in the electrolyte was consumed during the cyclic voltammetry scan. SE
conducted the cyclic voltammetry in a flow cell where the tested electrolyte was kept still in the
working electrode, so that the Mn electro-active species was fully consumed during the cyclic

voltammetry.

From SE cyclic voltammetry result in a Ti-free Mn electrolyte, it is believed that during the
anodic scan, Mn?* was oxidized to MnO; in a simultaneous two electron transfer reactions where
Mn?* is oxidized to Mn** which is further oxidized to form a solid MnO- layer on the working
electrode. Then, the oxidation reaction of Mn?* may proceed on the solid MnO; layer to form only
Mn3*, and due to the low stability of Mn®" in the solution toward the hydrolysis, Mn®** may form
MnOOH and precipitate on the working electrode. The anodic peak current may be due to the low
availability of Mn?* on the working electrode where the anodic current significantly decreases after
the anodic peak current. During the negative scan, although two reduction peak current was
reported, in light of the findings from this thesis, it was assumed that the reduction reaction of y-
MnO:2 to a-MnOOH to proceed first followed by the reduction reaction of y-MnOOH, formed from
Mn(I11) during the anodic scan, and a-MnOOH to Mn?* where the dissolution of MnOOH proceed
before the electron transfer reaction to Mn?* within the broad reduction peak from 1.4V to 0.7V

vs. Ag/AgCI. The proposed reduction mechanism of the anodic products is shown below:

H* + (y)MnO, + e~ © («)MnOOH , E° = 0.788 V vs SCE Eq3.38



158

(0)MnOOH + H* & Mn(OH)," K=2.14 Eq3.18
(Y)MnOOH + H* & Mn(OH)," K=1.1 Eq3.17
Mn(OH)} + H* & Mn(OH)?* + H,0, K=2 Eq3.15
Mn(OH)?* + H* & Mn3* + H,0, K=0.4 Eq3.14
Mn3*t + e~ & Mn?* E® = 1.26 V vs SCE Eq3.31

With the addition of Ti to the system, the concentration of Mn?* decreases due to the low H*
concertation from the addition of SO4%, and this results in a lower oxidation peak current here than
the one in Ti-free Mn electrolyte. This may result in less y-MnO and y-MnOOH formed on the
working electrode. During the negative scan, the same reduction reactions mentioned in Ti-free
solution may still procced which are the reduction reaction of y-MnO; to a-MnOOH to be
proceeded first followed by the reduction reaction of y-MnOOH and o-MnOOH to Mn?*, The
cause of the shifting of the reduction peak in Mn/Ti electrolyte to a higher voltage mainly due to
the anodic solid mixture ratio of MnO2/MnOOH on the working electrode. The formed mixture of
MnO2/MnOOH in Mn/Ti electrolyte is believed to have a high content of MnO2 to MnOOH on
the working electrode than the anodic content in Mn electrolyte. As a result, the reduction potential
of MnO2/MnOOH redox couple in Mn/Ti electrolyte is higher than the one in Mn electrolyte

during the cathodic scan.
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4.4. Ti Electrolyte Characterization Results

4.4.1. Cyclic Voltammetry of Ti Electrolyte Results
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Figure 75. Third cyclic voltammetry scan of 1M TiOSQ4 in 1M H2SO4, 2M H2SO4, and 3M H2SO4 on
graphite rod working electrode with 2mV/s scan rate
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Figure 76. Third cyclic voltammetry scan of 1M TiOSO, in 3M H,SO,4 on graphite rod working
electrode with 2mV/s, 10mV/s, 20mV/s, and 50mV/s scan rate
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Figure 77. Third cyclic voltammetry scan of 1M TiOSQO4 in 1M H2SO4, 2M H2S04, and 3M H2SO4 on
carbon felt working electrode with 2mV/s scan rate

Observations from Figures 75, 76, and 77:
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1) Figure 75 shows the third cyclic voltammetry scan of 1M Ti in 1-3M H>SO4 on graphite

rod working electrode at 2mV/s voltage scan rate. One oxidation current peak and one

reduction current peak are observed during the cyclic voltammetry scan of Ti in H2SOa.

During the cathodic scan, the cathodic current wave shifts to more positive value as the

sulfuric acid concentration increases in the electrolyte solution. A limited cathodic

current is not observed during the cathodic scan in the case 1M Ti+1M H>SOa. Instead,

the cathodic current builds up during the whole cathodic scan course and achieve a

limited value near the end of the cathodic scan. For the case of 1M Ti+2M H>SO4 and

1M Ti+3M H2SO4 during the cathodic scan, a limited cathodic current is observed

where the limited current is achieved earlier for the case of 1M Ti+3M H2SO4. During

the anodic scan, the anodic current wave shifts to more positive value with a high

anodic current peak as the sulfuric acid concentration increases in the electrolyte

solution.
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3)

161

Figure 76 shows the third cyclic voltammetry scan of 1M Ti in 3M H2SOa4 on graphite
rod working electrode at a different voltage scan rate (2, 10, 20, and 50 mV/s). As the
scan rate increases, the intensity of the anodic and the cathodic current increases due to
the large availability of the electro-active species when a high overpotential is applied
more quickly while the electro-active species is readily available. In addition to the
faradic process, a non-faradic current is increased as the voltage scan rate increases.
The cathodic peak current shifts to more negative voltage as the voltage scan rate
increase. The anodic peak current shifts to more positive value as the scan rate increase.
Figure 77 shows the third cyclic voltammetry scan of 1M Ti in 1-3M H2SO4 on carbon
felt working electrode at 2mV/s voltage scan rate. Similar to Figure 75, one oxidation
current peak and one reduction current peak are observed during the cyclic
voltammetry scan of Ti in H2SO4 where the anodic and the cathodic peaks current shift
to more positive voltage when the sulfuric acid concentration of the electrolyte solution
increases. However, instead of the getting unlimited cathodic current for the case 1M
Ti+1M H>S0Os, a limited cathodic current is observed when using a carbon felt working
electrode. Also, a clear cathodic peak current can be seen for the case of 1M Ti+2M
H2SO4 and 1M Ti+3M H2SO4 where the cathodic peak current is high when the sulfuric
acid concentration is high. At low applied negative voltage (< -300mV vs. SCE) a
second cathodic current wave is observed for the case of 1M Ti+2M H>SO4 and 1M
Ti+3M H2SOs4. The ratio of the cathodic peak current to the anodic peak current is
almost unity in the case of 1M Ti+2M H2SO4 and 1M Ti+3M H2SOs; while, it is 0.6

