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INTRODUCTION

Electrochemical batteries are sought as one of the most attractive
technologies for storing electrical energy. They have superior round-trip
energy efficiency, low environmental footprint, easy scalability, and wide
available power and energy range. Li-ion batteries (LIB) have become the
battery technology of choice due to their exceptional energy and power
densities.' However, the highly volatile cost and supply of lithium and some
necessary transition metals (e.g., cobalt, nickel) as well as safety issues related
to the use of highly flammable organic electrolytes requires the search and
development of alternatives. Na-ion batteries (SIB), especially those
employing aqueous electrolytes, are attracting increasing attention as potential
candidates, especially suitable for large-scale applications.” * The aqueous
aspect makes them significantly safer, non-flammable, low cost and
environmentally friendlier with respect to comparable Li-ion technologies. In
addition, they are based on accessible and widely spread sodium resources as
well as offer the elimination of cobalt and other rare metals.*

Various materials have been investigated and reported as suitable positive
and negative electrodes for aqueous Na-ion batteries including layered
transition metal oxides, NASICON-structured polyanionic, mixed-
polyanionic compounds, or Prussian Blue Analogs (PBA). However, there are
still several remaining issues such as poor cycle stability, low energy density
or low voltage which should be acknowledged, investigated, and understood.’

The main goal of this work was to find and develop new framework
electrode materials which would be suitable for the next generation aqueous
Na-ion batteries in terms of their synthesizability, charge capacity, energy
density, and stability. The specific objectives of this work were as follows:

=} Development and optimization of hydro(solvo)thermal synthesis
procedure for NaTiy(POy)s. Investigation of synthesis conditions and their
influence on phase purity and particle morphology. Characterization of
electrochemical properties and degradation of NaTix(PO4); electrodes in
various aqueous electrolytes using cycling voltammetry, galvanostatic
charge/discharge cycling, and elemental analysis.

(W} Preparation and structural characterization of NasMn3(PQO4)2(P207)
and NazMnPQ4CQs. Investigation of the electrochemical performance of
these materials in various aqueous and organic electrolytes using cycling
voltammetry and galvanostatic charge/discharge cycling.

(W} Preparation and structural characterization of NaszFex(PQy)s,
NasFe3(PO4)2(P207) and Na Fe[Fe(CN)¢]-yH20. Investigation of the
electrochemical performance and properties of these materials in various

10



aqueous electrolytes and organic electrolytes using cycling voltammetry and
galvanostatic charge/discharge cycling.

[} Solid-state  synthesis and  structural characterization  of
Na7;V4(PO4)(P207)4. Investigation of its electrochemical performance as an
electrode material in various aqueous and organic electrolytes using cycling
voltammetry and galvanostatic charge/discharge cycling.

W} Solid-state  synthesis and  structural  characterization  of
Na3;VFe(PQOy);. Investigation of its electrochemical as an electrode material
in various aqueous electrolytes using cycling voltammetry and galvanostatic
charge/discharge cycling.

The novelty of this work stems from the limited scope of prior studies on
these materials as electrode material to be used in aqueous media. Most of the
studies are primarily focused on the use of organic Na" ion conducting
electrolytes when investigating these materials.

The statements for the defense of this this dissertation are as follows:

@} NaTi(PO4); could be prepared via hydro(solvo)thermal method
using different synthesis media such as methanol, ethanol, 1-propanol,
2-propanol, ethylene glycol and their mixtures with water. Water activity in
the synthesis medium is the key parameter governing the phase purity, size,
and shape of nanoparticles. Irreversible capacity fade of NaTiy(POs)3
electrodes in aqueous electrolytes is related to an electrochemically induced
chemical dissolution of active material and the formation of Ti-rich blocking
layers.

[} Na,Mn3(PO4),P,07; and NazMnPOsCO; could be successfully
synthesized via solid-state and hydrothermal methods, respectively. However,
these Mn-based materials show limited electrochemical activity in both
aqueous and organic electrolytes.

[} Na;Fe(PO4); could be successfully synthesized via solid-state
method. However, it has limited electrochemical activity in aqueous
electrolytes. NasFe3(PO4)2(P207) could be successfully synthesized via solid-
state as well sol-gel methods and exhibits moderate capacity even if it suffers
from electrochemical degradation during cycling. Different phases of
Nas.«Fe[Fe(CN)g]-yH20 could be successfully synthesized via hydrothermal
and co-precipitation methods depending on synthesis temperature, synthesis
media and drying conditions. The monoclinic phase of this material shows
superior electrochemical performance for one-electron process especially
when cycled in acidic aqueous electrolytes.

[} Na,V4(PO4)(P207)s could be successfully synthesized via solid-state
method. However, it has limited electrochemical activity in aqueous

electrolytes and is not a suitable electrode material.
11



[} Na;VFe(POs); could be successfully synthesized via solid-state
method. It exhibits decent capacity and its retention if redox couples of
Fe?'/Fe*" and V**/V*" are activated separately. The activation of V**/V>" redox

couple destabilizes the phosphate framework, leading to vanadium
dissolution.
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1. LITERATURE REVIEW
1.1.  World energy demand

The global energy demand is increasing at a rapid rate. According to the
International Energy Agency (IEA), global energy demand increased by 5.3%
in 2021 and is expected to continue growing over the next few decades.®
However, this trend also means that carbon emissions are growing as well
(Fig. 1a). Carbon emissions are a major contributor to greenhouse gas
emissions that lead to climate change and global warming. In order to meet
the Paris Climate Agreement goals of future energy requirements’ as well as
climate neutrality by 2050,® fossil fuels must be replaced by cleaner energy
sources urgently. IEA predicts that renewables will be the fastest-growing
source of energy in the coming decades, with solar and wind energy being the
largest contributor to this growth (Fig. 1b).

Il coa [ Oil O Gas

3)40 b) 100 = [ Nuclear [l Biomass [l Renewables
< 25% [ 27%
= 30 = 80+
o, 2
Q.
S 7 60 29%
B 20 1 3
£ @
o) c 40
o~ (0] 4%,
8 10 % 20 IZ
T 5%
= =47,
12%
0 0-
1900 1920 1940 1960 1980 2000 2020 2010 2020 2030 2040 2050
Year Year

Fig. 1. a) CO, emission increase by the year, b) world energy supply mix
by the year (IEA predictions).®

Although the energy generated by wind turbines, solar panels or
hydropower is cleaner and safer than fossil fuels, the supply is intermittent,
meaning it is dependent on weather conditions and other factors, and may not
always be available when needed. As a result, large-scale energy storage
systems are necessary to store excess energy generated during times of high
availability, and release it during times of low availability, in order to maintain
a reliable and stable electricity grid.” The main energy storage technologies
can be classified as mechanical (e.g. flywheel), magnetic (e.g.
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superconducting magnetic energy storage), pumped hydro, pneumatic (e.g.
compressed air), thermal (e.g. molten salt, water, oil heaters) and
electrochemical (e.g. batteries, fuel cells, supercapacitors). The choice of
storage technology depends on the specific requirements of the application,
and all of them can be competitive depending on the circumstances.'® !
Nowadays, electrochemical batteries are the fastest-growing energy storage
technology as they have many desirable features such as modularity which
allows to deploy and scale-up them rapidly in almost any location, as well as
high round-trip efficiency, wide range of power and energy, long cycle life,
minimal maintenance and easy integration into the grid.'> "> The European
Commission launched the European Battery Alliance in 2017 to create a
competitive and sustainable battery manufacturing value chain in Europe,
from raw materials to end-of-life recycling to support the growth of renewable
energy storage. The annual market value for this is estimated at €250 billion
from 2025 onwards."*

1.2.  Electrochemical batteries

In 1800, A. Volta invented the first electrochemical battery by stacking the
discs of copper and zinc separated by cloth soaked in salty water. These
‘voltaic pile’ experiments led to Faraday’s quantitative laws of
electrochemistry and the basis for modern batteries.'®

Electrochemical batteries convert the chemical energy stored in the active
materials directly into electric energy by electrochemical oxidation-reduction
reactions.'® The basic electrochemical unit is called a ‘cell” and a combination
of one or more cells in series or in parallel comprises a ‘battery’. This gives
higher output voltage and/or capacity. Every cell consists of these major
components:'” '

(®} | onically and electronically conducting negative electrode;
(B} [onically and electronically conducting positive electrode;
(89} | onically conducting and electronically insulating electrolyte.

The electric current generated by the electrochemical processes at the
electrodes is the main characteristic feature of the electrochemical cell. During
discharge, the species are oxidized at the negative electrode giving up the
electrons to the external circuit, while they are reduced at the positive
electrode taking the electrons from the external circuit. At the same time, the
ions of the electrolyte travel between the electrodes to maintain electrical
neutrality: the cations move to the negatively polarized positive electrode and
anions move to positively polarized negative electrode. During charging, the
redox reactions are accordingly reversed (Fig. 2). The total cell voltage

14



depends on the chemical potential difference of an ion in between the negative
and positive electrode materials.'®

Discharge Charge

— VNV

current e

|—P Iliﬂ_

Positive electrode gy

Negative elei;trode

\ Electrolyte Electrolyte /

Fig. 2. Schematic view of a battery cell operation.

Positive electrode g

Negative electrode

The existing types of electrochemical energy storage systems are
classified according to the nature of the chemical reactions, materials
involved, structural features and design. One of the most encompassing
classification is based on the reversibility of reactions during cell
operation:'® !

(B9} Primary cell (non-rechargeable), is characterized by an irreversible
electrochemical reaction. The fixed amount of reacting
compounds are consumed by discharging and cannot be used
again. Examples for primary batteries are alkaline,'"? silver oxide,”
zinc-carbon,?! lithium?? and zinc-air.?

[} Sccondary cell (rechargeable), is characterized by reversible
electrochemical reactions. After discharge, the reacting
compounds are restored to their original form by externally applied
electrical energy and this cell could be used once again for multiple
cycles. Usually, the cost of secondary cells is higher and the
capacity is lower than their primary counterparts. However, they
are more sustainable. Examples of the secondary batteries are lead-
acid,?* nickel-cadmium,? nickel-metal hydride,26 sodium-sulfur,?’
lithium-ion,?® sodium-ion.?

15



1.3.  Rechargeable batteries

Secondary cells have the advantage of the ability to be recharged together
with high-power density, high discharge rate or good low-temperature
performace.’® Rechargeable batteries usually are used as energy-storage
devices in automotive and aircraft systems, uninterruptible power supplies,
consumer electronics, power tools etc. The most common rechargeable
batteries are concisely described in this section and compared in Fig. 3.

~ [e1]
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—
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o

o

Fig. 3. Comparison of different rechargeable batteries in terms of
gravimetric and volumetric power densities.'” 3"

Lead-acid (Pb-acid) battery is the oldest system which is still relevant for
automotive applications even today due to its low-cost, recyclability, high
voltage and good performance. The positive and negative electrode in Pb-acid
battery is PbO, and Pb, respectively and aqueous sulfuric acid is used as the
electrolyte.” Redox reactions during charging and discharging processes are
as follows:

Positive electrode:  PbO, + 3H" + HSO4 + 2¢” <> PbSO4 + H,O @8
Negative electrode: Pb + HSO4 «» PbSO4+ H' + 2¢” ()
Overall: Pb + PbO; + 2H,SO04 <> 2PbSO4 + 2H,0 3)
Cell voltage: ~2 V

Due its high weight, lead exhibits a specific charge capacity of only 259 Ahg™

which results in an energy density of only 30 — 50 Wh kg™ for such battery.

Moreover, Pb-acid systems suffer from short lifetimes, toxicity, slow charge
16



rates and poor performance at low-temperature which limit their usability in
small portable devices but they are still applicable as starter batteries in cars.*
Nickel-cadmium battery (Ni-Cd) is a secondary battery which had been
widely used since 1950s in portable electronics, power and medical
equipment, emergency back-up power or aerospace due to its good
performance at low-temperature, long shelf life, low internal resistance and
fast-charge. The positive and negative electrodes of Ni-Cd battery are
Ni(OH), and Cd, respectively and KOH () is used as an electrolyte.”> The
redox reactions during charging and discharging processes are as follows:

Positive electrode: NiOOH + H,O + ¢ <> Ni(OH), + OH" 4)
Negative electrode: Cd +20H <> Cd(OH), + 2¢ (5)
Overall: 2NiOOH + Cd + 2H,0 « 2Ni(OH), + Cd(OH), (6)

Cell voltage: ~1.3 V

As Cd exhibits higher specific charge of 477 mAh g™, the specific energy of
60 Wh kg™ of such a battery is reachable. However due to regulations for the
usage of Cd, it has been replaced in multiple applications by newer types of
rechargeable batteries.*

The nickel-metal hydride (Ni-MH) battery uses a hydrogen-absorbing
metal alloy made of noble earth elements (e.g. ZrNi, Ti>Ni, LaNis or TiNi»)
instead of Cd. This makes it an attractive alternative to Ni-Cd due to their
lower toxicity and higher energy density (80 Wh kg').?® The redox reactions
during charging and discharging processes are as follows:

Positive electrode: NiOOH + H,O + ¢ «> Ni(OH), + OH" (7
Negative electrode: MH + 20H™ <> M + H,O + 2¢” (®)
Overall: NiOOH + MH < Ni(OH), + M ©)

Cell voltage: ~1.3 V

Nowadays, Ni-MH is used in hybrid vehicles, uninterruptible power supplies,
consumer application (vacuum cleaners, toothbrushes etc.) due to its higher
energy density, superior performance at high temperatures, long cycle life and
safety

The sodium-sulfur (Na-S) rechargeable battery has been used primarily in
large-scale energy storage applications. The positive and negative electrodes
of Na-S battery are sulfur and sodium, respectively. Both of them are liquid at
the operating temperature (250 — 350 °C). The electrolyte is ”’-Al,O3 ceramic
which is Na-ion conductive.”’ The redox reactions during charging and

discharging processes are as follows:
17



Positive electrode: xS +2¢ — S> (10)
Negative electrode:  2Na «» 2Na’ + 2¢” (11)
Overall: 2Na + xS <> Na,Sy (12)
Cell voltage: ~2.1 V

Sodium has a high specific charge of 1168 mAh g which results in a specific
energy density of 200 Wh kg™ for such a battery. High energy density, long
cycle life, low price and ability to operate at high temperature make Na-S
batteries suitable for stationary applications although some safety issues are
an important concern.”

Lithium-ion batteries (LIBs) have captured an important share in the
energy storage market due to their high specific energy density (currently
~280 Whkg') and excellent shelf life owing to low Li atomic mass
(6.94 g mol™), small ionic radius (0.76 A) and low electrochemical reduction
potential (-3.04 V vs SHE).*® The development of LIBs started in the 1970s
with the investigation of electrochemically active TiS; capable of reversible
lithium insertion by Whittingham et al.*’. This was followed by a study of
LiCoO, by Goodenough et al. as positive electrode material in the 1980s.*®
The LIBs technology was commercially introduced by Sony in 1991 and from
then on it is the most common rechargeable battery used in cell phones, power
tools, vehicles, stationary storage etc.*® The ‘rocking chair’ concept relies on
the intercalation compounds in both electrodes where Li-ions ‘rock’ back and
forth, getting inserted into the negative electrode during cell charging and
leaving negative electrode to intercalate into positive one as it is discharged.
Among a variety of electrode materials, the most typical are layered or
tunneled metal oxides such as lithium cobalt oxide or lithium manganese
oxide in positive electrodes, and graphitic or hard carbon in negative
electrodes. The standard electrolytes are organic-based solutions such as
1 M LiPF¢ in a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC). The redox reactions during charging and discharging processes in
LiCoOa/graphite system are as follows:*’

Positive electrode: Li;«CoOs + xLi" + xe” <> LiCoO» (13)
Negative electrode: LixCe <> xLi" + xe” + Cs (14)
Overall: LiCoO; + Cs <> LiCs + Co0O, (15)

Cell voltage: ~4.2'V

LIBs offer low self-discharge rate, long cycle life, broad voltage range,
high-rate capability, high Coulombic efficiency, and low maintenance.

Nevertheless, they have several disadvantages such as high initial cost,
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degradation at high temperature and possible thermal runaway when
overcharged or crushed. The limited availability and cost of Li, Co, or Ni, as
well as safety questions stipulate to find alternative technologies, especially
for stationary applications where the cost and sustainability are the main
requirements.*®

1.4. Post Li-ion batteries: Na-ion batteries

Multiple other types of metal ions such as Na*, K, Mg**, Ca*", AI** or Zn*"
have been explored as potential alternatives in ‘rocking chair’ metal-ion
batteries.”” Some of these metals have obvious advantages in terms of
abundance and price with respect to lithium (Fig. 4).*' In the past decade, Na-
ion batteries (SIBs) have been intensively reexamined as suitable LIB
alternatives. Na is the next smallest and lightest alkali metal after Li and the
electrode redox potential of Na is -2.71 V vs SHE, which is only 0.3 V less
than Li. In addition to the lower price of sodium compounds possibility to use
aluminum foil as current collector for negative electrodes instead of copper as
it is necessary for LIBs, SIBs could be considered as one of the most
promising potential successors to LIBs.*> Al is more abundant and easier to
extract than Cu which makes it cheaper (0.5-2.0USDm? vs
8 — 15 USD m™), however it undergoes an alloying reaction with Li at low
potentials which makes it not suitable for the negative electrodes in LIBs.**
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Fig. 4. Comparison of Li, Na, K, Mg, Ca, Al and Zn for metal-ion
batteries.*! 4+ 4

However, SIBs face several challenges compared to LIBs such as lower
energy density, shorter cycle life, and lower rate capability. These

disadvantages arise from the larger ionic radius and atomic weight resulting
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in lower gravimetrical and volumetric energy density. This complicates the
application of SIBs for portable devices or electric vehicles. Nevertheless, the
primary potential applications for SIBs is stationary energy storage systems
where the size and weight of the battery may not be the limiting factor.*®

The fundamental principle of ‘rocking chair’ SIBs operation does not differ
from LIBs - the reversible insertion and deinsertion of Na ions between the
positive and negative electrodes (Fig. 5). The basic components of SIB are
positive and negative electrodes which are separated by the sodium salt
containing electrolyte and mechanical separator. The electrodes are typically
composites consisting of an active material which directly participates in
electrochemical reactions, a polymeric binder which is responsible for holding
the active material particles together and maintaining a strong connection
between electrode and a current collector, and conductive carbon filler which
increases the electronic conductivity.'”

Positive Negative
electrode g . ..., electrode

Current
+

collector collector
electrolyte

Current

Fig. 5. Scheme of Na-ion battery cell operation.

As SIBs and LIBs share many similarities in their technology, the initial
investigations of SIBs have been focused on testing the same electrode
materials as used in LIBs. However, it was soon discovered that certain
electrode materials, such as graphite, which works effectively with lithium, do
not exhibit the same performance characteristics when used with sodium.
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Apparently, the larger ionic size of sodium ions, lower energetic stability of
binary NaCyx and too low formation potentials, prevent its intercalation and
only a limited amount of Na" could be stored within the graphite structure.
Instead, sodium tends to plate on the surface rather that effectively diffusing
into the material.*”** Consequently, major research effort has been devoted
towards exploring and investigating electrode materials that can deliver high
performance specifically tailored for SIBs.

1.5.  Negative electrode materials

Metallic sodium would be an ideal negative electrode for SIBs as it exhibits
high specific capacity and low reduction potential, however it has some issues
such as unstable solid electrolyte interphase, dendrite growth and gas
evolution all of which lead to capacity fading and safety problems. Moreover,
it is not suitable for aqueous electrolytes.*’ In order to be suitable for SIBs, the
negative electrode material should meet the following requirements: as low
atomic weight and density as possible, high electronic and ionic conductivity,
capability to accommodate high amount of Na, good electrochemical
cyclability and stability, its potential should be stable and as close as possible
to pure sodium metal, capability of sustaining appreciable currents,
chemically stable towards other battery components such as electrolytes, be
low cost, easy synthesizable and environmentally friendly.*’

1.5.1. Carbonaceous phases

Hard carbon (HC) materials are the most common negative electrodes
used in non-aqueous SIBs. HC is a non-graphitizable (no matter how high is
the carbonization temperature) carbon which could be obtained by thermal or
chemical process from environmentally friendly, low price and renewable bio-
sources which is a great advantage for commercialization. The typical
structure is a mixture of disordered few-layer graphene stacks with
nanopores.’' The interlayer distance is significantly increased compared with
graphite which enables access of Na ions to energetically stable sites near
defects that results in an almost flat voltage plateau at ~0.1 V vs Na'/Na.
However, this value is beyond the aqueous electrochemical window which
makes HCs suitable only for organic electrolytes. Additionally, the full
understanding of sodium storage mechanism in HC is still incomplete due to
unknown exact structure, crystallite size, pore domains and edge
termination.’®> Nevertheless, these electrodes are described by high storage
capacity, low working potential and high cycling stability.>®
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Stevens and Dahn were the first to report the reversible Na intercalation in
HC at room temperature.’* Their HC electrode obtained from pyrolyzed
glucose delivered ~300 mAh g'>* Appropriate structural and porosity
optimization leads to even higher capacities. For example, Komaba et al.
successfully synthesized HC via MgO-template method and achieved
extremely high value of 478 mAh g' with good capacity retention and
excellent rate performance.*

1.5.2. Titanium-based materials

Titanium-based compounds are another type of negative electrodes for
SIBs which includes titanium oxides, sulfides, and NASICON-type
materials.”® The most common natural form of titanium is TiO, which is
stable, non-toxic, inexpensive and widely abundant. Anatase-type titanium
dioxide is one of the oldest known host structures for Li ion insertion.”’ It has
been reported that microsized TiO,, which works well in LIBs, is
electrochemically inactive in SIBs but the nanosized anatase (< 30 nm) is
active and exhibits capacity of ~150 mAh g™ (5.5C, organic electrolyte) in the
voltage range of 0 —2.0 V.** % Another widely studied negative electrode
compound is sodium titanate (Na,Ti3O7). It has theoretical capacity of
200 mAh g”' by accommodating two Na ions and a voltage of 0.3 V vs Na"/Na
which is the lowest reported value for topotactic ion insertion into oxide
electrodes in SIBs and LIBs. On the other hand, it is also too low for aqueous
electrolytes. Rudola et. al. has achieved 177 mAh g™ for this material at 0.1C
with organic electrolyte and slow capacity fade.*

NASICON-type NaTix(PO4); which has a theoretical capacity of
133 mAh g! for two Na insertion and ~2.1 V Na'/Na has been reported as an
outstanding electrode for aqueous SIBs.®' Moreover, the third Na could be
also inserted at ~0.45 V Na/Na but it is suitable only for organic SIBs.*
NASICON (Sodium Superlonic Conductor) structured electrode materials
exhibit exceptionally high ion conductivity and structural stability. They are
named after Na;xZr:P3-SixO12 (0 < x < 3) by Hong and Goodenough.®* % A
general formula of NASICON-type phosphates could be written as
AMe’Me’’P3012 or AxMe’Me’’(PO4); where A (x = 1 —4) is typically an
alkali (e.g. Li", Na", K" etc.) or alkaline earth (e.g. Mg**, Ca®*, Zn*" etc.) ion,
and Me’ and Me”’ are typically transitional metal ions (e.g. Mn?**, Ti**, Zr*",
V>* etc.). Additionally, phosphorus could be partially substituted by Si or As.
This material has a three-dimensional framework with interconnected
channels facilitating ion mobility.®
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1.6.  Positive electrode materials

Suitable SIB positive electrodes should meet the following requirements:
as low atomic weight and density as possible, high electronic and ionic
conductivity, capability to accommodate high amount of Na, good
electrochemical cyclability and stability, relatively high potential, capability
of sustaining appreciable currents, chemically stable towards other battery
components such as electrolytes, be low cost, easy synthesizable and
environmentally friendly.®® A variety of compounds have already been
investigated as positive electrode for SIBs which could be grouped in three
main families: layered transition metal oxides, polyanionic materials and
Prussian blue analogues.'

1.6.1. Layered transition metal oxides

Layered metal oxides are probably the most studied positive electrode
materials for SIBs due to a successful implementation of LiMeO, (e.g.,
LiCo0O,, LiMn,04) in commercial LIBs. Sodium based layered materials are
built up of a sheet of edge-sharing [MeOs] octahedra and can be categorized
into two main groups denoted as O3- or P2-polytypes, where Na ions are
accommodated at octahedral or prismatic sites, respectively.®® O3-type
NaMeO, (Me =V, Cr, Mn, Fe, Co, Ni) has three crystallographically different
MeO; layers (AB, CA, BC) and could be assigned to R3m space group. P2-
type NaxMeO:; consists of two MeO; layers (AB, BA) and could be assigned
to P63 /mmc space group.’® Both materials show structural phase transitions
when Na ions are extracted. P2-type delivers higher capacity and better cycle
life in SIBs because Na ion transport is faster than in O3 due to structural
differences. For example, O3-Na[Fe;2Mn;2]O, and P2-Nay;s[Fei2Mni;]0O;
have capacities of 110 mAh g’ and 190 mAhg' (~2.75V vs Na'/Na),
respectively.®” The main advantages of layered metal oxides as positive
electrodes are high theoretical capacity, excellent rate capability and easy
preparation. On the other hand, these compounds suffer from air sensitivity,
structural degradation and capacity fade.®

1.6.2. Polyanionic compounds

Polyanionic type materials contain a series of tetrahedral anionic units
(XO04)" or (XmOsm+1)™ (X =S8, P, Si, As, Mo, or W) which are connected by
strong covalently bonded [MeOx] polyhedra. Typically, polyanions exhibit
lower specific capacity than layered oxides but they have better rate capability,
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thermal stability and longer cycling life due to their highly stable 3D
framework.®

Single polyanionic frameworks, consisting of only one kind of group such
as (S04)*, (PO4)*, (P207)* and (SiO4)*, show promising electrochemical
performance in LIBs and SIBs. Phosphate compounds stand out because they
have high structural stability due to strong P-O bonds, low volumetric
expansion during Na insertion/deinsertion as well as high safety and low
cost.”” The most typical representative of phosphate-based materials is
olivine-structured NaMePO, and NASICON-structured Na,Me,(POs);. For
example, NaFePOs has one of the highest theoretical capacities of
154 mAh g among other phosphates and can practically deliver 142 mAh g’
(0.2C, organic electrolyte) for 200 cycles.”' Na;V,(PO,); exhibited a capacity
of 93 mAh g (0.1C, organic electrolyte) with two plateaus of V*'/V** (~3.4 V
vs Na*/Na) and V**/V*" redox reactions (1.6 V vs Na'/Na).”

Many subclasses of mixed-polyanionic materials can be prepared by
combining previously mentioned anions among each other or even adding
others such as (CO;)*, F~ etc. This mixing could affect the structural
properties, strength of inductive effect, or lead to multiple electron redox
activity and more robust electrochemical performance.”” The stronger is the
electronegativity of the polyanionic group, the higher is the operating potential
of a material. The rank of electronegativity of the polyanion groups is (SiO4)*
< (CO3)* < (PO4)* < F < (P,07)* < (SOs)* (Fig. 6).”* For example, the
combination of (PO4)* and (P,07)* shows stronger inductive effect resulting
in higher redox potential and energy density but results in slightly lower
thermal stability.” Even though the substitution by (SO4)* would lead to even
higher potentials, thermal instability above 400 °C and solubility in aqueous
electrolytes might limit its practical applicability.”® Several compounds such
as  NasFe3(PO4)2(P207),” N%314Mn3(PO4)2(PzO7),78 Na4C03(PO4)2(P207),79
NayNi3(PO4)2(P207),* etc. have been reported as promising positive electrode
materials for SIBs.
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Fig. 6. a) Redox potentials of different transitional metal in
NaxMe’Me’’(POs); systems, b) diagram of the redox potentials of various
Fe-based polyanion positive electrodes.”