for the 1M Ti+1M H>SO4. The voltage peak separation between the anodic peak
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voltage to the cathodic peak voltage is almost 59 mV for the case of 1M Ti+3M H2SO4
and higher than 59mV in the cases of 1M Ti+1M H2S04 and 1M Ti+2M H,SOa.
e Possible redox reaction pathway of TiOSOs electrolyte in H2SO4
During the cathodic scan, the cathodic current is attributed to the reduction of Ti(IV) electro-
active species to Ti(lll) species. The cathodic peak current and the anodic peak current do not
reflect the mass transport limited current due to the increase of the viscosity of the electrolyte
solution with the increase of sulfuric acid concentration. Rather, the behavior of the peak current
as the acid concentration increases may be attributed to the availability of the electro-active species
and the rate of the chemical reactions associated with the supply of the electro-active species that
undergo the electron transfer rection. When one compare the cathodic behavior on graphite rod
working electrode of 1M Ti+1M H2SO4 and 1M Ti+3M H2SOg, the electro-active species in 1M
Ti+1M H>SOs is reduced at low applied potential with unlimited cathodic current; while, the
oxidized electro-active species in 1M Ti+3M H2SO4 is reduced at high voltage with an low limited
cathodic current. This observation may reveal that there are two electro-active species that are
coupled by a chemical reaction, and they undergo a reduction reaction in which one of these two
electro-active species is sufficiently present at high acid concentration and it has a higher reduction
potential compared to the second electro-active species. So, it may be reduced first. This
hypothesis can be supported by the result from Figure 76 where in the case 1M Ti +3M H2SO4,
the faster scan rate would allow the reduction of the second electro-active species that has a low

reduction potential.

Based on the speciation study of Ti(IV) species, the possible two electro-active species that
undergo a reduction reaction during the cathodic scan are Ti** and TiSO42* where the standard

reduction potential of TiSO?" is higher than Ti**. According to the equilibrium concentration



163

calculation in Table 13 of the Ti(IV) species in 1M H,SO4, TiSO+* is present in a relatively
negligible concentration, in the order of tens pmol, compared to Ti**. Therefore, Ti** may be the
dominant electro-active species that is reduced in 1M Ti+1M H2SO4 solution; while, in 1M Ti+3M
H2S04, where TiSO4?* concentration is increased, TiSO4** may be the main electro-active species

that is reduced during the negative scan.

Another feature that needs to be considered in describing the cathodic scan is the chemical
reactions of species associated with electro-active species during the reduction reaction. Ti(IV)
presents mostly in the form of Ti(OH)22" in sulfuric acid solution. As the electro-active species
concentration decreases, other Ti(IV) complexes can generate more electro-active species by the
chemical reaction routes. For instances, the chemical reaction route to form more Ti*" and TiSO42*
depends on the H*, SO42, and other Ti(IV) complexes forms that are couple with Ti*" and TiSO4?*
reduction reactions. In addition, the chemical reactions associated with the reduced species may

also alter the electron transfer reaction.

e Possible mechanism for the redox reaction of Ti(IV)/Ti(l11) couple in sulfuric acid solution

Ti(OH)3* + H* < Ti(OH)3* + H,0 K=0.083 Eq3.48
Ti(OH)3* + H* & Ti** + H,0 K=0.49 Eq3.49
Ti** + S032 & Ti(S0,)*? K=0.4065 Eq3.50
Ti(S0,)*? + e~ & Ti(S0,)* E® = 0.065V vs SCE Eq3.58
Ti** + e~ & Ti%* E® = —0.042VvsSCE  Eq.2.14
Ti3* +S0;2 & Ti(S0,)* K=24.3 Eq3.57

Ti3* + H,0 © Ti(OH)?* + H* K=0.072 Eg3.55
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For the case of 1M Ti+1M H2SOa, the supply of Ti** depends on the amount of Ti(OH)%*,
Ti(OH).%*, and the H* concentration based on Eq3.48, and Eq3.49. In addition to the chemical
reactions associated with oxidized species, Ti** may couple with the sulfate as in E3.57 and may
hydrolyze to generate more H™ as in Eq3.55. Based on the shape of the cathodic wave and the
ratio of the anodic/cathodic current peaks between the case of the graphite rod working electrode
and the carbon felt working electrode, as Ti*" concentration decreases, Ti(OH)2?* and H* would
generate more Ti** via the chemical reaction route. In the case of graphite working electrode, after
the Ti** is reduced to Ti*, the small electrode area decreases the formation rate of Ti** via the
chemical path and increase the hydrolysis of Ti** to form more H* that would eventually delay the
limited current to the low applied voltage region. When using a carbon felt working electrode, the
electron transfer reaction area increases and the consumption of Ti** increases. So, the supply of
Ti** via the chemical path would be faster than the hydrolysis of Ti**. In this case a limited cathodic

current is achieved due to the lack of H* concentration.

For the case of 1M Ti+3M H2SO4 and 1M Ti+2M H2SOy4, the supply of TiSO4** depends on
the amount of Ti(OH)**, Ti(OH).?*, Ti*", SO4 and the H* concentration as described by Eq3.48,
and Eq3.49, and Eg3.50. In addition to the chemical reactions associated with oxidized species,
Ti** may couple with the sulfate and hydrolyze to generate more H*. Based on the equilibrium
concentration in Table 13 of the Ti(IV) species in 3M H2S04 and 2M H2S04, SO42 concentration
is less than Ti**concentation, so the reduction reaction is more likely to be limited by the low SO4
2 concentration. However, the reduced species TiSO4* may decompose into Ti** and SO42. The
generated SO42 via the reduced species helps the formation of TiSO4?* via reacting with Ti**. This
process may be slow in the case of graphite working electrode due to small available area, so the

reduction reaction is limited by the lack of SO4 supply; while, the supply of SO42 species is faster
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in carbon felt working electrode cases. So, a peak current is clearly observed during the cathodic
scan which indicates the low Ti*" concentration. However, at a very low applied voltage, the rate
of consumption of SO42 may increase as opposed to the rate of SO4? generation, and the Ti**
reduction reaction may proceed instead of TiSO42*. Thus, the second cathodic peak is attributed to
the Ti** reduction reaction instead of TiSO4?* where the cathodic wave is higher for the case of

3M H2S04 due to the high H* concentration that supply TiSO4?* via the chemical path.
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4.4.2. Cyclic Voltammetry of Ti-Mn Electrolyte Results
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Figure 78. Third cyclic voltammetry scan of 1M TiOSO4-1M MnSQO4 in 1M H2SO4, 2M H3SO4, and 3M
H2SO. on graphite rod working electrode with 2mV/s scan rate
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Figure 79. Third cyclic voltammetry scan of 1M TiOSO4-1M MnSO4 in 1M H3SO04, 2M H,SO4, and 3M
H>SO4 on graphite rod working electrode with 2mV/s, 10mV/s, 20mV/s, and 50mV/s scan rate
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Figure 80. Third cyclic voltammetry scan of 1M TiOSO4-1M MnSQO4 in 1M H2SO4, 2M H2S04, and 3M H2SO4
on carbon felt working electrode with 2mV/s scan rate

e Observations from Figures 78, 79, and 80:

1) Figure 78 shows the third cyclic voltammetry scan of 1M Ti+1M Mn in 1-3M H2SO4
on graphite rod working electrode at 2mV/s voltage scan rate. One oxidation current
peak and one reduction current peak are observed during the cyclic voltammetry scan
of Ti+Mn in H2SO4. During the cathodic scan, the cathodic current wave shifts to more
positive value as the sulfuric acid concentration increases in the electrolyte solution. A
peak cathodic current is observed during the cathodic scan in the case 1M Ti+1M
Mn+1M H2SOg instead of unlimited current that was observed in the case without the
addition of Mn. For the case of 1M Ti+1M Mn+2M H>SOsand 1M Ti+1M Mn+3M
H2>SO4 during the cathodic scan, a clear cathodic peak current is observed where the
peak current is achieved earlier for the case of 1M Ti+1M Mn+3M H>SO4. During the
anodic scan, the anodic current wave shifts to more positive value with a high anodic

current peak as the sulfuric acid concentration increases in the electrolyte solution.
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Figure 79 shows the third cyclic voltammetry scan of 1M Ti+1M Mn in 3M H2SO4 on
graphite rod working electrode at a different voltage scan rate (2, 10, 20, and 50 mV/s).
As the scan rate increases, the intensity of the anodic and the cathodic current increases
due to the large availability of the electro-active species when a high overpotential is
applied. In addition to the faradic process, a non-faradic current is increased as the
voltage scan rate increases. The cathodic peak current shifts to more negative voltage
as the voltage scan rate increase reaching a limited cathodic current. The anodic peak
current shifts to more positive value as the scan rate increase.

Figure 80 shows the third cyclic voltammetry scan of 1M Ti in 1-3M H2SO4 on carbon
felt working electrode at 2mV/s voltage scan rate. Similar to Figure 79, one oxidation
current peak and one reduction current peak are observed during the cyclic
voltammetry scan of Ti in H2SO4 where the anodic and the cathodic peaks current shift
to more positive voltage when the sulfuric acid concentration of the electrolyte solution
increases. The cathodic peak current intensity of 1M Ti+1M Mn+2M H2SO4 and 1M
Ti+1M Mn+3M H2SO4 are almost the same; while the anodic peak current intensity of
1M Ti+1M Mn+3M H2SO0s4 is higher than the one for 1M Ti+1M Mn+2M H2SO4. The
ratio of the cathodic peak current to the anodic peak current is almost unity in the case
of 1M Ti+1M Mn+2M H;SOsand 1M Ti+1M Mn+3M H2SO4; while it is 0.75 for the
IM Ti+1M Mn+1M H2SOs. The voltage peak separation between the anodic peak
voltage to the cathodic peak voltage is almost 59 mV for the case of 1M Ti+1M
Mn+3M H2SO4 and it is higher than 59mV in the cases of 1M Ti+1M Mn+1M H2SO4

and 1M Ti+1M Mn+2M H2SOs.
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Similar to the analysis of the cyclic voltammetry scans without the addition of MnSOa, when

the Ti(IV) electro-active species concentration decrease, other Ti(I\V) complexes can generate

more electro-active species by the chemical reaction routes. For instances, the chemical reaction

route to form more Ti* and TiSO4?* depends on the H*, SO, and other Ti(IV) complexes forms

that are coupled with the Ti** and TiSO42* reduction reactions. In addition, the chemical reactions

associated with the reduced species may also alter the electron transfer reaction. However, the only

difference from the cyclic voltammetry without MnSOa cases is that the high concentration of

undissociated MnSOa aq would help in providing unlimited SO4 species, so that SO47 is always

available.

e Possible mechanism for the redox reaction of Ti(IV)/Ti(lll) couple in MnSO4 and

sulfuric acid solution

Ti(OH)3* + H* < Ti(OH)3* + H,0 K=0.083
Ti(OH)3* + H* & Ti** + H,0 K=0.49

Ti** 4+ S0;2 & Ti(S0,)*? K=0.4065
Ti(S0,)"? + e~ & Ti(S0,)" E® = 0.065 V vs SCE
Ti** + e~ & Ti%* E® = —0.042 V vs SCE
Ti3* + 5032 & Ti(S0,)* K=24.3

Ti3* + H,0 & Ti(OH)?* + H* K=0.072

MnSO4Aq o Mn?* + 5052, K =0.00158

Eq3.48

Eq3.49

Eg3.50

Eq3.58

Eq.2.14

Eq3.57

Eq3.55

Eg3.11
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For the case of 1M Ti+1M Mn+1M H2SOs, the supply of Ti** depends on the amount of
Ti(OH)*", Ti(OH).%*, and the H* concentration as described by Eq3.48 and Eq3.49. In addition to
the chemical reactions associated with oxidized species, Ti** may couple with the sulfate and
hydrolyze to generate more H* according the Eq3.57 and Eg3.55. Based on the shape of the
cathodic wave and the ratio of the anodic/cathodic current peak between the case of graphite rod
working electrode and the carbon felt working electrode, as Ti*" concentration decreases,
Ti(OH).** and H* would generate more Ti*" via the chemical reaction route. In the case of graphite
working electrode, after the Ti*" is reduced to Ti*, the small electrode area decreases the supply
rate of Ti** via the chemical path and increase the hydrolysis of Ti%* to form more H* that would
eventually allow to shift the peak current to a low applied voltage region. However, the addition
of MnSO4 may reduce the hydrolysis of Ti** by increasing the SO42, so that Ti®* is complex with
S04 and a cathodic peak current can be achieved due to the lack of H* concentration. When using
a carbon felt working electrode, the electron transfer reaction area increases and the consumption
of Ti*" increases, so that the supply of Ti** via the chemical path would be faster than the hydrolysis
of Ti** compared to the graphite working electrode case. In this case the cathodic current is

achieved at higher applied voltage.