1.6.3. Prussian blue analogues

Prussian blue analogues (PBA) are a large family of transitional metal
hexacyanoferrates. These coordination complexes have a general formula of
AMe[Fe(CN)s]i-y'nH,0 (A = typically an alkali metal, Me=Fe, Co, Mn, Ni,
Cuetc.,0<x<1,0<y<1).PBA, which was at first known only as a pigment
(Fes[Fe(CN)s]3), shows a wide range of electrochemical properties such as
electrochromism, catalysis, sensorics and energy storage. PBA have been
recently investigated as a new alternative for SIBs positive electrodes. This is
because of their open framework with large ionic channels and interstitial sites
which enable fast and efficient reversible ion insertions.'® Theoretical capacity
for two Na ion insertion/desertion is close to ~170 mAh g in the case of Fe,
Mn and Co, and only ~80 mAh g"' when Me = Ni, Zn, or Cu.?! PBA redox
potentials are within the stable electrochemical voltage window for
aqueous electrolytes. Additionally, the simplicity of synthesis and the
abundance of the elements make PBAs attractive for commercial applications.
However, they also suffer from reduced capacity and cycling life due to large
number of vacancies and interstitial water molecules inside the crystal
structure which must be carefully controlled during synthesis and post-
treatment.® Various combinations of PBA have been investigated, including
Nag¢Fe[Fe(CN)sJoos which showed ~170 mAhg' (~3.0V vs Na'/Na,
organic electrolyte) with capacity retention of ~99% after 150 cycles.*
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Naj 76Nio.12Mng gs[Fe(CN)gJo.os exhibited ~118 mAh g'1 (~32V vs Na*/Na,
organic electrolyte) with capacity retention of ~84% after 800 cycles.™
Naj 32Fe[Fe(CN)sJo.s7-2H20 and Naj oCuoos[Fe(CN)g]-1.9H,O were tested in
aqueous NaNOj electrolyte and delivered ~77 mAh g (2C) and ~93 mAh g’
(20), respectively.® Additionally, a full battery was assembled which showed
a capacity of 50 mAh g"! (5C, ~0.7 V) with ~86% of capacity retention after
250 cycles.®

1.7.  Electrolyte solutions

The electrolyte solution plays an important role in rechargeable batteries
as it is responsible for transferring the ions (e.g. Na") between the negative
and positive electrodes. This means that they must have high ionic and
exceptionally low electronic conductivity, wide and stable electrochemical
window which should ensure high voltage, high specific energy and long cycle
life of the battery. Moreover, the electrolyte should be chemically stable
against any other cell component (separator, current collector, packaging),
thermally stable, non-toxic and non-flammable, and low cost.®*®’

Electrolytes for SIBs could be categorized in several groups: aqueous
(sodium salts are dissolved in water),*® non-aqueous (sodium salts are
dissolved in organic solvents),*® ionic liquid,*’ solid-state (solid polymer or
ceramic electrolytes)” and hybrid (mixed aqueous/non-aqueous or
liquid/solid components etc.).”’ Organic solvents are mostly used because of
their wide electrochemical stability window. Commonly used solvents for
organic SIBs are mixtures of ethylene carbonate and propylene carbonate
(EC:PC), ethylene carbonate and diethyl carbonate (EC:DEC), ethylene
carbonate:dimethyl carbonate (EC:DMC), diglyme (DG) etc. together with
NaPFs, NaClO4, NaTFSI etc. salts. These electrolytes allow the operation of
batteries at high voltages above 4 V.*® However, the main disadvantages of
organic electrolytes are their flammability, toxicity, and high cost.

Aqueous or water-based electrolytes are considered much safer and more
environmentally friendly as they are non-flammable, little or non-toxic and
low cost.”” The use of aqueous electrolytes also results in lower battery
production costs because there is no need for a controlled dry/oxygen-free
atmosphere during manufacturing process. Additionally, aqueous electrolytes
have even higher ionic conductivities than organic ones allowing efficient ion
transport and excellent battery rate performance. However, all this comes with
certain limitations. The major one is the limited electrochemical stability
window of water. The lower limit comes from the reduction potential (due to
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hydrogen evolution reaction (HER): 2H»>O + 2e” «» H, + 20H"), and the upper
limit from the oxidation potential (oxygen evolution reaction (OER):
2H.0 ¢> O + 4H" + 4¢") of water.” Thermodynamically, pure water has the
electrochemical window of 1.23 V, the absolute position of which varies with
pH. For example, at pH 7, water is thermodynamically stable between -0.41 V
and 0.82 V vs SHE (Fig. 7a).”* The addition of salts, shifts the electrolysis
potentials, typically expanding the electrochemical window of water. The
most common Na salts in aqueous rechargeable SIBs are Na;SO4, NaNO3 and
NaClO4 (Fig. 7b). Very high concentration or ‘water-in-salt’ electrolytes tend
to significantly reduce water activity which means that fewer water molecules
are available for participating in electrochemical reactions also expanding the
electrochemical window.”

Limited chemical/electrochemical stability of active materials in aqueous
electrolytes is also a very common problem followed with dissolution of the
material which degrades the battery capacity.” °” Moreover, side reactions
involving dissolved oxygen which might also have malicious effects on the
electrode materials. For example, NaTiy(PO4); intercalated with Na'
(NasTi2(POs)s) reacts with dissolved O, and produces OH", which increases
the pH and could destabilize the active material. *® *® The removal of oxygen
by bubbling inert gases, electrode surface treatment, concentrated electrolytes
or identification of the right cut-off voltage can reduce these side reactions.”
Overall, it is especially important to carefully select and investigate not only
the electrode active material but also its compatibility with certain
electrolytes.

a)'® b)
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Fig. 7. a) Pourbaix diagram of water and b) electrochemical stability
windows of typical aqueous electrolytes with Na salts at various
concentrations. Redrawn from D. Pahari et. al.”’
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2. EXPERIMENTAL METHODOLOGY
2.1. Structural characterization

Powder X-ray diffraction (XRD) was used for the determination of
materials crystal phase and purity. In this work, a Rigaku SmartLab MiniFlex
IT and Bruker Phaser D2 and Bruker Advance D8 diffractometers were used
with Ni-filtered Cu K, radiation. XRD patterns of powder samples were
recorded within the range 10° <260 < 70° using scanning speed and step of
3°min" and 0.02°, respectively. For Rietveld refinements, XRD patterns
were recorded within the range 10° <20 < 120° with the scanning speed and
step width of 1°min™' and 0.02°, respectively. Rietveld refinements were
performed using GSAS-II software suite.'” All crystal structures in this work
were visualized using Vesta software.'"!

Scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM) were used for the determination of materials morphology
and particle sizes by Hitachi SU-70, Helios Nanolab 650, FEI and Hitachi
TM4000Plus scanning electron microscopes as well as Tecnai G2 F20 X-
TWIN, FEI transmission electron microscope. Samples for SEM analysis
were prepared by coating 2 mg ml™ dispersion of particles in acetone on silica
plate. Samples for TEM analysis were prepared by coating 0.5 mg ml’
dispersion of particles in acetone on copper grid. Imagel software was used
for particle size distribution determination.'®

Brunauer-Emmett-Teller (BET) adsorption analysis was used to
measure the surface area by N, adsorption isotherms at 77 K using the Anton
Paar Brunauer—Emmett—Teller analyzer. Before the gas sorption
measurements, all analyzed powder samples were outgassed in vacuum at
90°C for 3h. Total surface area was estimated by the
Brunauer—Emmett—Teller model.

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) was used for analysis of elemental composition of Prussian blue
samples (Na, Fe) and electrolytes after galvanostatic charge/discharge cycling
(Ti, Al and P) by PerkinElmer Optima 7000DV inductively coupled plasma
optical emission spectrometer. Calibration solutions were prepared by an
appropriate dilution of the stock standard solutions (single-element ICP
standards 1000 mg L™, Roth). Prussian blue powders were dissolved in Aqua
Regia solution (HCI + HNOs3, with molar ratio of 3:1).

Thermal analysis for the determination of carbon or water content of
powder samples was carried out on a STA600 PerkinElmer analyzer in the
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range of 30 to 700 °C at a heating rate of 20 °C min' N, in air atmosphere
(20 mL min™").

2.2.  Electrode preparation

The working electrode (WE) was prepared by first mixing 70 wt%
(usually, 0.70 g) of active material and 20 wt% (0.20 g) of carbon black (CB)
(Super-P, TIMCAL) which were previously dried in vacuum at 200 °C for 2 h
(Fig. 8). The homogenization was performed in a high-energy ball-mill (Retch
PM400) for 1 h at 175 rpm using 3 mm ZrO, balls at the ball-to-sample ratio
of 10:1. Afterwards, 10 wt% (0.10 g) of polyvinylidene fluoride (PVDF)
(HSV1800, Kynar) in N-methyl-2-pyrrolidone (NMP) (~1.5 ml) (Sigma-
Aldrich, 99.5%) as a binder and additional NMP as a solvent were added to
the mixture. It was homogenized in a planetary ball-mill for 2 h at 350 rpm
using 5 mm ZrO; balls at the ball-to-sample ratio of 3:1. Then, the slurry was
casted as a film (100 or 300 pm) on aluminum foil and dried in vacuum for
3h at 120°C. The resulting electrode film was punched into disks
(10 — 15 mm in diameter depending on the cell size). For aqueous electrolytes,
electrodes were transferred from aluminum foil onto 316L stainless-steel (SS)
mesh (#325) using hydraulic press (~6 — 9 t depending on the material) (Fig.
9).
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Fig. 8. Electrode preparation process scheme.
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Fig. 9. (left to right) Synthesized and carbon coated Na;V4(PO4)(P207)4
powders; Slurry consisting of NVPP, carbon black and PVDF; Dried
electrode transferred onto SS mesh.

2.3.  Electrochemical characterization

Cyclic voltammetry (CV) were used to determine the redox processes, the
potential at which they occur, and their reversibility. In this work, cyclic
voltammetric measurements were performed on a potentiostat-galvanostat
(SP-240, Biologic and PGSTAT-302 Metrohm Autolab).

Galvanostatic Charge/Discharge (GCD) cycling was used to evaluate the
charge storage properties of materials. The change of voltage over time,
capacity and energy density is measured while a controlled current is applied
to charge and discharge a material between the chosen potential limits. In a
three-electrode cell, the current is applied between the counter electrode and
the working electrode while the potential is measured between the working
and the reference electrode.

Charge capacity is the total amount of charge consumed or released by
electrochemical reactions (Ah or Ah kg for specific capacity). The charge or
discharge capacity could be calculated from the applied current and total time.
Theoretical specific capacity (mAh g™') of material is calculated as follows:

nF

€= 3600M (16)

where 7 is the number of electrons in the reaction, £ is the Faraday constant
(96485.33 C mol™") and M is the molecular weight of the material (kg mol™).

Coulombic efficiency (CE%) is the ratio of the total charge extracted from
the battery to the total charge put into the material or a cell over a full cycle
(%).

C-rate is the rate at which a battery is charged or discharged relative to its
maximum theoretical or practical capacity. A 1C corresponds to complete
charge or discharge in 1 h."’
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In this work, galvanostatic charge-discharge cycling and rate capability
experiments were carried out on battery testers (MACCOR, Series 4000 and
Neware CT-4008).

Electrochemical properties of the electrodes were characterized in cells of
different design depending on a specific experimental goals (Fig. 10): (a)
three-electrode bottom-mount beaker-type cell, (b) decoupled three-electrode
bottom-mount beaker-type cell where the counter electrode (CE) is separated
from working (WE) and reference electrodes (RE) via salt bridge which is
filled with 1 M NaNOs o) and 1% agarose mixture, and (c) three-electrode
Swagelok-type cell (T-type cell). Beaker-type cell is the simplest and cost-
effective half-cell design for preliminary electrochemical studies, where all
three electrodes are immersed in the excess electrolyte solution (~15 mL).
Usually, the measurement is performed under ambient air atmosphere with the
possibility to apply bubbling of electrolyte with inert gas (e.g., N»). Decoupled
beaker-type cell is similar to beaker-type cell but the WE and CE are separated
to avoid the influence of processes, mainly pH changes, which happen on the
CE. Swagelok-type or T-type cell is a more realistic setup to a battery cell
where the electrodes are separated by a porous separator impregnated with
electrolyte, and a compression spring maintains the pressure between these
parts. This cell could be used not only for half-cell experiments but also as a
full-cell to study positive and negative electrodes simultaneously.
Additionally, Swagelok-type cell has very precise and reliable fittings which
create leak-free connections. The main body of Swagelok-type cell is made of
stainless steel for organic electrolytes or PTFE for aqueous electrolytes while
other parts are from stainless steel.

For aqueous electrolyte studies, a graphite rod (60 mm in length and 5 mm
in diameter) was used as CE in beaker-type cells, a copper rod (60 mm in
length and 5 mm in diameter) in decoupled beaker-type cells, or a self-
standing carbon electrode for Swagelok-type cells. Ag/AgCl/3 M KCl was
used as RE in all cells. For organic electrolytes, sodium metal discs were used
as both CE and RE. Organic Swagelok-type cells were assembled in an Ar-
filled glovebox (MBraun, H,O and O, < 0.1 ppm).
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Fig. 10. Electrochemical cells used in this work: a) beaker-type, b)
decoupled beaker-type, c) Swagelok-type and d) photograph of decoupled
beaker-type and Swagelok-type cells.