For the case of 1M Ti+1M Mn+3M H2SO4 and 1M Ti+1M Mn+2M H,SOg, the supply of
TiSO4%* depends on the amount of Ti(OH)**, Ti(OH).%*, Ti**, SO42 and the H* concentration based
on Eg3.48, Eq3.49, and Eg3.50. In addition to the chemical reactions associated with oxidized
species, Ti** may couple with the sulfate and hydrolyze to generate more H*. Based on the
equilibrium concentration in Table 14 of the Ti(IV) species in 3M H2SO4 and 2M H2SO4 in Table
14, SO47 concentration is less than Ti**concentation, so the reduction reaction is more likely to be

limited by the low SO42 concentration. However, SO4? may be always available from TiSO4*
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decomposition into Ti** and SO4 according to Eq3.57 and from MnSQ4 dissociation according
to Eq3.11. The generated SO42 helps the formation of TiSO4?* via reacting with Ti** in Eq3.50

until Ti** become limited.

4.4.3. Summary of the Proposed Mechanism of Ti(IV)/Ti(l111) Redox Couple in Sulfuric Acid
Solution with and without MnSO4

Four proposed possible mechanism of the electrochemical behavior of Ti(IV)/Ti(lll) redox
couple in sulfuric acid solution depending on the acid concentrations, the addition of MnSOs, and

the used working electrode.
- Mechanism (1)

This redox reaction route is proposed for the case of 1M Ti+1M H2SO4 on graphite rod

working electrode:

Ti(OH)3* + H* & Ti(OH)3* + H,0 K=0.083 Eq3.48
Ti(OH)3* + H* & Ti** + H,0 K=0.49 Eq3.49
Ti*t + e~ o Tid* E® = —0.042VvsSCE  Eq.2.14

Ti3* + H,0 & Ti(OH)?* + H* K=0.072 Eq3.55
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- Mechanism (2)
This redox reaction route is proposed for the following cases:

1) 1M Ti+1M H2SO4o0n carbon felt working electrode,
2) 1M Ti+1M Mn+1M H2SO40n graphite rod working electrode,

3) and 1M Ti+1M Mn+1M H2SO40n carbon felt working electrode,

Ti(OH)3* + H* & Ti(OH)3* + H,0 K=0.083 Eq3.48
Ti(OH)3* + H* & Ti** + H,0 K=0.49 Eq3.49
Ti** + e~ o Ti3* E® = —0.042 V vs SCE Eq.2.14
Ti** + 5032 & Ti(S0,)* K=24.3 Eq3.57

- Mechanism (3)
This redox reaction route is proposed for the following cases:

1) 1M Ti+2M H2SO40n graphite rod working electrode

2) 1M Ti+3M H2S04 on graphite rod working electrode

Ti(OH)3* + H* < Ti(OH)3* + H,0 K=0.083 Eq3.48
Ti(OH)3* + H* & Ti** + H,0 K=0.49 Eq3.49
Ti**t + S0;2 & Ti(S0,)*? K=0.4065 Eqg3.50

Ti(S0,)*2 + e~ & Ti(S0,)* E® = 0.065 V vs SCE Eq3.58
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- Mechanism (4)

This redox reaction route is proposed for the following cases:

1) 1M Ti+2M H>SO40n carbon felt working electrode

2) 1M Ti+3M H2SO40n carbon felt working electrode

3) 1M Ti+1M Mn+2M H,SO40n carbon felt working electrode
4) 1M Ti+1M Mn+3M H2SO40n carbon felt working electrode
5) 1M Ti+1M Mn+2M H>SO40n graphite rod working electrode

6) 1M Ti+1M Mn+3M H2SO; on graphite rod working electrode

Ti(OH)3* + H* & Ti(OH)3* + H,0 K=0.083 Eq3.48
Ti(OH)3* + H* & Ti** + H,0 K=0.49 Eq3.49
Ti** + 5032 & Ti(S0,)*? K=0.4065 Eq3.50
Ti(S0,)*? + e~ & Ti(S0,)* E® = 0.065 V vs SCE Eq3.58
Ti** + 5072 & Ti(S0,)* K=24.3 Eq3.57
Ti3* + H,0 & Ti(OH)?* + H* K=0.072 Eq3.55
MnSO,,, < Mn®* +50;7%, K = 0.00158 Eq3.11

The observations from the cyclic voltammetry in 1M Ti+3M H,SOs and in 1M Ti+1M
Mn+3M H2SO4 0on carbon felt working electrode at 2mV/s voltage scan rate indicate that these two
system can be characterized as a quasi-reversible system based on the 59mV/s voltage peak
separation at 2mV/s scan rate, the unity of the cathodic peak current to the anodic peak current

ratio, and the large peak separation at high voltage scan rate. Thus, one may estimate the formal



174

potential, E%{(Iv) /riay» Starting from the Nernst equation of the reduction reaction in Eq3.58 and

coupling all the associated chemical reactions to the electro-active species in Eq3.58 to yield to

Eq4.5.
C...
E = 0.065 + 21 n(6.82x107* C41 ) +~* In (TC("—“)*) Eq4.5
Ti3+
The formal potential of the redox couple Ti(OH)2?*/Ti%*, E$§<0H>g+ 1o+ » IS estimated for the case

of 1M Ti+3M H,SO4 on carbon felt working electrode by substitution the estimated H*

concentration in Table 13, to get Eq4.6.

C.
E=—0.092 +Z1n (L“)f) Eq4.6
F Ti3+
The formal potential of the redox couple Ti(OH)2>*/Ti*", Egg(om? 1o+ » is estimated for the case

of IM Ti +1M Mn+3M H>SO4 on carbon felt working electrode by substitution the estimated H*

concentration in Table 14, to get Eq4.7.

—CT‘(O“)%+) Eq4.7

Cris+

E = —0.093 + ?m(
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The theoretical estimated formal potential, Egg(om? TR in Eg4.6, and Eqg4.7 are within 1%

from the experimental half peak potential, E1/> as shown in Figure 81.

5.00E-02
4.00E-02
3.00E-02
2.00E-02
100802 E’(l)‘;(OH)§+ JTi3*
0.00E+00

-1.00E-02
-2.00E-02
-3.00E-02
-4.00E-02

-5.00E-02
-054 -045 -036 -027 -0.18 -0.09 0 0.09 0.18 0.27 0.36 0.45

Voltage [V vs. SCE]

Current [A]

IM Ti+1M Mn+3M H2S04 1M Ti+3M H2S04

Figure 81. Third cyclic voltammetry scan of 1M TiOSO4-1M MnSQO4 in 3M H2SO4 and 1M TiOSO4 in 3M H2SO4 0n
a carbon felt working electrode with 2mV/s scan rate with the estimated formal potential.

4.4.4. Comparing the Ti Cyclic Voltammetry Results to Previous Reported Results

The shape of the cyclic voltammetry of the Ti electrolyte with and without the addition of Mn
obtained by SE in Figure 28 differs from the one obtained in Figure 81 because of the different
experimental setup. In Figure 81, the cyclic voltammetry was conducted in a static cell where the
working electrode was immersed in a large availability of the Mn electrolyte, so that not all the Ti
electro-active species in the electrolyte was consumed during the cyclic voltammetry scan. SE
conducted the cyclic voltammetry in a flow cell where the tested electrolyte was kept still in the
working electrode, so that the Ti electro-active species was fully consumed during the cyclic
voltammetry and a zero current was achieved at the end of the cathodic scan. However, the anodic

peak voltage and the cathodic peak voltage were the same to the one obtained by SE which
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indicates that the same proposed mechanism for Ti(IV)/Ti(Ill) couple may still valid to describe

the electrochemical behavior in the cyclic voltammetry.
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Conclusions and Recommendations

An electrochemical characteristic evaluation of the Ti-Mn electrolyte system in sulfuric acid
aqueous solution is studied in different acid concentrations with and without the mixing of TIOSO4

and MnSOs electrolyte system.

First, solubility measurements are conducted to find the solubility of Ti and Mn electrolyte
systems in different sulfuric acid concentrations at different temperatures. For Mn electrolyte, it is
found that the solubility of MnSO4 salt decreases as the concentration of H.SO4 in the solution
increase, and the solubility of MnSQO4 negatively depends on the electrolyte temperature. For Ti
electrolyte, the solubility of TiOSO4 decreases as the concentration of H>SOs in the solution

increase. The solubility of TiOSO4 positively depends on the electrolyte temperature.

A theoretical study on the Ti-Mn electrolytes is evaluated to study the speciation of Ti-Mn
electrolyte in sulfuric acid solution, and possible the electro-active species in the electrolyte
solution. For Mn electrolyte, the electro-active specie of Mn(l1) is in the form of Mn?* free cation.
However, with the presence of SO4% in sulfuric acidic media, Mn?* forms undissociated aqueous
MnSO4 complex in the solution. For Ti electrolyte, two electro-active species are found to be
electrochemically active within the studied voltage window which are Ti** and TiSO42*. At low
acid concentration (1M H2S04), Ti*" is found to be the dominant electro-active species, and at a
high acid concentration (3M H2SO04), TiSO4** is found to be the dominant electro-active species.
For Ti+Mn electrolyte, the addition of TiOSO4 to the MnSO4+H2SO4 solution is found to
significantly reduce the H* concentration and the Mn?* concentration in the electrolyte compared

to Mn electrolyte without the addition of TiOSOa.
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The electron transfer reaction mechanism of Mn electrolyte is studied using the cyclic
voltammetry and the anodic voltage hold techniques. Based on the theoretical study of the
speciation of Mn electrolyte in sulfuric acid solution, a mechanism for the electron transfer reaction
of Mn system is proposed and evaluated with the experimental observations from the
electrochemical characterization results. It is concluded that the overall anodic behavior of Mn
system can be described by the oxidation reaction of Mn?* to MnO2 where Mn®* is an intermediate
species. As the acid concentration increases, less MnO: is formed on the working electrode and
more Mn®* is formed in the solution; however, due to the instability of Mn®* in an aqueous solution,
Mn®* undergoes a significant hydrolysis reaction to precipitate as MNOOH in the electrolyte
solution. Mixing Ti with Mn electrolyte is found to lower the H* concentration which is believed
to increase the amount of MnOOH in the solution and lower the aqueous Mn®" concentration. In
addition to the low H* concentration, the comproportionation reaction of Mn?* in Mn+Ti
electrolyte is found to have a negative effect on the generated MnO_ where the comproportionation
reaction results in forming MnOOH away from the working electrode. The formed MnOOH by
the Mn3* hydrolysis reaction is proven to be electrochemically active if it is deposited on the

working electrode.

A summary of the findings from the electrochemical characteristic evaluation of the Mn

electrolyte is listed as follow:

« Mn?"is oxidized during the positive scan of the cyclic voltammetry on the working
electrode to form Mn®*species, and not directly to Mn(IV) species because Mn?* must
go through two elementary electron transfer reaction steps to form Mn(IV).

e The oxidation reaction of Mn(l11) species to Mn(IV) species may be influenced by the

Mn3* hydrolysis reactions to form the electro-active Mn(111) species that undergoes the
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oxidation reaction in which the its concentration decreases as the acid concentration
increases The oxidized Mn(1V) species may undergo significant hydrolysis on the
working electrode surface to form MnO> deposit on the electrode surface.

As the MnO; covers the surface of the working electrode, Mn?* may be oxidized on the
MnO; substrate to form Mn®*, and the formed Mn(l11) may not be oxidized further to
Mn(1V) species due to the low electronic conductivity of the substrate. Rather Mn®*
may diffuse away from the electrode or hydrolyze on the MnO: substrate to form
MnOOH.

When using a graphite rod working electrode, the MnO; coverage phenomenon may
limit the overall anodic process due to the fast MnO- build up deposit on the working
electrode.

As the working electrode area increases when using a carbon felt working electrode,
the limited anodic current may due to the diffusion limitation of Mn?* species from the
bulk to the electrode surface; however, the limited anodic current for the Mn electrolyte
in 1M H2SO4 may still be due to the MnO- substrate due to the fast MnO- deposit build
up on the working electrode.

When using a carbon felt working electrode where the anodic process is not limited by
the small area of the electrode, as the concentration of H" increases, less MnO_ and less
MnOOH are formed on the working electrode surface; however, more MnOOH is
formed on the working electrode compared to the MnO-

The addition of TiOSO4 to the MnSO4+H,SO4 solution is suggested to significantly
reduce the H* concentration and the Mn?* concentration in the electrolyte compared to

the Mn electrolyte without the addition of TiOSOa, and the overall anodic process of
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lowering the concentration of Mn?" and H* with the addition of Ti in 1M Mn+3M
H2S0O4 solution is dominated by the decrease of Mn?* concentration. So, the overall
oxidation reaction is controlled by the oxidation of Mn?* to Mn®" species until it is
limited by the diffusion of Mn?* from the bulk to the electrode surface, resulting in less
formation of Mn®" in 1M Mn+1M Ti+ 3M HSOs4 solution and less MnO> deposit is
formed during the positive scan compared to the solution without the addition of Ti,
From the anodic voltage hold of Mn electrolyte and Mn+Ti electrolyte on a graphite
rod working electrode and the cathodic linear voltage sweep in 3M H2>SOg results, the
estimated anodic charges of Mn®" is significantly low compared to the overall anodic
charges resulted from the anodic voltage hold of Mn and Mn+Ti electrolyte. The
percentages of the recovered cathodic charges during the linear voltage sweep in 3M
H2SO4 to the anodic charges generated during the anodic voltage are 79% for MnO2
deposit resulted from Mn electrolyte and 35% for MnO- deposit resulted from Mn+Ti
electrolyte.