Electrochemical performance in aqueous media was investigated using the
following salts: 1 M Na,SO4 (Lach-ner, 99.3%), 17 m NaClO4 (Alfa-Aesar,
98%), 8 m NaTFSI (Sodium (I) Bis(trifluoromethanesulfonyl) imide,
Solvionic, 99.5%), 28 m KAc + 8 m NaAc ((Potassium Acetatet+Sodium
Acetate) VWR, 99.5%). For non-aqueous electrolyte cells, 1 M NaPFg
(FluoroChem, battery grade) in diglyme (DG, Sigma-Aldrich, anhydrous,
99.5%) or ethylene carbonate (EC, UBE, battery grade): diethyl carbonate
(DEC, UBE, battery grade) (3:7 by volume) or ethylene carbonate (EC, Acros
Organics, 99+%): propylene carbonate (PC, Acros Organics, 99.5%) (5:5 by
volume) organic solutions were used. All electrolytes were prepared by simply
mixing the appropriate amounts of the salts in s solvent at room temperature.
Electrochemical measurements in organic electrolyte were performed in order
to compare the results with aqueous systems and to verify that the
electrochemical activity limitations is mainly related to the electrolyte and not
the material itself.
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3. RESULTS AND DISCUSSION

3.1.  Titanium-based materials for Na-ion battery negative
electrodes

3.1.1. Motivation

There is a growing interest in the exploration and development of
alternative negative electrode materials due to very low Na intercalation
capacity of graphite.'™ ' NASICON-structured NaTix(PO4); (NTP) stands
out with its exceptional cycling, rate capability and thermal stability, low
volume changes during cycling, low cost and environmental friendliness. NTP
has trigonal symmetry with R3¢ (No. 167) space group. It possesses a three-
dimensional open framework in which [TiO¢] octahedra share all corners and
[PO4] tetrahedra provide large interstitial spaces for Na ion diffusion (Fig.
11).'% Theoretical capacity of NTP is 133 mAh g for two Na ions at the
potential of ~2.1 V vs Na"/Na or -0.8 V vs Ag/AgCL% '° Although, this
potential is too high for practical non-aqueous batteries, it is suitable for
aqueous SIBs because it is very close to the hydrogen evolution potential
(negative limitation of aqueous potential window). However, NTP has several
drawbacks. For example, its low conductivity and insufficient aqueous
stability which limit electrochemical performance due to various parasitic

processes leading to pH changes, metal leaching and material dissolution.’®
107

Fig. 11. Crystal structure of NaTi(POs)s,
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Ion insertion kinetics, specific capacity, CE% and electrochemical stability
highly depend on the structure, morphology, particle size and phase purity of
the electrode material.'® ' 1% 19 Several synthesis methods are widely
employed for NTP preparation: solid-state,''’ sol-gel,'"", hydrothermal,'"?
ball-milling,'”® spray-drying,'" electrospinning,''* etc. The solid-state method
is simple, low cost, easily scalable. NTP prepared by this route shows decent
electrochemical performance including high cycling stability and rate
capability.' However, this method often results in inhomogeneity, may
introduce impurities, as well as requires high temperatures, and has poor
particle size and morphology control which limits its potential to synthesize
nanoscale materials with desired morphology.''® Sol-gel technique is another
simple and widely used synthesis method for NTP. The influence of purity,
degree of crystallinity, and properties of carbonaceous phase on NTP
electrochemical performance were recently investigated.''® However, this
method often requires extended processing times and may introduce
complexity in the synthesis. Additionally, some sol-gel precursors can be
expensive, and scaling up the process for industrial production could present
challenges.'"” Hydro(solvo)thermal is one of the most suitable soft chemical
methods for material synthesis producing high phase purity and crystallinity
as well as narrow (nanoscale) size distribution, homogeneity and ability to
control particle morphology.'"® For instance, particle downsizing and
morphology control could improve charge transport of NTP by reducing the
ionic and electronic transporting paths, e.g., cubic or spherical particles could
pack with lower steric hindrance and better contact.'® ''*'2° Several different
morphologies of NTP nanoparticles such as cubic,'”! mesoporous
microflowers,'?* plate-like,'* or nanowire clusters,'** etc. have been reported.

The nucleation rate, temperature, pressure, precursor concentration,
agents, synthesis media etc. play a significant role in phase and morphology
formation in hydro(solvo)thermal synthesis.'*> A lot of organic solvents used
in this synthesis method are expensive, toxic and environmentally harmful.'*
Water or at least aqueous mixtures would be highly beneficial due to their

sustainability.'?” 28

3.1.2. Synthesis

NaTiz(PO4); nanoparticles were synthesized via a hydro(solvo)thermal
method (Fig. 12). In a typical synthesis, CH3COONa (0.003 mol, Chempur,
>99.0%) was dissolved in H3PO4 (10 mL, Reachem, 85 wt%), and then
CH;COOH (10 mL, Lach-ner, 99.8%) together with solvent (40 mL,
Honeywell, > 99.8%) were added to the mixture. The solvent consisted of one
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of the alcohols: methanol (CH3OH, Reachem), ethanol (CH3;CH,OH,
Honeywell), 1-propanol (CH3;CH,CH,OH, Chempur), 2-propanol
(CH3CHOHCH3, Reachem), or ethylene glycol (CHOHCH,OH, Chempur)
and deionized water in different volume ratios (5:0, 4:1, 3:2, and 2:3).
Afterwards, a separate mixture of CisH3604Ti (1.4 mL, Acros Organics,
>98%) and solvent (10 mL) was prepared and added dropwise into the
previous solution under vigorous magnetic stirring. The final solution
obtained after continuous stirring for 30 min at room temperature was
transferred into a 100 mL Teflon-lined stainless-steel autoclave heated to
180 °C for 12 h. Additionally, a series of samples was synthesized at different
temperatures (120-200 °C) when ethanol was used as a solvent.

Eventually, the obtained white precipitate was collected, washed several
times by centrifugation with distilled water and ethanol, and subsequently
dried at 80 °C overnight. The resulting particles were coated with a layer of
carbon by homogeneously mixing additionally ball-milled (1 h at 900 rpm)
NTP powder (70 wt%, (usually, 0.7 g)) and of citric acid (30 wt% (0.3 g),
HOC(CH,CO;H),, Lach-ner, G.R.) in distilled water (50 mL). The resulting
mixture was dried at 80 °C for several hours for complete water elimination.
The obtained white powder was reground and annealed at 700 °C for 2 h in
N, atmosphere.

Solvothermal synthesis
Washing 3
30 min mixing times with Dryingat
CH,COONa at room temp. H,0 80°C
H;PO, 5 E— —
CH,COOH
NaTi(PO,)
nanoparticles

Fig. 12. Hydro(solvo)thermal synthesis scheme of NaTi,(PO4).

3.1.3. Structural characterization

Several different series of NaTiy(PO4); nanoparticle samples were
synthesized by a hydro(solvo)thermal method. First, different synthesis
temperatures ranging from 120 to 220 °C were investigated. The obtained
powder XRD patterns presented in Fig. 13 show that the studied temperature
range does not have strong influence on the NTP phase formation. All
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observed sharp peaks indicate a high degree of crystallinity and agree very
well those reported in literature''® '*"* ' and could be indexed to the R3c
(No. 167) space group typical for the high-temperature NASICON-type
phase.'” No additional phases were detected in the XRD.

A I 220 °C
\ H 200 °C

180 °C

160 °C

Intensity [a.u.]

140 °C

’ 120 °C

NTP| | I e I
T T T T T T T T T T T

10 20 30 40 50 60 70
20 [7]

Fig. 13. Powder XRD patterns of NTP samples prepared at different
solvothermal synthesis temperatures.'?’

The effect of synthesis temperature for the particle morphology and size
were investigated by Scanning Electron Microscopy (SEM). Fig. 14 shows
that all synthesized NTP nanoparticles have cubic morphology and an average
size of ~60 — 70 nm for 120 — 180 °C. Higher synthesis temperature yields
slightly bigger particles ~87 nm and ~142nm for 200°C and 220 °C,
respectively. For the further investigation, 180 °C was selected due to the
suitable average particle size and high degree of crystallinity.
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Fig. 14. SEM images and particle size distribution histograms of NTP
samples prepared at different solvothermal synthesis temperatures: 120, 140,
160, 180, 200 and 220 °C.

Moreover, the influence of synthesis media on the phase purity and
morphology of NTP was also investigated. Five different alcohols such as
methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH), 2-propanol
(2-PrOH), and ethylene glycol (EG) were used either pure (denoted as 5:0
ratio) or mixed with water at different volume ratios: 4:1, 3:2, and 2:3. The
obtained powder XRD patterns presented in Fig. 15 show that in the case of
pure solvents, NTP phase with a high degree of crystallinity is obtained.
However, small additional peaks start to appear at 11.5, 25.7 and 25.9° for 4:1
1-PrOH, 3:2 EtOH, 2-PrOH and EG, and 2:3 MeOH mixtures. Later, the
additional peaks grow with increasing water concentration in the reaction
media. In all cases, the additional peaks could be attributed to the monoclinic
(P2,/c, No. 14) a-Ti(HPO4),-H,O (THP) phase."*" In the presence of water,
the appearance of white milky suspension is witnessed during synthesis which
is a result of immediate hydrolysis and polycondensation of titanium butoxide
to TiO, which under solvothermal conditions which further reacts with H3PO4
to yield THP.
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Fig. 15. Powder XRD patterns of NTP samples prepared in different
solvothermal synthesis media (5:0, 4:1, 3:2, and 2:3 correspond to volume
ratios between water and alcohol).!?* 1%

The morphology and particle size distribution also depend on the synthesis
medium as is shown in Fig. 16 and Fig. 17. In case of pure alcohols, NTP
nanoparticles have cubic morphology. One exception is EG, which results in
a spheroidal particles with the smallest size of ~58 nm. This synthesis media
has stronger intermolecular interactions and higher viscosity which limits
diffusion and prevents the particle growth."*' However, the additional water
weakens this effect and leads to increasing particle size and sharper shape.
Additional water for other alcohols also affects the shape and size of particles.
For example, in MeOH, the surface of cubes becomes more defective, and if
the ratio is 3:2, the cubic crystals grow on top of each other which is not
observed in other samples. In EtOH and 2-PrOH (4:1), particles grow irregular
with a lot of surface defects, and resemble agglomerates. However, this is not
observed for 1-PrOH and EG (4:1). The addition of water in the synthesis
leads to the larger size of the particles but the shape stays cubic and very
uniform. THP impurity phase has its specific hexagonal microplate
morphology'** which could be clearly observed in the samples with higher
amount of water (some 2:3, all 3:2) which correlates well with previous XRD
results.
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Fig. 16. SEM images of NTP sample nanomorphology prepared in
different solvothermal synthesis media.
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Fig. 17. Particle size distribution histograms of NTP samples prepared in
different solvothermal synthesis media as determined by ImagelJ software
(asterisk (*) denotes that the particles are mostly comprised of impurity
phase).

In order to investigate the surface area of NTP nanoparticles, BET analysis
was performed. The results in Fig. 18 show a clear correlation between the
measured specific surface area and size together with morphology. Smaller
nanoparticles synthesized with pure alcohols have higher surface area from
319 to 52.6m’*g ' while those obtained with additional water are
characterized by a smaller area of 15.3—-342m’g"' which is due to
increasing irregularity in particle shape, surface and size.
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Fig. 18. BET specific surface area analysis results for NTP samples
prepared in different solvothermal synthesis media.

The influence of synthesis media on the particle formation was also
investigated by TEM. For the more detailed morphology analysis, four
different samples were chosen: 5:0 EG with spherical particles, 4:1 EG with
uniform cubes, 2:3 — with THP impurity and 4:1 2-PrOH with irregular ones.
The results in Fig. 19 show that spherical and irregular particles consist of
smaller NTP crystallites, whereas cubic particles are monocrystalline. This
could suggest that the spherical and irregular particles have been formed by a
coalescent growth while the cubic ones by Ostwald ripening.'** The difference
between sample morphology of the same formation mechanism could be
related to the distinctive surface tensions of EG and 2-PrOH."** 1%°

P

Fig. 19. TEM images of NTP samples prepared in different solvothermal
synthesis media: a) pure EG, b) 4:1 EG:water, c) 2:3 EG:water d) 4:1
2-PrOH:water.
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All previous results show that the solvent used in hydro(solvo)thermal
synthesis plays a crucial role in structural and morphological properties,
however there is no obvious correlation in terms of alcohol alkyl chain length,
branching or number of hydroxyl groups. The addition of water affects the
NTP purity and ability to control morphology, it could mean that different
alcohols have distinctive interaction with water and ability to bind it. In order
to explain the results and quantify the intermolecular interactions, relative
water activity (awaer) in these alcohol:water mixtures was chosen as a
descriptive parameter. It was estimated by a semi-empirical Aerosol
Inorganic—Organic Mixtures Functional Groups Activity Coefficients
(AIOMFAC) thermodynamic model designed for the calculation of activity
coefficients of different chemical species in inorganic — organic mixtures.**
138 1t should be noted that the true system in the hydro(solvo)thermal reactor
is significantly more complex due to the presence of salts with varying
solubility than the ambient conditions at which relative activities are
estimated. Nevertheless, the results in Fig. 20 of water activity with respect to
medium composition as a function of volume fraction (Qwawer) and synthesis
products serve as good proxy parameters to characterize synthesis results. All
alcohols have positive mixing enthalpy with 1-PrOH deviating the most, and
EG the least from ideality. This shows that 1-PrOH poorly interacts with
water, as awaer has the highest value among the studied mixtures. The results
indicate that all media where ayaer exceeds ~0.65 yields a significant presence
of THP or no NTP phase at all.
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Fig. 20. Relative water activity in different reaction media used in this
work as evaluated by the AIOMFAC model together with the syntheses
results. %1%
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In order to improve the electrochemical properties and the electronic
contact between NTP particles, it is common to coat the material with a carbon
layer by pyrolysis. The obtained XRD patterns in Fig. 21 show that additional
calcination and coating the particles with carbon at 700 °C did not affect the
phase purity and crystallinity of the NTP. The morphology and particle size
of NTP are also not altered by the additional treatment (Fig. 22). The
thermogravimetry results in Fig. 23 show that the amount of carbon is about
4 wt% in all cases irrespective of solvothermal media.

Coated with carbon and pyrolyzed at 700 °C

Annealed at 700 °C

Intensity [a.u.]

Synthesized at 180 °C

NTP| | I e I T Iy N VRN
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40
26 []
Fig. 21. Powder XRD patterns of NTP samples: (bottom) as synthesized at

180 °C; (middle) annealed at 700 °C; (top) coated with carbon and
pyrolyzed at 700 °C.
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Fig. 22. SEM images and particle size distribution histograms of NTP
samples (left to right) as synthesized at 200 °C; annealed at 700 °C; coated
with carbon and pyrolyzed at 700 °C.
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Fig. 23. Thermogravimetric curves of NTP samples prepared in different
solvothermal media.

3.1.4. Electrochemical performance

The quality and properties of electrodes affect the final electrochemical
performance of a SIB cell. It has been reported that particle size and size
distribution have a significant influence on battery behavior."** For this
purpose, milling of the active material powders after coating with carbon was
investigated. Previous results showed that this coating does not affect the
phase and morphology of the NTP particles, but the additional milling
improves overall particle size distribution (reduces the size of carbon
agglomerates) and enhances the electrochemical performance (Fig. 24a).