From the anodic voltage hold of Mn electrolyte on a graphite rod working electrode
and the cathodic linear voltage sweep in 3M H2SO4 with varying the OCV holding
time, it was confirmed that the dissolution of MNnOOH to Mn®* may interfere with the
reduction reaction of MnO. to MNnOOH, and the reduction reaction of MnO2 may still
proceed after the first cathodic peak at a limited current because Mn®* may react with
the MnOOH to generate more MnO; and H™.

From the anodic voltage hold of Mn electrolyte and Mn+Ti electrolyte on a graphite
rod working electrode and the cathodic linear voltage sweep in 1M Mn+3M H>SO4 and

1M Mn+1M Ti+3M H,SOs, the comproportionation reaction of Mn?* may form
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aqueous Mn®* species, and the Mn®* species may be in equilibrium with the Mn?* and
MnO, due to the high H* concentration in 1M Mn+3M H;SOs. While, the
comproportionation reaction of Mn?* in 1M Mn+Ti+3M H;SO4 may form aqueous
Mn3* species, and the resulted Mn3* species may undergo a significant hydrolysis to
form MnOOH in the solution due to the low H*. The overall recovery of the MnO>
substrate in 1M Mn +3M H2SO4 solution is believed to be not significantly affected by
the comproportionation reaction due to the possibility of forming aqueous Mn®* that is
in equilibrium with the MnO- substrate near the solution side. However, the recovery
of the cathodic charges of the MnO; substrate in 1M Mn+1M Ti+3M H2SO4 solution
is highly affected by the comproportionation reaction due to the low H* concentration
that allows the Mn®* to precipitate to MnOOH. Consequently, MnO2 cathodic charges
is believed to be lost in the solution in the form of MNnOOH in the solution away from
the working electrode.

From the anodic voltage hold of Mn electrolyte and Mn+Ti electrolyte on a graphite
rod working electrode and the cathodic linear voltage sweep in 1M Ti+3M H2SOs, the
reduction reaction of MnO, to MnOOH is found to be enhanced due to the lower
interference of the dissolution of MNOOH to Mn** on the reduction reaction of MnO,
to MnOOH because of the low H* concentration in 1M Ti+3M H2SOa.

From the linear voltage sweep results of Mn and Mn+Ti anodic products in 3M H2SO4
solution with and without convection on a graphite rod working electrode, more MnO-
is formed on the working electrode during the anodic voltage with convection in both
electrolytes due to the increase of the transport of Mn?* species from the bulk to the

electrode surface. The percentage of the recovery of the MnO: substrate resulted from
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the anodic voltage hold of Mn+Ti electrolyte without convection is almost the same to
the percentage recovery of the MnO: substrate resulted from the anodic voltage hold
of Mn+Ti electrolyte with convection. However, the percentage recovery of the MnO;
substrate resulted from the anodic voltage hold of Mn electrolyte with convection is
30% less than that of the MnO- substrate resulted from the anodic voltage hold of Mn
electrolyte without convection because of the removal of MNOOH substrate from the
working electrode in the case of convection. As a result, when convection is applied
during the anodic voltage hold experiment for both Mn electrolyte and Mn+Ti
electrolyte, the anodic limited current is slightly increased, and the low measured effect
on the anodic limited current may due to the large MnO_ deposit on the small graphite
rod working electrode

From the linear voltage sweep results of Mn and Mn+Ti anodic products in 3M H2SO4
solution with and without convection on a carbon felt working electrode, when
convection is applied during the anodic voltage hold experiment for both Mn
electrolyte and Mn+Ti electrolyte, the anodic limited current is significantly increased
due to the high transport of Mn?* species from the bulk solution to the surface of the
working electrode. After the anodic voltage hold experiment, Mn+Ti electrolyte
solution color turns into a non-transparent dark black, and Mn electrolyte solution color
turns into a semi-transparent red-black where the black color is believed to be MnOOH
resulted from Mn3" hydrolysis reaction. More MnOOH is expected to be in Mn+Ti
electrolyte than in Mn electrolyte due to the low H* concentration in Mn+Ti electrolyte,
and the semi-transparent red-black color in Mn electrolyte indicates that there is more

Mn®" species in Mn electrolyte than in Mn+Ti electrolyte due to the high acid
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concentration of the Mn electrolyte. The increase of the measured OCV with time after
the anodic voltage hold experiment using a new clean graphite rod working electrode
indicates that MnOz is forming on the electrode while measuring the OCV of the two
tested electrolytes because of the disproportionation reaction of Mn®** and MnOOH on
the working electrode surface. From the cathodic voltage scan of the substrate on the
carbon felt working electrode resulted from the anodic voltage hold under stagnant
condition, large amount of MnO2 and MnOOH are found from the anodic voltage hold
of Mn electrolyte due to the high Mn?*concentration, and that the comproportionation
reaction has a lower effect on the deposit in Mn electrolyte compared to Mn+Ti
electrolyte. The formed MnOOH substrate on the carbon felt is believed to be resulted
from the hydrolysis of Mn3* species, and not from the MnOOH that is resulted from
the reduction reaction of MnO2 during the first cathodic wave current. Therefore, two
MnOOH solid phases are formed during the anodic voltage hold of Mn electrolyte and
Mn+Ti electrolyte. It is proposed that the MNOOH phase formed by Mn(l11) hydrolysis
is (Y)MnOOH, and the phase of MnOOH resulted from the reduction reaction of MnO>
substrate is (a«)MnOOH which is electrochemically nonactive. From the cathodic
voltage scan of the substrate on carbon felt working electrode resulted from the anodic
voltage hold under convection condition, since the H" concentration is high in Mn
electrolyte, the applied convection on the working electrode during the anodic voltage
hold scan helps minimizing the formation of MnO, on the working electrode by
removing the Mn(l11) species from the electrode surface and allow it to precipitate in
the solution in the form of MNOOH and aqueous Mn**. Therefore, the amount of MnO:

substrate resulted from Mn electrode with convection is less than the one without
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convection. However, the low H* concentration in the Mn+Ti electrolyte during the
anodic voltage hold increases the formation of MnO, on the working electrode
compared to the anodic voltage hold of Mn+Ti electrolyte without convection. Overall,
the percentage of the reduced cathodic charges of MnO; substrate resulted from Mn
electrolyte and Mn+Ti electrolyte anodic voltage hold is significantly less with

convection.

It is recommended that further investigation for Mn/Ti electrolyte to be conducted using
different anion media to prove or disprove weather the electrochemical behavior of Mn electrolyte
with and without the addition of Ti was due to the interaction between Mn(lll) and Ti(IV) in
aqueous solution or due to the changing in the chemical equilibria of the electrolyte solution. If
there is no clear evidence for the stabilization of Mn(l1l) by Ti cation, further study is highly
recommended to discover a capable metal-complex ligand that can suppress the hydrolysis of

Mn(111) species and limits the redox reaction to only Mn(111)/Mn(1l) redox couple.

The electron reaction mechanism of Ti electrolyte is studied using the cyclic voltammetry
technique. Based on the theoretical study of the speciation of Ti electrolyte in sulfuric acid
solution, a mechanism for the electron transfer reaction of Ti system is proposed and evaluated
with the experimental observations from the electrochemical characterization results. It is
concluded that two electro-active species are electrochemically active within the studied voltage
window which are Ti*" and TiSO4%". At low acid concentration (1M H2S04), Ti*" is found to be
the dominant electro-active species, and at a high acid concentration (3M H2S0s), TiSO4* is found
to be the dominant electro-active species. For Ti+Mn electrolyte, the addition of 1M MnSOato the
1M TiOS0O4+3M H2S04 solution results in a high concentration of undissociated MnSQg, and it

found that the dissociation of MnSO4 to SO4> improve the activity of the redox reaction of
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Ti(IV)/Ti(I11). With the increase of H2SO4 and the addition of MnSQg in the Ti electrolyte, the

electrochemical behavior of the Ti(IV)/Ti(ll1) redox couple tends toward the reversibility.

A summary of the findings from the electrochemical characteristic evaluation of the Ti

electrolyte is listed as follow:

From the cyclic voltammetry of 1M Ti in 1M H2SOs solution, after the Ti** is reduced
to Ti®* during the negative scan, the small electrode area decreases the supply rate of
Ti** via the chemical path and increase the hydrolysis of Ti** to form more H* that
would eventually allow to delay the limited current to a low applied voltage region.
When using a carbon felt working electrode, the electron transfer reaction area
increases and the consumption of Ti*" increases, so that the supply of Ti*" via the
chemical path would be faster than the hydrolysis of Ti**. In this case a limited cathodic
current is achieved due to the lack of H* concentration.

From the cyclic voltammetry of 1M Ti in 2-3M H,SOs solution, the supply of TiSO4?*
depends on the amount of Ti(OH)%*, Ti(OH).?*, Ti**, SO+ and the H* concentration.
In addition to the chemical reactions associated with oxidized species, Ti** may couple
with the sulfate and hydrolyze to generate more H*. Based on the speciation study of
Ti(1V) in 2-3M H2S04, the SO42 concentration is less than the Ti**concentation, so the
reduction reaction is more likely to be limited by the low SO4 concentration. However,
the reduced species TiSO4" may decompose into Ti®* and SO42. The generated SO4™
via the reduced species helps the formation of TiSO4?* via reacting with Ti**. This
process may be slow in the case of graphite working electrode due to small available
area, so the reduction reaction is limited by the lack of SO42 supply. The supply of SO4

2 species is faster in carbon felt working electrode case, so a clear peak current is
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observed during the cathodic scan which indicate the low Ti** concentration. However,
at a very low applied voltage, the rate of consumption of SO42 may increase as opposed
to the rate of SO4 generation and Ti*" reduction reaction may proceed instead of
TiSO4%*. Thus, the second cathodic peak is attributed to the Ti*" reduction reaction
instead of TiSO4%* where the cathodic wave is higher for the case of 3M H2SO4 due to
the high H* concentration that supply TiSO4%* via the chemical path.

From the cyclic voltammetry of 1M Ti+1M Mn in 2-3M H2SO4 solution, the supply of
TiSO4** depends on the amount of Ti(OH)%*, Ti(OH).?*, Ti*, SOs2 and the H*
concentration. In addition to the chemical reactions associated with oxidized species,
Ti** may couple with the sulfate and hydrolyze to generate more H*. Based on the
equilibrium concentration of the Ti(IV) species in 2-3M H2SO4, the SO4 concentration
is less than the Ti**concentation, so the reduction reaction more likely to be limited by
the low SO42 concentration. However, SO42 may be always available from TiSO4*
decomposition into Ti** and SO42 and from the MnSO4 dissociation. The generated
S04 helps the formation of TiSO4?* via reacting with Ti** until Ti** become limited.

The formal potential of the redox couple Ti(OH)22*/Ti®*, Eg;(om%’f JTIO* is estimated

for the cyclic voltammetry of 1M Ti+3M H2SO40n a carbon felt working electrode:

C...
E =—0.092 + X n (L‘*)?) Eq4.6
F Ti3+
The formal potential of the redox couple Ti(OH)2>*/Ti*, E?Q(OH)? Jrio+ » IS estimated

for the cyclic voltammetry of 1M Ti+1M Mn+3M H>SO; on a carbon felt working:

CTi(OH)§+)
Ti3+

e E=-0.093+ %m( Eq4.7
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Due to the improvement on the electrochemical behavior of the Ti(IV)/Ti(lll) redox
couple with the increasing of H,SO4 and the addition of MnSQOas in the Ti electrolyte, further
study is highly recommended to discover other salts with a sulfate anion that is soluble, but

not fully dissociated.
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Appendix A. Sample Modeling Equations of the Equilibrium Concentration of Species in
the Solution

For the equilibrium concentration of species in 1M MnSQOs+1M H>SO4, assume Eq.3.11,
Eq.12, and Eq.3.30 take place in the solution where H.SO4 was assumed to be fully dissociate into

HSO4 and H* based on Eq3.29. Assume X1, X2, and X3 is the change of moles in each reaction.