The slurry preparation protocol, its composition including binder, solvent,
carbon as well as their concentration with solid loading play a crucial role in
final electrode quality.'® In this work, the slurry preparation method was
always the same as it is described in the experimental part. However, the
electrode thickness was investigated as it directly affects the energy density of
the battery. Slurries were casted as 100, 300, 500 and 750 um films on
aluminum foil. It is clear from Fig. 25 that the maximum thickness for this
slurry preparation method is 300 um. Too high mass loading leads to electrode
cracking. It should be noted that the real thickness of the electrode on
aluminum foil after drying changes to ~24 um and ~48 um from 100 pm and
300 pum, respectively. Even if the electrode obtained from 300 um thick wet
film looks smooth to the naked eye, some microcracks could be observed in
the SEM image (Fig. 26). These cracks become less important after

transferring the electrode film on the SS mesh due to pressing. The
43



electrochemical performance of final electrodes obtained from 100 um and
300 um wet films do not differ, with 300 um being just slightly more stable
(Fig. 24b). However, thicker electrodes can accommodate more active
material, leading to higher capacity and energy storage per area which is
important for practical applications.
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Fig. 24. GCD cycling performance of NTP electrodes prepared at
different conditions: a) ball-milled and not ball-milled powders, b)
electrodes obtained from 100 pm vs. 300 um wet film thickness.
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Fig. 25. Photographs of NTP electrodes on aluminum foil obtained at
different casting thickness.
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Fig. 26. SEM image of different thickness NTP electrodes on aluminum
foil and stainless-steel mesh.

First of all, the electrochemical performance of NTP was evaluated by
cyclic voltammetry (CV). Fig. 27 shows CVs of NTP synthesized in different
media which were recorded in 1 M Na,SOj4 (ag) electrolyte at the scanning rate
of 5 mV s within the potential window of -1.4 -0 V vs Ag/AgCl using
beaker-type cells. In all cases, a pair of redox peaks could be found at around
-1.0 V/-0.6 V which correspond to the reversible conversion of Ti*" to Ti**
accompanied by insertion/deinsertion of Na ions:

NaTix(POs); + 2Na” + 2e <> NasTio(PO4)3 (17)

Electrodes of NTP synthesized with pure MeOH and EG have sharper
current peaks which could be due to a higher specific surface area, less surface
defects, better contact with the conductive carbon and more close-packed
structure of a composite. In the case of EtOH or 2-PrOH, the current peaks are
wider and lower because of more irregular particle shape and broader particle
size distribution which affect the electrochemical kinetics. It should be noted
that the amount of impurity phase, which is electrochemically inactive, was
not subtracted from the electrode mass and the decrease in measured specific
current of some samples could be observed.
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Fig. 27. Cyclic voltammograms of NTP samples prepared in different
solvothermal media (2™ CV cycle) recorded at 5 mV s scan rate.
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In order to investigate the kinetic processes in NTP electrodes, a series of
CVs were recorded at different potential scan rates (v) from 0.1 mV s to
10 mV s™'. This particular electrode was prepared from NTP synthesized in
pure EtOH. The results in Fig. 28a show sharp voltametric peaks which retain
their shape as potential scan rate increases which could suggest facile and fast
Na ion insertion/deinsertion kinetics and exceptionally good charge/discharge
rate capability of these electrodes. The peak current values lay perfectly into
a linear dependence against v”? (Fig. 28b) and this indicates that NTP prepared
by hydro(solvo)thermal method exhibits an appropriate particle size,
morphology and degree of crystallinity resulting in electrochemical

performance which is limited only by Na solid-state diffusion.'*! '*?
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Fig. 28. a) Cyclic voltammograms of an NTP electrode obtained at
different potential scan rates (v) in 1 M NaxSOys aq); b) specific peak current
(Ipeax) dependence on the square root of the potential scan rate (v'’?).

Galvanostatic charge/discharge (GCD) cycling was used for evaluating the
specific discharge capacity, CE% and capacity retention of NTP synthesized
in different media. Fig. 29 and Fig. 30 show the results of GCD cycling for
100 cycles within the potential window from -0.6 V to -0.9 V (Ag/AgCl) in
1 M NaySOs (aq) electrolyteat 1C (1C = 0.133 A g") rate calculated based on
the theoretical capacity of NTP using beaker-type cells. In cases of pure
MeOH, 1-PrOH and EG, the initial capacities are higher and capacity
degradation is lower due to their smoother surface, better homogeneity, high
specific surface area, more active sites, and shorter diffusion path which
facilitate the insertion/deinsertion of Na ions. Capacity retention after 100
cycles presented in Fig. 31, for EtOH and 2-PrOH is lower than others due to
irregular morphology of particles. As active material dissolution (will be
explained later in this section) is the main degradation cause, more particle
defects lead to faster capacity decay. The best capacity retention of 95% was
obtained in a sample from pure 1-PrOH, this stability could possibly be
attributed to the largest particle size among pure alcohols. On the other hand,
the growing size of particles by adding water does not lead to better capacity
which implies that the particle morphology might be more important once the
optimal particle size (in this case ~120 nm) is achieved.
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Fig. 29. GCD cycling performance of NTP prepared in different
solvothermal media in 1 M Na;SOj (aq) €lectrolyte at 1C rate using beaker-
type cell (0.6 V to -0.9 V vs Ag/AgCl).
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Fig. 31. Capacity retention after 100 cycles of galvanostatic cycling
performance of NTP prepared in different solvothermal media in
1 M NazSOy4 (ag) solution at 1C rate.

The effects of aqueous electrolytes on GCD cycling performance at 1C rate
using Swagelok-type cells were investigated with EG (4:1) sample. It has been
reported that highly concentrated or ‘water-in-salt’ electrolytes could expand
the stable voltage window up to ~3.0 V as well as decrease the dissolution of
the active material.'* In this work two highly concentrated electrolytes such
as 17 m NaClO4 a9 and 8 m NaTFSI (oq were compared with standard
1 M Na;SOy4 (aq. The results in Fig. 32 confirmed the positive effect of
17 m NaClOy (aq) for enhancing NTP electrochemical performance as the
initial capacity (89 mAh g"), CE% (98.6%) and capacity retention (~96%) is
better than in standard 1 M Na;SOs (aq) electrolyte. The long-term GCD
cycling at 1C rate using 17 m NaClO4 (a) electrolyte exhibited excellent results
(Fig. 33), the capacity retention of NTP after 900 cycles is 89.9% and CE% is
98.6%.
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Fig. 33. GCD cycling performance of NTP prepared in EG (4:1) in
17 m NaClOs aq) at 1C rate.

GCD cycling at different C-rates (0.1 — 1000C) for NTP synthesized with
pure EtOH was also performed. The initial discharge capacity for 1C is
~100 mAh g, for 10C is ~90 mAh g, for 100C and 1000C is ~75 mAh g
(Fig. 34). It should be noted that these 1C results differ from the ones in Fig.
29 for EtOH due to slightly different electrode preparation procedures (no dry
mixing) and the different thickness of the electrode. Initial specific discharge
capacity, CE% and capacity retention after 100 cycles for other C-rates are
summarized in Fig. 35. Capacity degradation is much more pronounced at low
rates (2C and below). For example, the capacity of 0.1C rate decreased to
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5mAh g just after 37 cycles, while the capacity retention at 10C rate after
100 cycles was ~90%. It is also clear that CE% increases with C-rate. The
capacity values were irreversible, i.e., the initial capacity was not recovered
after going back to faster charging,'** '*° which suggests that some irreversible
process occurred in the electrode during cycling in aqueous media and led to
a permanent loss of capacity. Nevertheless, these NTP nanoparticles exhibit
outstanding results at very fast charging/discharging.
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Fig. 34. Specific capacity dependence on C-rate of NTP electrodes during
galvanostatic charge/discharge cycling in 1 M Na;SOj (ag).
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Fig. 35. GCD rate dependence of NTP specific discharge capacity: a) 1%
cycle, b) CE% of the 100™ cycle and c) electrode capacity retention after 100
cycles. Note: only 37 cycles were recorded at 0.1C rate.

The degradation of NTP during GCD cycling was analyzed using ICP-
OES. The electrolyte solution from the cell was collected after 100 cycles at
different C-rates together with electrolytes in which electrodes were simply
soaked for 24 — 312 h under ambient conditions in order to check for dissolved
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amount of Ti and P. The results in Fig. 36 indicate a significant dissolution of
NTP during GCD cycling. However. Ti was not detected in the soaked
samples while the amount of P (normalized by the active material mass of the
electrode) ranged between 0 and 2.4-10~° mg which is an order of magnitude
less than the smallest amount of P found after GCD cycling. Interestingly, the
mass ratio of Ti:P should be close to 1:1 (M(Ti)=51.90 gmol”,
M(P) =30.97 g mol™) in the NaTiy(PO4); but the amount of P detected in the
electrolyte is up to 100 times higher than Ti and is decreasing with increasing
C-rate. These results are consistent with capacity retention (Fig. 35¢), i.e., the
more P is dissolved, the less capacity remains after 100 cycles (Fig. 35a). In
the case of cycling at 0.1C rate for only 37 cycles, the detected amount of P
was equivalent to the total amount of P in the active electrode material and
only ~5mAhg' of capacity was remaining which implies a complete
dissolution of the active material. Although these results are more qualitative
due to high interreference from Na present in 1 M Na,SOs electrolyte and
analyzed elements in ICP-OES. As there is no obvious correlation between
GCD results and the amount of dissolved Ti (Fig. 35b), this suggests that P is
leached out to the electrolyte while Ti remains insoluble either as part of a
host structure or forming an interphasial layer on the electrode surface during
electrochemical degradation of NTP.!”” ICP-OES results suggest that the
dissolution of NTP is electrochemically induced process and one of the main
contributors to the capacity degradation in aqueous electrolytes. Material
degradation is also related to the duration the electrode stays polarized at a
certain potential range during cycling as the capacity loss was much more
pronounced at lower C-rates (< 5C).
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Fig. 36. Variation of the a) P and b) Ti amount detected in electrolyte after
100 GCD cycles with respect to the C-rate. The experiments were performed
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under ambient conditions; the elemental weights were normalized by the
active material weight in a given electrode. Note: only 37 cycles were
recorded at 0.1C rate.
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The formation of interphasial layer of amorphous Ti(HPO4),/Ti(H2PO4)4
on the electrode surface during electrochemical degradation of NTP in
aqueous media was suggested by Zhan and Shirpour.'”” These layers inhibit
the diffusion of Na ions into the active particles and cause capacity fade.
Another study showed that NTP chemical dissolution is related to pH. In
aqueous solutions of NaOH it slowly begins at pH > 11 and accelerates after
pH > 13. The same study also suggested that the formation of secondary phase
acts as a sink for dissolved Ti.'** Reactions which can generate OH™ and
increase the pH in this system and probably lead to dissolution are as follows:

2H,0 + 26" > Hy + 20H" (18)
2Na3Ti2(PO4)3 + 0, +2H,0 <« 2NaTi2(PO4)3 +4Na" + 40H" (19)
Na3Ti2(PO4)3 +2H,0 < NaTiz(PO4)3 +2Na" + H, + 20H" (20)

Reaction (18) is the hydrogen evolution reaction (HER) which could
appear on the surface of the active material, carbon black or SS-mesh current
collector. Even if the HER is thermodynamically possible at E <-0.61 V vs
Ag/AgCl (pH ~7), the overpotential for this reaction on the surfaces
mentioned previously is usually relatively high.'"’ Additionally, the CV
measurements (Fig. 27 and Fig. 28) show that HER is almost negligible at
E>-13V vs Ag/AgCl.

Reaction (19) is the chemical self-discharge reaction between reduced
form of NTP and dissolved oxygen, while Reaction (20) is the self-discharge
process moderated by water. Both are thermodynamically possible under the
typical experimental conditions.

Previous results'”” ¢ showed that increasing pH leads to chemical
dissolution of NTP together with formation of some, likely amorphous, layer
on the surface which, apparently, is not a sufficient protection from dissolved
oxygen even kinetically. There are strategies used to stop the degradation in
aqueous SIBs. One is related to the engineering of the electrolyte and different
additives to form Solid Electrolyte Interphase (SEI),'** '* another — the
engineering of the surface of active material by forming various protective
layers by top-down or bottom-up techniques. The atomic layer deposition
(ALD) is one of the most popular of the previous one, it has been widely
reported that ALD of Al,Os, TiO: or SiO; efc. on active material particles or
electrodes themselves leads to the suppression of transition metal dissolution
and leaching."”*'** ALD experiment was also successfully performed in this
work on NTP electrodes. The results show a significant decrease of the self-

discharge rate and degradation of capacity, especially > 1C rates.'>*'>*
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Electrochemical performance study of NTP prepared by
hydro(solvo)thermal method using EG (4:1) as synthesis media was
additionally carried out in an organic electrolyte in order to compare it with
aqueous system and to verify that the capacity loss is mainly related to the
electrolyte and not the material itself. Fig. 37 shows CVs which were recorded
in 1 M NaPFs in DG electrolyte at the scanning rate of 0.5 mV s™ within the
potential window of 1 —3.5 V vs Na'/Na using a Swagelok-type cell. A pair
of redox peaks of Ti*"/Ti*" could be found at around 2 V/2.2 V which agrees
well with previous aqueous results (Fig. 28) and those reported in the

literature.'?* 15
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Fig. 37. Cyclic voltammograms of NTP sample prepared in EG (4:1)
solvothermal media in organic electrolyte recorded at 0.5 mV s ' scan rate.

GCD measurements were performed for 300 cycles within the potential
window from 1.5 to 2.9V vs Na'/Na at 1C with 1 M NaPFg in EC:DEC
(3:7 vol%) and 1 M NaPFs in DG electrolytes using a Swagelok-type cell (Fig.
38). The results in DG electrolyte indicate a more stable electrochemical
performance of NTP than in the mixture of EC:DEC which could be attributed
to the difference of SEI chemical composition.'*® Initial discharge capacity,
CE% and capacity retention after 100 cycles in DG electrolyte are
103 mAh g'l, 99.9% and 98%, respectively, which is much better than the
previous results in aqueous media. The C-rate capability (0.1 —20C) of NTP
with DG electrolyte experiment (Fig. 39) shows that increasing rate leads to
lower capacity due to kinetic limitations."”” NTP electrode delivers
65 mAh g at 20C which fully recovers to the initial capacity values of 1C
and 0.1C and suggests excellent reversibility.
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Fig. 38. GCD cycling performance of NTP prepared in EG (4:1)
solvothermal media in organic electrolyte at 1C rate.
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Fig. 39. GCD cycling performance of NTP prepared in EG (4:1)
solvothermal media in organic electrolyte at different C-rates.