HSO; & H* + 502~ K=0.012 Eq3.30
MnSO,,, < Mn2* + 5072, K = 0.00158 Eq3.11
Mn2* + H,0 & Mn(OH)* + H* K=2.725 E-11 Eg3.12

Thus, the modeling equations for Eq.3.11, Eq.12, and Eq.3.30 are:

Cisor = 1 — %, EqA.1
Cr = 14X, + X EqA.2
Csosz = X1 + X, EqA.3
Cump2z+t = X2 — X3 EqA.4
CMnso, =1 —x EqA.S
CMn(om* = X3 EqA.6

0.012 = (”*"1:’_‘2(““2) EqA.7
0.00158 = %ﬁfj"“) EqA.S8
2725 E — 11 = LZutx)¥s Eq A9

(x2—X3)



Appendix B. Experimental Collected Data for the Solubility of Mn-Ti system

Raw data of MnSQ;, solubility from the UV-vis spectroscopy scan at 401.1nm at 25 °C

Table 29. Raw data of MnSO4 solubility from the UV-vis spectroscopy scan at 401.1nm at 25 °C

199

[M] H2SO4 | Dilution | Intensity(1) | Intensity(2) | Intensity(3) Intensity(Avg.) In(tgn;l)ty
Al 1.000 3.000 0.046 0.046 0.047 0.046 0.001
20°C 2.000 3.000 0.034 0.034 0.034 0.034 0.000
3.000 2.000 0.041 0.033 0.041 0.038 0.005

Intensity
[M] H2SO4 | Dilution | Intensity(1) | Intensity(2) | Intensity(3) Intensity(Avg) (S.D)
Al 1.000 3.000 0.044 0.045 0.044 0.044 0.001
25°C 2.000 3.000 0.036 0.032 0.032 0.033 0.002
3.000 2.000 0.037 0.037 0.037 0.037 0.000

Intensity
[M] H2SO4 | Dilution | Intensity(1) | Intensity(2) | Intensity(3) Intensity() (S.D)
Al 1.000 3.000 0.040 0.047 0.041 0.043 0.004
30°C 2.000 3.000 0.029 0.032 0.034 0.032 0.003
3.000 2.000 0.036 0.034 0.034 0.035 0.001

Intensity
[M] H2SO4 | Dilution | Intensity(1) | Intensity(2) | Intensity(3) | Intensity(Avarage) (S.D)
Al 1.000 3.000 0.041 0.042 0.034 0.039 0.004
40 °C 2.000 3.000 0.034 0.029 0.028 0.030 0.003
3.000 2.000 0.030 0.033 0.030 0.031 0.002

Intensity
[M] H2SO4 | Dilution | Intensity(1) | Intensity(2) | Intensity(3) | Intensity(Avarage) (S.D)
Al 1.000 3.000 0.043 0.035 0.035 0.038 0.005
45°C 2.000 3.000 0.038 0.026 0.024 0.029 0.008
3.000 2.000 0.030 0.030 0.030 0.030 0.000




- Raw data of TiOSOg solubility of moles addition of TiOSO4 salt before saturation

Table 30. Raw data of TiOSO4 solubility of moles addition of TiOSO, salt until saturation

Number of the addition of Ti until saturation is

achieved
TiOSO4
concentration
H>S04[M] [M] 1 2 3 4 5
1 3.8 0.1 - - - -
20°C 2 2.7 0.1 - - - -
3 1.8 0.05 - - - -
1 3.75 0.05 0.1 0.1 - -
25°C 2 2.65 0.05 0.05 | 0.05 - -
3 1.85 0.05 - - - -
1 3.9 0.1 0.05 | 0.05 0.1
30°C 2 2.7 0.1 0.1 0.1 - -
3 1.85 0.05 0.05 - - -
1 4 0.1 0.1 0.05 0.1 0.1
40°C 2 2.8 0.1 0.05 | 0.05 0.1
3 1.9 0.1 - - - -
1 4.1 0.1 0.1 0.1 0.1 -
45°C 2 2.8 0.1 0.1 0.1 0.1 -
3 1.9 0.1 0.1 - - -
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Appendix C. Additional Electrochemical Characterization Results

- OCV of fresh Mn electrolyte solutions before cyclic voltammetry
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Figure 82. OCV of fresh Mn electrolyte solutions before cyclic voltammetry

- OCV of fresh Ti electrolyte solutions before cyclic voltammetry
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Figure 83. OCV of fresh Ti electrolyte solutions before cyclic
voltammetry
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- OCV of fresh Mn+Ti electrolyte solutions before cyclic voltammetry
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Figure 84. OCV of fresh Mn-Ti electrolyte solutions before cyclic voltammetry

- Ohmic resistance of Mn electrolyte using EIS spectroscopy

—— 1M MnS0O4 + 1M H2S04 1M MnSO4 + 2M H2S04
1M MnSO4 + 3M H2S04
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Figure 85. Ohmic resistance of Mn electrolyte using EIS spectroscopy
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- Ohmic resistance of Ti electrolyte using EIS spectroscopy

—— 1M TiOSO4 + 1M H2S04 1M TiOSO4 + 2M H2S04
1M TiOSO4 + 3M H2S0O4
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Figure 86. Ohmic resistance of Ti electrolyte using EIS spectroscopy

- Ohmic resistance of Mn+Ti electrolyte using EIS spectroscopy

—— 1M TiOSO4 + 1M Mn+1M H2SO4 1M TiOSO4 +1M Mn+ 2M H2S04
1M TiOSO4 +1M Mn+ 3M H2S0O4
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Figure 87. Ohmic resistance of Mn-Ti electrolyte using EIS spectroscopy
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- First and second cyclic voltammetry scan of Mn electrolyte solutions on a graphite rod

working electrode results.
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Figure 88. First and second cyclic voltammetry scan of Mn electrolyte solutions on a
graphite rod working electrode results.

- First and second cyclic voltammetry scan of Mn electrolyte solutions on a carbon felt

working electrode results.
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Figure 89. First and second cyclic voltammetry scan of Mn electrolyte solutions on a
carbon felt working electrode results.
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- First and second cyclic voltammetry scan of Ti electrolyte solutions on a graphite rod

working electrode results.
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Figure 90. First and second cyclic voltammetry scan of Ti electrolyte solutions on a graphite
rod working electrode results

- First and second cyclic voltammetry scan of Ti electrolyte solutions on a carbon felt

working electrode results.
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Figure 91. First and second cyclic voltammetry scan of Ti electrolyte solutions on a carbon
felt working electrode results
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- First and second cyclic voltammetry scan of Mn+Ti electrolyte solutions for Mn side on a

graphite rod working electrode results.
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Figure 92. First and second cyclic voltammetry scan of Mn-Ti electrolyte solutions for Mn side
on a graphite rod working electrode results.

- First and second cyclic voltammetry scan of Mn+Ti electrolyte solutions for Mn side on a

carbon felt working electrode results
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Figure 93. First and second cyclic voltammetry scan of Mn-Ti electrolyte solutions for Mn side on a
carbon felt working electrode results



207

- First and second cyclic voltammetry scan of Mn+Ti electrolyte solutions for Ti side on a

graph

Current [A]

Figure

ite rod working electrode results.
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94. First and second cyclic voltammetry scan of Mn-Ti electrolyte solutions for Ti side on

a graphite rod working electrode results.

- First and second cyclic voltammetry scan of Mn+Ti electrolyte solutions for Ti side on a

carbon felt working electrode results.
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Figure 95. First and second cyclic voltammetry scan of Mn-Ti electrolyte solutions for Ti side on

acarb

on felt working electrode results