3.1.5. Summary
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(120 — 220 °C) results in larger particle size (60 — 142 nm), however it does
not affect the phase purity of NTP.

[} Hydro(solvo)thermal synthesis medium (methanol, ethanol,
1-propanol, 2-propanol, and ethylene glycol and their mixtures with water at
volume ratios of 4:1, 3:2, 2:3, respectively) significantly affects the
nanoparticle shape, size and phase purity. The addition of water leads to the
formation of a-Ti(HPOs),-H>O impurity phase as well as increase in particle
size of NTP.

[} The relative water activity in the mixtures with different alcohols is
the key parameter for controlling the hydro(solvo)thermal synthesis product.
1-Propanol shows the highest water activity even at low water contents while
ethylene glycol is the closest to the ideal mixing with lowest relative water
activity among studied alcohols.

[} NTP nanoparticles with irregular shape and more surface defects
result in lower initial capacities and faster capacity fade.

=} [rreversible NTP capacity decay is related to a chemical degradation
process during electrochemical cycling, which is especially significant at low
C-rates (< 1C). There is no direct relation between the capacity fade and the
amount of dissolved titanium but a direct one with the amount of dissolved
phosphorus which could be explained by the formation of titanium containing
insoluble passivating layers.

W} Sclf-discharge related to oxygen reduction is the main cause of local
pH increase which leads to NTP degradation together with fast capacity decay
and low Coulombic efficiency.
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3.2.  Manganese-based materials for Na-ion battery positive
electrodes

3.2.1. Motivation

Among various electrode materials such as oxides, polyanionic materials,
Prussian blue analogous, and organic compounds those containing Mn are
attracting a lot of attention because of its wide abundance, low cost, non-
toxicity and environmental friendliness.'”*'®® Mn has multiple oxidation
states: Mn?", Mn>", Mn*", Mn®" and Mn’. Mn*’/Mn** and Mn*/Mn*" redox
reactions are typically electrochemically accessible and show interesting
electrochemical properties such as high electrode potential, and high specific
capacity.'”® Recently, various Mn-based compounds such as Na,MnPO,F,'®!
Na,MnP,0-,'%* Na,MnO,,'** Na,MnFe(CN)s'* etc. were widely studied. For
example, MnO; has a theoretical capacity of 308 mAh g or 617 mAh g™ for
one or two electron transfer, respectively. However, in aqueous electrolytes it
reversibly exhibits only ~80 mAh g'.'%®

Mn dissolves from active material into the electrolyte during
electrochemical cycling process which compromises the application of such
electrodes.'®® "7 Mn dissolution results in structural degradation and capacity
fade together with Min-based materials deposition on the negative side.”” There
are reported several mechanisms of such dissolution which include the
dissolution by electrolyte or Jahn-Teller distortion effect of Mn**, however all
of them require further investigation.'®® '® Material doping, structural or
surface modifications and electrolyte optimization could be used to address
these issues.' """

NasMn3(PO4)2(P207) (NMPP) is one of a particularly promising mixed-
polyanionic SIBs materials with a theoretical capacity of 129 mAh g"' and
electrode potential of 0.9 V vs Ag/AgCl. NMPP has orthorhombic Pna2,
(No. 33) space group where infinite chains of [Mn3;P,013]. parallel to the b-c
plane are connected along the a-axis by [P.O;] groups (Fig. 40). This
disphosphate connection produces large channels for Na ion movement. There
are four Mn octahedral sites which are connected via edge or corner sharing.'”
Kim et al. have reported that ionic mobility of Na is not decreased by the
structural changes induced by Jahn-Teller distortion but, oppositely, it opens
up the Na diffusion channels and enhances the Na insertion/deinsertion
kinetics.”® Their NMPP sample demonstrated initial capacity of 129 mAh g
at C/20 rate using organic electrolyte with capacity retention of 82% after 100
cycles.”
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Fig. 40. Crystal structure of NasMn3(PO4)2(P.0O7).

NasMnPO4CO; (NMPC) is another material similar to NMPP which
demonstrates high potential (~4 V vs Na'/Na), high theoretical capacity of
191 mAh g' for two-electron reaction per formula unit via redox of
Mn**/Mn*" and Mn*'/Mn*". Sidorenkite NMPC crystallizes in the monoclinic
P2;/m (No. 11) space group (Fig. 41). Each Mn is at the center of an
octahedron which shares 4 vertices with tetrahedral [PO4] groups and an edge
with a [COs] group while Na ions occupy two different sites: coordinated by
7 and 6 oxygen atoms.'’* Xie et al. have reported that their NMPC sample
synthesized by a ball-milling method exhibited ~134 mAh g in organic
electrolyte at 1/30C and the same capacity value in 17 m NaClOj @)
electrolyte at 0.5C, however only for 30 cycles.'”

Fig. 41. Crystal structure of NasMnPO4CO:s,
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3.2.2. Synthesis

NasMn;3(PO4),P,0O; was synthesized via a solid-state method (Fig. 42a). In
a typical synthesis, NasP,O; (0.0081 mol, ChemPur, p.a.), MnC;O4
(0.0145 mol, ChemPur, p.a.), and NH4sH,PO4 (0.0097 mol, Honeywell, 99+%)
were mixed using wet (2-propanol) ball-milling at 350 rpm for 2 h. The dried
mixture was calcined at 300 °C for 6 h and subsequently at 600 °C for 6 h, in
ambient air. Obtained light brown powders were post-processed at 350 rpm
for 2 h using a ball-mill. The resulting particles were coated with a layer of
carbon by homogeneously mixing additionally ball-milled (1 h at 900 rpm)
NMPP powder (70 wt%, (usually, 0.7 g)) and of citric acid (30 wt% (0.3 g),
HOC(CH,CO;H),, Lach-ner, G.R.) or glucose (0.3 g, CsHi20s, Reachem,
G.R.) in distilled water (50 mL). The resulting mixture was dried at 80 °C for
several hours for complete water elimination. The obtained powder was
reground and annealed at 600 °C for 6 h under N, atmosphere. The resulting
black powders were again ball-milled at 350 rpm for 2 h to achieve a uniform
final particle size distribution.

NasMnPO4CO; was synthesized via a hydrothermal method (Fig.
42b). In a typical synthesis, Na,COj3 (0.0943 mol, ChemPur, 99.8%) together
with (NH4):HPOj4 (0.02 mol, ThermoFisher, 98%) were dissolved in distilled
water (50 mL) to form a clear solution. At the same time, Mn(NOs3),
(0.01 mol, ChemPur,) was dissolved in 25 mL of water and then quickly
transferred to the first solution under vigorous magnetic stirring. The white
suspension obtained after continuous stirring for 30 min at room temperature
was transferred into a 100 mL Teflon-lined stainless-steel autoclave and
heated at 180 °C for 15 h. Several series of NMPC samples were prepared by
different synthesis temperature (120, 160 and 180 °C) and amounts of
precursors: (NH4)HPO4 (0.03, 0.02, 0.015 and 0.001 mol), Mn(NO3), (0.02,
0.015, 0.01 and 0.005 mol) in the final hydrothermal solution (75 mL). The
obtained light brown precipitate was collected and washed several times by
centrifugation with distilled water and acetone, and subsequently dried at
80 °C overnight. The dried sample was again ball-milled at 350 rpm for 1 h to
achieve a uniform particle size distribution.
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Fig. 42. a) Solid-state synthesis scheme of NasMn3(PO4),P,07 and
b) hydrothermal synthesis scheme of NasMnPO4CO:s.

3.2.3. Structural characterization
3.2.3.1. NasMn3(PO4)2P207

NasMn3(PO4),P,07 was synthesized by a conventional solid-state method.
The powder XRD pattern and its Rietveld refinement results in Fig. 43 show
the presence of sharp diffraction peaks which indicate high crystallinity. This
crystal structure was determined to be orthorhombic Pna2; (space group
No.33).”® The calculated lattice parameters are as follows:
a=17.9999327) A,  b=10.7455017) A,  c¢=6.64863(10) A  and
V =1285.97(4) A®. However, ~22.0 wt% of NaMnPO, impurity was also
detected in this sample by XRD. The morphology of NMPP was investigated
using SEM. Fig. 44 indicates that particles are irregularly shaped and few
micrometers in size with broad size distribution.
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Fig. 43. Powder XRD patterns and Rietveld refinement results of NMPP
synthesized by solid-state method.” '7®
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Fig. 44. SEM image of NMPP synthesized by solid-state method.

In order to improve the electronic contact between ceramic particles, the
NMPP was additionally coated by a carbon layer using post-synthetic
pyrolysis. Citric acid or glucose are usually used as carbon precursors as these
carbon-rich compounds are low cost, easily decompose and homogeneously
distributed on the material surface.'””"'" In this case, only glucose is suitable
for carbon coating which results in ~5 wt% of carbon (Fig. 45 and Fig. 46).
XRD pattern shows that with citric acid NMPP mainly decomposes to Mn,Os,
possibly due to NMPP solubility in acidic media at higher temperature.
Moreover, additional heating at 600 °C with glucose results in a decreasing
amount of impurities which could suggest that more heating could lead to a
better yield and phase purity.
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Fig. 45. Powder XRD patterns of NMPP samples: (bottom) as synthesized at
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Fig. 46. Thermogravimetric and DSC curves of NMPP.

3.2.3.2. NasMnPO4CO3

NasMnPO4CO; was synthesized by a hydrothermal method. First, the
suitable synthesis temperature was determined. Powder XRD analysis (Fig.
47) revealed that 120 °C temperature is too low to obtain pure NMPC as
additional impurity of MnCOs is also visible. NMPC prepared at 160 °C and
180 °C exhibits pure phase and sharp peaks which indicate high crystallinity.
This crystal structure was determined to be monoclinic P2, /m (space group

No. 11).18!
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Even if the XRD results show pure materials, during centrifugation with
water. Two different phases with light and dark brown colors were clearly
visible (Fig. 49b). This could suggest the formation of additional impurity of
some amorphous phase. In order to reduce this impurity, different ratios of
precursors (Mn(NOs), and (NHs),HPO4) were used. If the amount of
Mn(NOs3), is 0.02 mol or 0.015 mol, while (NH4);HPO4 is 0.01 mol in all
cases, the XRD patterns (Fig. 48a) show the formation of NMPC together with
the impurity of MnCOs. If the amount of Mn(NO3), is lower (0.01 or
0.005 mol) XRD shows pure phase NMPC. However, all these cases show
two visible phases appearing during centrifugation (Fig. 49a, b, ¢ and d). On
the other hand, it is clear that increasing the amount of (NH4),HPOj4 leads to
lower amount of the ‘dark’ phase (Fig. 49e, f, g and h) but too much of it
(0.03 mol) brings additional impurity of NaMnPOj (Fig. 48b). In this study,
the most appropriate ratio was chosen as follows: 0.01 mol of Mn(NO3),,
0.02 mol of (NH4);HPO4 and synthesis temperature of 180 °C based on XRD
results and visibly less of amorphous phase. Further investigation of
electrochemical performance was conducted with this sample.
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Fig. 47. Powder XRD patterns of NMPC samples prepared at different
hydrothermal synthesis temperatures.'®' '*2
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Fig. 48. Powder XRD patterns of NMPC samples prepared with different
amounts of a) Mn(NOs), and b) (NH4),HPO4 precursors.'"® 18- 182
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Fig. 49. NMPC samples after centrifugation prepared with different
amounts of a-d) Mn(NO3); and e-f) (NH4),HPOj precursors.

The morphology of a selected NMPC sample was investigated using SEM.
Fig. 50 indicates that particles are of irregular shape and few micrometers in
size. In order to analyze the stability of this material, TGA under air or N»
atmosphere was performed. The results in Fig. 51 show that the decomposition
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of probably less stable [CO;] group starts at 550 °C. The additional coating
with carbon layer was not performed for NMPC in this work because it could
only be done at temperatures above 600 °C which, in this case, is too high.

| LI
Fig. 50. SEM image of NMPC prepared with 0.01 mol of Mn(NO3), and
0.02 mol of (NH4),HPO4 at 180 °C by hydrothermal synthesis.
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Fig. 51. Thermogravimetric and DSC curves of NMPC prepared with
0.01 mol of Mn(NOs3), and 0.02 mol of (NH4),HPO4 at 180 °C by
hydrothermal synthesis.

3.2.4. Electrochemical performance
3.2.4.1. NasMn3(PO4)2P207

For the initial electrochemical characterization, CVs of NMPP samples
were performed using 1 M Na;SOy4 oq) electrolyte at the scanning rate of
5mV s within the potential window of 0 — 1.4 V vs Ag/AgCl using beaker-
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type cells. In this case, a pair of redox peaks should be at around 0.8 V/1.0 V
which would correspond to the reversible conversion of Mn*" to Mn**
accompanied by insertion/deinsertion of Na* ions:™

NasMn3(PO4),P,07 <> NaMn3(PO4),P,07 + 3Na" + 3¢ 21

The first cycle (Fig. 52) shows only a single anodic peak at 1.0 V vs
Ag/AgCl which corresponds to one electron redox of Mn**/Mn**. However, it
disappears in further cycling, which indicates fast active material
electrochemical degradation.'®
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Fig. 52. Cyclic voltammograms of NMPP 1 M Na,SO4 (aq at 5 mV s~
scan rate.

GCD cycling was used for the determination of specific discharge capacity
and CE% of NMPP electrodes. Fig. 53 shows the GCD cycling for 100 cycles
within the potential widow from 0V to 1.2V (Ag/AgCl) at 1C
(1C=0.129 A g ") rate calculated based on the theoretical capacity of NMPP
in 1 M NaSO4 aq or 17 m NaClOauq) using Swagelok-type cells. Specific
initial charge and discharge capacities for standard electrolyte are 74 mAh g
and 15 mAh g, respectively, which agree with the CV results for the first
cycle. Charge capacity drops rapidly in the second cycle and stays at only
~24 mAh g which is too low for a suitable SIBs positive electrode material.
In concentrated electrolytes of 17 m NaClOag), the initial specific charge and
discharge capacities are much lower: 23 and 8 mAh g™, respectively, which
suggest that a more concentrated electrolyte does not help to decrease the rapid
degradation of NMPP.
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Previous studies of Mn-based materials showed that there is a significant
Mn dissolution (but not all) into the electrolyte due to the stability of Mn*" 4
species. However, this cannot explain the full capacity loss.'®* Probably, there
is a formation of insoluble and electrochemically inactive layer in the initial
cycles which blocks Na-ions insertion/deinsertion and limits the performance,
similar to the previously discussed NTP degradation mechanism. The slightly
higher capacity in standard electrolyte (Fig. 53) could came from these newly
formed Mn-based layers as NMPP should dissolve faster in it than in
concentrated electrolytes which show much lower capacity values.
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Fig. 53. GCD cycling performance of NMPP in different aqueous
electrolytes at 1C rate.

Electrochemical performance investigation of NMPP was also done in
organic electrolytes in order to compare it with aqueous systems. Fig. 54
shows CVs which were recorded in 1 M NaPFs in DG electrolyte at the
scanning rate of 0.5 mV s™' within the potential window of 1.5-4.5V vs
Na'/Na using Swagelok-type cells. Only the first two cycles show anodic and
cathodic redox peaks at around 3.6 V/4.0 V for Mn*/Mn’" with very low
currents which completely fade out in further cycles and suggest fast NMPP
degradation even in organic electrolytes.
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Fig. 54. Cyclic voltammograms of NMPP in organic electrolyte at
0.5 mV s' scan rate.

GCD measurements were performed for 100 cycles within the potential
window from 1.7 to 4.5V vs Na'/Na at 1C with 1 M NaPFs in EC:DEC
(3:7 vol%) and 1 M NaPFs in DG electrolytes using Swagelok-type cells (Fig.
55). Both electrolytes show similar electrochemical performance. Initial
discharge capacity, CE% and capacity retention after 100 cycles of DG
electrolyte are 20 mAh g, 98.8% and 51%, respectively, which does not
differ much from the previous results in aqueous media. Actually, there are
only a few publications which claim NMPP to be a reasonable positive
electrode material for SIBs.”® '® However, even if the synthesis method and
structural results of this study are similar to them, the electrochemical
performance suggests that NMPP is not a suitable material neither for aqueous
nor for organic SIBs.
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3.2.4.2. NasMnPO4CO3

For the initial electrochemical characterization, CV of a NMPC sample
was performed in 1 M Na;SOj (g electrolyte at the scanning rate of S mV s
within the potential window of 0 — 1.4 V vs Ag/AgCl using beaker-type cells.
In this case, two pairs of redox peaks at around 0.5 V/0.6 V and 1.0 V/1.2 V
vs Ag/AgCl are visible which would correspond to the two-step reversible
conversion of Mn?* to Mn*" accompanied by insertion/deinsertion of Na®

ions:'®

NasMnPO4+CO; < Na,MnPO4CO; + Na'+e (22)
Na,MnPO4CO; <> NaMnPO4CO; + Na' + ¢ (23)

The first cycle (Fig. 56) shows only anodic peaks at 0.7 V and 1.1 V vs
Ag/AgCl which probably corresponds to two-electron redox of Mn**/Mn**. In
the second cycle, no peaks are visible, whereas from the 4t cycle, there is a
reversible pair of redox peaks at around 0.85 V /1.0 V vs Ag/AgCl appearing
which remains stable in later cycles. This change of peaks could suggest the
dissolution of NMPC in the first cycle and the formation of an additional Mn-
based phase which is electrochemically active in later cycles.
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Fig. 56. Cyclic voltammograms of NMPC in 1 M Na;SOs (agat S mV s™'
scan rate.

GCD cycling was used for the determination of specific discharge capacity
and CE% of NMPC electrodes. Fig. 57 shows the results of GCD cycling for
100 cycles within the potential window from 0.6 V to 1.2 V (Ag/AgCl) at 1C
(1C=0.191 Ag"' based on the theoretical capacity of NMPC) in
1 M NaxSOs4 o) electrolyte using beaker-type cells. The initial charge and
discharge capacities of NMPP are 233 and 30 mAh g”', respectively, which
decrease rapidly in the following cycles and stay ~10 mAh g™, likely due to
dissolution similarly to the NMPP case. Therefore, NMPC is also not a
suitable positive electrode material for aqueous SIBs due to the lack of
stability.

Electrochemical performance of NMPC was also investigated in organic
electrolytes in order to compare it with aqueous systems. Fig. 58 shows CVs
which were recorded in 1 M NaPFg in DG at the scanning rate of 0.5 mV s’
within the potential window of 1.5 —4.5 V vs Na'/Na using Swagelok-type
cells. No peaks were observed during cycling, suggesting either limited
electrochemical activity or very fast capacity loss of NMPP even in organic
electrolytes.
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GCD measurements were also performed for 100 cycles within the
potential window from 1.5 to 4.5V vs Na’/Na at 1C in 1 M NaPFs in DG
electrolyte using Swagelok-type cells (Fig. 59). Initial charge capacity is only
12.6 mAh g which decreases in the following cycles down to ~4 mAh g™,
The results in organic and aqueous electrolytes suggests that the NMPC
framework is electrochemically inactive due to possible dissolution or
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formation of insoluble and inactive phases which limit its electrochemical
response.
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Fig. 59. GCD cycling of NMPC electrode in organic electrolyte at 1C.

3.2.5. Summary

[} Na,Mn;(PO4),P,07 was successfully synthesized via conventional
solid-state method. However, XRD results showed some additional impurity
phase of NaMnPOs.

[} Na;MnPOsCO; was successfully synthesized via hydrothermal
method. Appropriate synthesis conditions such as temperature (180 °C) and
precursor ratio (0.01 mol of Mn(NOs), and 0.02 mol of (NH4),HPO4) were
determined.

= NMPP and NMPC have very limited electrochemical activity in both
organic and aqueous electrolytes. The results suggest that degradation
processes such as material dissolution and/or formation of insoluble and
inactive surface phases make these materials electrochemically unstable and
inactive. Therefore, the results suggest that NMPP and NMPC are not suitable
as positive electrode materials neither for aqueous nor non-aqueous SIBs.
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3.3.  Iron-based materials for Na-ion battery electrodes
3.3.1. Motivation

Iron is the fourth most common element in the Earth’s crust, and it exists
in a wide range of oxidation states from -2 to +7. Iron-based compounds,
inspired by a great success of LiFePO4,'*® have been widely investigated as
Na insertion host materials due to low cost, structural stability and high
safety.'®” In spite of easy preparation of olivine LiFePOs, olivine NaFePO,
cannot be synthesized directly and can only be accessed by
chemical/electrochemical Na ion insertion into FePO4 or ion exchange route.
This complicates and increases the price of its production.'®® ' Although
maricite NaFePO; could be prepared by solid-state route, it is
electrochemically inactive due to the lack of Na ion migration channels.'*’

NasFe (POs)s (NFP) belongs to the NASICON type structure family.
Electrochemically active Fe*'/Fe’" redox couple of NFP yields a theoretical
capacity of 115 mAh g for two electrons at a potential of -0.4 V vs Ag/AgCl
which means that NFP is more suitable as a negative electrode. NFP has a
monoclinic C2/c (No. 15) space group which consists of corner sharing [PO4]
tetrahedra and octahedra [FeOg] forming [Fex(PO4);] units also known as
“lantern units” (Fig. 60). These units arrange in a three-dimensional structure
which exhibits large interstitial channels for fast Na ion diffusion. Sodium is
located in the two crystallographic sites in this structure. There are several
reports that NFP delivers ~60 mAh g ' at 1C in aqueous and even organic
electrolytes.'”! 12 This suggests that NFP might suffer from unsatisfactory
cyclability due to its low electronic conductivity. Carbon coating, doping or
morphology engineering has already been tested for improving NFP
electrochemical performance.'® '"* For example, doping with potassium
increased the initial capacity up to 101 mAh g (0.1C, organic electrolyte),'*
however, deeper investigation of NFP, especially in aqueous electrolytes is
still necessary.
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Fig. 60. Crystal structure of NASICON-structured NazFe,(PO4)s.

NayFe3(PO4)2(P207) (NFPP) is a mixed-polyanionic SIBs material which
has a theoretical capacity of 129 mAh g with a working potential of 0.3 V vs
Ag/AgCl and low volume change (< 4%) during ion insertion. NFPP is easily
obtained using simple solid-state or sol-gel methods. It has an orthorhombic
Pna2; (No. 33) space group where infinite chains of [Fe;P2013]. parallel to
the b-c plane are connected along the a-axis by [P.O7] groups (Fig. 61). This
diphosphate connection produces large channels for Na ions. There are four
Fe octahedral sites which are connected via edge or corner sharing.'” The first
electrochemical activity of NFPP was reported by Kim et. al. where specific
capacity of 113.5 mAh g was achieved.'” However, NFPP has several issues
such as formation of NaFePO4 and Na,FeP,O; impurities during synthesis
which are not well controlled, and low electronic conductivity which restrict
its capacity and power density.'® To promote electrochemical performance of
NFPP, further investigation of the synthesis and material engineering (carbon
layer, electrolyte etc.) is required.
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o

Fig. 61. Crystal structure of NasFe;(PO4)2(P207).
74



Nay«Fe[Fe(CN)s]-yH20 (NFCN) belongs to a different class of materials
known as Prussian Blue Analogs (PBA). This material has attracted
significant attention due to its simple and low-cost preparation, abundant
elemental composition, high theoretical capacity of 170 mAh g”' for two Na
ions together with relatively high potential of ~0.3 V vs Ag/AgCL.'* "7 The
biggest challenge for PBA synthesis is controlling the content of sodium,
water and vacancies. Water and vacancies lead to poor electrochemical
performance and structural degradation.'”® The number of vacancies depends
on the initial synthesis conditions while water can be removed after synthesis.
As NFCN is considered to be a positive electrode material, it is crucial to have
a maximum amount of sodium which could be achieved by understanding
each step of the synthesis.'”

There are three possible NFCN phases depending on the amount of Na and
oxidation state of both Fe: Prussian green (x =2, Fe*'Fe’"), Prussian blue
(x > 1, Fe*'Fe*") both of which have cubic Fm3m (No. 225) space group, and
Prussian white (x < 1, Fe*'Fe’") which could have either monoclinic P2, /n
(No. 14) (hydrated) or thombohedral R3 (No. 148) (anhydrous) space group
(Fig. 62)." It has been reported that rhombohedral NFCN shows the best
electrochemical performance. It can achieve a capacity of ~158 mAh g
(organic electrolyte).'” ' However, this material is sensitive to air and
humidity which makes it not suitable for aqueous electrolytes.?”” On the other
hand, monoclinic NFCN which also possesses high content of sodium, does
not require dry conditions and could be a suitable positive electrode for
aqueous SIBs. Yet, there are only a few publications on NFCN performance
in aqueous media and none of them are related to the monoclinic phase. For
example, Ropero et. al. °' and Lucero et. al.*** achieved initial capacity of
~65 mAh g'l (O.2C, 1M NaQSO4(aq)) and ~T75 l‘IlAh g_1 (IC, 17 m NaClO4(aq)),
respectively, for one Na ion transfer with cubic NFCN electrodes.

Prussian Green Prussian Blue Prussian White Prussian White
cubic cubic monoclinic rhombohedral

ONaOFeocCconN AJ_’b
Fig. 62. Crystal structures of Nas.xFe[Fe(CN)s]-yH-O.
75



3.3.2. Synthesis

NasFe,(POs); was synthesized via solid-state method (Fig. 63). In a typical
synthesis, Na,COs (0.0097 mol, Glentham, 99+%), Fe.O; (0.0064 mol,
Eurochemicals, G.R.) and NH4H,PO4 (0.0193 mol, Honeywell, 99+%) were
mixed using wet (2-propanol) ball-milling at 350 rpm for 2 h. The dried
mixture was calcined at 700 °C for 10 h, in the air atmosphere. Obtained
powders were post-processed at 350 rpm for 2 h in a ball-mill. The resulting
particles were coated with a layer of carbon by homogeneously mixing
additionally ball-milled (1 h at 900 rpm) NFP powder (70 wt%, (usually,
0.7 g)) and of citric acid (30 wt% (0.3 g), HOC(CH,CO,H),, Lach-ner, G.R.)
in distilled water (50 mL). The resulting mixture was dried at 80 °C for several
hours for complete water elimination. The obtained powder was reground and
annealed at 700 °C for 2 h in N, atmosphere. The resulting black powders
were again ball-milled at 350 rpm for 2 h to achieve a uniform final particle

Annealing at
700 °C for
10h, air

Na;Fe,(POy);
microparticles

size distribution.

Ball-milling

Fig. 63. Solid-state synthesis scheme of NasFe (POa)s.

NasFes(POs),P>07 was synthesized via a solid-state and sol-gel methods
(Fig. 64). In a typical solid-state synthesis, NasP>0O7 (0.0064 mol, ChemPur,
p-a.), FeCx042H,O (0.0192mol, Chempur, p.a.), and NH4H,PO4
(0.0128 mol, Honeywell, 99+%) were mixed using wet (2-propanol) ball-
milling at 350 rpm for 2 h. The dried mixture was calcined at 300 °C for 6 h
and subsequently at 500 °C for 12 h, in N, atmosphere. Obtained powders
were post-processed at 350 rpm for 2 h using a ball-mill. The resulting
particles were coated with a layer of carbon by homogeneously mixing
additionally ball-milled (1 hour at 900 rpm) NFPP powder (70 wt%, (usually,
0.7 g)) and of citric acid (30 wt% (0.3 g), HOC(CH,CO,H),, Lach-ner, G.R.)
or glucose (30 wt% (0.3 g), CsHi20s, Reachem, G.R.) in distilled water
(50 mL). The resulting mixture was dried at 80 °C for several hours for
complete water elimination. The obtained powder was reground and annealed
at 500 °C for 12 h in N atmosphere. The resulting black powders were again
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ball-milled at 350 rpm for 2 h to achieve a uniform final particle size
distribution.

In a typical sol-gel synthesis of NFPP, CH3;COONa (0.008 mol,
Honeywell, p.a.), NHsH,PO4 (0,0092 mol, Honeywell, 99+%) and glucose
(5.55-10* mol, CeH120s, Reachem, G.R.) are dissolved in distilled water
(40 mL). Afterwards, FeCsH,O4 (0.006 mol, Roth, 97%), citric acid
(0.006 mol, HOC(CH,COzH),, Lach-ner, G.R) and
hexadecyltrimethylammonium bromide (2.74-10-* mol, Ci9H4,BrN (CTAB),
Acros Organics, 99+%) are dissolved separately in distilled water (40 mL) and
added dropwise into the previous solution under vigorous magnetic stirring.
The complexation process is carried out for several hours on a hot plate
(solution temperature is ~80 °C) under constant stirring. After water
evaporation, a viscous gel is obtained and dried at 80 °C overnight. The
obtained xerogels were thoroughly grounded and pyrolyzed for 12 h at 500 °C
in flowing N, atmosphere. The resulting black powder was again ball-milled
at 350 rpm for 2 h to achieve a uniform final particle size distribution.
Additionally, several samples were prepared with Fe(CH3COO), (0.006 mol,
Alfa Aeasar, p.a.) instead of FeC4H>O4 or with ethylenediamine tetraacetic
acid (0.006 mol, CioHisN,Os (EDTA), Reachem, p.a.) instead of citric acid.
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N, N,
— > — >

Na,Fe;(P0,);(P;0;)
microparticles

a)

b)

Solvent
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CH;COONa 80 °C overnight 12h, N,
NH4H,PO, > %’

Glucose
H,0

NayFey(POy);(P207)
microparticles

Fig. 64. a) Solid-state and b) sol-gel synthesis schemes of
N34F€3(PO4)2P207_

Naz.«Fe[Fe(CN)g]-yH20 (monoclinic Prussian White) was synthesized via
hydrothermal and co-precipitation methods (Fig. 65). In a typical
hydrothermal synthesis, NasFe(CN)g-10H,O (0.0018 mol, Acros Organnics)
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and L-Ascorbic acid (0.0018 mol, CsHsOs, Thermo Scientific, 99+%) are
dissolved in distilled water (60 mL). The clear solution is transferred into a
100 mL Teflon-lined stainless-steel autoclave heated to 80 — 140 °C for 20 h.
The obtained light blue powder was washed several times by centrifugation
with distilled water and ethanol, and subsequently dried at 80 °C overnight. In
a typical co-precipitation synthesis, NasFe(CN)g-10H,O (0.008 mol, Acros
Organnics) and L-ascorbic acid (0.016 mol, C¢HsOs, Thermo Scientific,
99+%) are dissolved in distilled water (200 mL). The solution is bubbled with
N> to remove oxygen for 24 h at 80 °C under constant stirring. The obtained
light blue powder was washed several times by centrifugation with distilled
water and ethanol, and subsequently dried at 80 °C overnight.

In order to obtain Na, \Fe[Fe(CN)e]-yH20 (rhombohedral Prussian White),
the powder obtained by co-precipitation method was additionally dried at
170 °C under vacuum (10 mbar) for 24 h. All the following procedures
(slurry, electrode and cell preparations) of this material were performed in an
Ar-filled glovebox.

Nay.«Fe[Fe(CN)¢]-yH20O (cubic Prussian Blue) was synthesized by the
same co-precipitation procedure as monoclinic Prussian White only by
additionally adding HCI (20 mL, Thermo Scientific, 37%).

Hydrohermal synthesis

Washing 3

Mixing at room times with Drying at

temp. H,0 BO °C
Na,Fe(CN); -10H,0
Ascorbic acid %’ e
H,0
Na,. Fe[Fe(CN)gl-nH,0
microparticles
b) 24h80°C
‘Washing 3
times with Drying at
HQO 80°C
Na,Fe(CN)s -10H,0 —_—
Ascorbic acid
H.0 Na, Fe[Fe(CN):]-nH,0

microparticles

Fig. 65. a) Hydrothermal and b) co-precipitation synthesis schemes of
Nay.Fe[Fe(CN)g]-yH2O.
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3.3.3. Structural characterization
3.3.3.1. NasFe2(POa)s

Fig. 66 shows the XRD pattern of NFP synthesized via solid-state method.
Sharp diffraction peaks indicate a high degree of crystallinity and agrees well
with monoclinic structure C2/c (No. 15)."' No additional impurities phases
were detected. The morphology of NFP was investigated using SEM. Fig. 67
demonstrates that microparticles have irregular shape and broad size
distribution.

Coated with carbon (citric acid)
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Fig. 66. Powder XRD pattern of NFP.'?!-2%?

In order to improve the electronic contact between ceramic particles, the
NFP were additionally coated by a carbon layer using post-synthetic pyrolysis
of citric acid. The XRD pattern in Fig. 66 shows that such treatment does not
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alter the main phase structure. However, traces of an additional phase of
NasFes(P.0O7)s (N7FPO) could be observed. The resulting carbon content
obtained by this procedure was evaluated by TGA and found to be 5.9 wt%
(Fig. 68).
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Fig. 68. Thermogravimetric and DSC curves of NFP coated with a carbon
layer.

3.3.3.2. NasFe3(POs4)2P207

NayFe3(PO4),P,07 was synthesized via sol-gel and solid-state methods. For
the sol-gel synthesis, different precursors of iron (Fe-acetate, Fe-fumarate)
and coordinating agents (EDTA, CTAB, citric acid) were investigated. The
XRD patterns (Fig. 69) show that NFPP is not pure when Fe-acetate was used
because an additional phase of Nas 12Fe» 44(P207)2 (NFPO) could be observed.
The same impurity is also detected in the case of Fe-fumarate; however, the
amount is much lower. In terms of EDTA and citric acid precursors, NFPP
pure phase was obtained only with citric acid. However, the crystallinity
differs with EDTA resulting in much higher crystallinity which suggests that
it is a better coordinating agent. NFPP of high crystallinity is achieved also by
a conventional solid-state method. In all cases, the NFPP phase agrees well
with the orthorhombic Pna2; (No. 33) space group.’” In the case of solid-
state sample, Rietveld refinements were performed (Fig. 70). The resulting
lattice  parameters were determined to be a=18.0892(10) A,
b=10.6565(6) A, ¢ =6.5401(3) A and V = 1260.72(15) A*which are in good
agreement with those reported in the literature.”’
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Fig. 69. Powder XRD patterns of NFPP samples synthesized with
different precursors and coordinating agents.*%* 2%
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Fig. 70. Powder XRD pattern and Rietveld refinements of NFPP
synthesized by a solid-state method.***

The morphology of samples synthesized by sol-gel (Fe-fumarate, EDTA,
glucose, CTAB) and solid-state methods before the ball-milling was
characterized by SEM. Images presented in Fig. 71 show that sol-gel yields
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much larger particles of tens of micrometers while particles from solid-state
synthesis are irregularly shaped and a few micrometers in size. In both cases,

the size distribution is relatively broad.

3 g ‘2l
Fig. 71. SEM image of NF
solid-state synthesis methods.

PP amples synthesized by a) sl—el and b)

In order to improve the electronic contact between ceramic particles
obtained by solid-state synthesis, NFPP were additionally coated by a carbon
layer using post-synthetic pyrolysis. Citric acid or glucose were used as carbon
precursors. XRD results (Fig. 72) show that glucose is a better suitable
precursor because citric acid results in formation of an additional NFPO phase.
NFPP particles obtained by sol-gel synthesis do not require additional coating
as this method yields the carbon layer by itself. TGA results presented in Fig.
73 demonstrate that sol-gel (Fe-fumarate, EDTA, glucose, CTAB), solid-state
(glucose) and solid-state (citric acid) results in ~21.3 wt%, ~8.5 wt% and

~4.0 wt% of carbon, respectively.
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Fig. 72. Powder XRD patterns of NFPP samples: (bottom) as synthesized at
500 °C by solid state method; (middle) coated with carbon (glucose) and
pyrolyzed at 500 °C.; (top) coated with carbon (citric acid) and pyrolyzed at

500 OC.204’ 205
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Fig. 73. Thermogravimetric and DSC curves of NFPP s synthesized by
sol-gel and solid-state and coated with carbon layer.

3.3.3.3. NaxxFe[Fe(CN)s]-yH20

At first, Nay<Fe[Fe(CN)s]-yH,O was synthesized via a hydrothermal
method to investigate the different morphology of monoclinic phase and its
influence on electrochemical performance. However, the XRD patterns (Fig.
74) of NFCN synthesized at different temperatures (60 — 140 °C) showed that
monoclinic phase is obtained only at 80 °C and below, while higher
temperature yields cubic phase, which is not the desired target in this work.
As the temperature of 80 °C is relatively low for hydrothermal synthesis, it
was decided to change the synthesis method to simpler, cheaper, and better
yielding co-precipitation method.
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Fig. 74. Powder XRD patterns of NFCN samples prepared by different
hydrothermal synthesis temperatures.'** 2%

Co-precipitation synthesis under nitrogen atmosphere at 80 °C yielded the
monoclinic NFCN phase (P2, /n (No. 14) space group) without any additional
impurities.'” The presence of sharp diffraction peaks in Fig. 75 indicates a
high crystallinity of the material. Additionally, this sample was further dried
at deep vacuum for 24 h at 170 °C and pure anhydrous rhombohedral phase
with R3 (No. 148) space group was obtained.”” However, this phase is
extremely sensitive to air and was tested only in organic electrolytes. In order
to synthesize all possible NFCN phases, HCl was additionally added to the
initial NFCN-monoclinic synthesis mixture. The resulting XRD pattern of this
sample shows pure cubic Fm3m (No. 225) space group.’”® The morphology
of cubic and monoclinic NFCN samples was investigated using SEM. Fig. 76
indicates that particles have cuboid shape and are few micrometers in size with
broad size distribution. Monoclinic ones have slightly larger sizes. Elemental
analysis of these two samples was carried out by ICP-OES in order to estimate
the Na content. The results revealed that cubic and monoclinic NFCN are
Nag2sFe[Fe(CN)s]'nH,O and Na, scFe[Fe(CN)s]-nH2O, respectively which

agrees well with reported results.® '’
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Different ratios of initial co-precipitation synthesis precursors
NaysFe(CN)s- 10H,O: ascorbic acid (1:1, 1:2, 1:4 and 1:6) was examined to
investigate its influence on the phase and final amount of sodium. The XRD
patterns (Fig. 77) show that this ratio does not affect the monoclinic phase and
its purity. The ICP-OES analysis demonstrated the following compositions:
Na,; s2FCN, Na; ssFCN, Na; sFCN and Na; 70FCN when the ratios were 1:1,
1:2, 1:4 and 1:6, respectively. Additionally, the higher amount of ascorbic acid
produced a higher amount of final powder. Therefore, it could be concluded
that the best one is 1:4.
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Fig. 77. Powder XRD patterns of NFCN samples prepared with different

NasFe(CN)g-10H,0 : ascorbic acid ratios via a co-precipitation method.'”

Thermogravimetric analysis was performed to determine the water amount
in the formula and the thermal stability of NFCN. The final formula of
monoclinic phase is NajssFe[Fe(CN)s] -2.28H,O which was calculated from
the results in Fig. 78. The results also suggest that monoclinic phase is more
thermally stable than cubic, although it is not stable enough for additional
carbon coating by pyrolysis.

cubic
monoclinic
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50 100 150 200 250 300 350 400 450 500
Temperature [°C]
Fig. 78. Thermogravimetric and DSC curves of cubic and monoclinic
phase NFCN samples (N, atmosphere).
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3.3.4. Electrochemical performance
3.3.4.1. NasFe2(POs)3

For the initial electrochemical characterization, CVs of NFP samples were
recorded in 1 M NaySOj o electrolyte at the scanning rate of 5 mV s™ within
the potential window of -0.95 — 1.05 V vs Ag/AgCl using beaker-type cells.
Several redox peaks could be observed at around -0.5 V/-0.35 V,-0.1 V/0.0 V
and -0.05 V/0.2 V which are stable during cycling (Fig. 79). These peaks
correspond to reversible multistep conversion of Fe** to Fe** accompanied by
insertion/deinsertion of Na* ions:*"’

Nas;Fe,* (PO4); + Na* + ¢ > NasFe* Fe* (POy); (24)
NasFe? Fe*'(POy4); + Na' + e <> NasFe,* (PO4)s (25)
1.0

Fe**>Fe®*+e”

0.5 _— 2
oxidation

—_— 3
o
=009 ' 4 -g
ko)) reduction 5
< Fed*+e —>Fe?* 5 o
054 e**+e'—Fe %
>
60

-1.0- Beaker-type cell

1300 um

1M Na,SO,
T

~

©

5mVs’
T T T T T T T
1.0 05 0.0 05 1.0
E [V] vs Ag/AgCI
Fig. 79. Cyclic voltammograms of NFP electrode recorded at 5 mV s~
scan rate.

15 20)

GCD cycling was used to determine specific discharge capacity and CE%
of NFP electrodes. Fig. 80 shows the GCD cycling results of NFP for 100
cycles within the potential window from -0.75 V to 0.65 V (Ag/AgCl) at 1C
(1C=0.115 A g ") rate calculated based on the theoretical capacity of NFP in
1 M NaxSOy4 aq) using beaker-type cells. The initial specific charge and
discharge capacities are 42 mAh g and 17 mAh g, respectively, which is far
from the theoretical value (115 mAh g™'). In the second cycle, the discharge
capacity increased but later it went down back to ~15 mAh g which could be
attributed to the dissolution of active material into the electrolyte.
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Fig. 80. GCD cycling of NFP electrode in 1 M Na,SOy4 oq electrolyte at
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3.3.4.2. NasFe3(PO4)2P207

For the initial electrochemical characterization, CVs of NFPP synthesized
by sol-gel and solid-state methods were performed in 1 M NaySOys ()
electrolyte at the scanning rate of 5mV s’ within the potential window
of -0.4V/0.9V or -0.7 V/1.0 V vs Ag/AgCl using beaker-type cells. In the
case of a sol-gel prepared NFPP electrodes (Fig. 81), there are several
reversible redox peaks in the potential range of 0 — 0.4 V which correspond to
multistep redox reaction of Fe*"/Fe* accompanied by insertion/deinsertion of
Na" ions from three different crystallographic sites:**®

Na4Feg3+(PO4)2(P207) <—>Na3Fe22+Fe3+(PO4)2(P207) +Nat+e (26)
Na3F622+Fe3+(PO4)2(P207) <—>NazF62+F623+(PO4)2(P207) +Na'+¢e (27)
NasFe? Fe* (PO4)y(P207) «»>NaFe;* (PO4)2(P207) + Na' + ¢ (28)

The number of oxidation and reduction peaks is unequal, suggesting that
insertion/deinsertion of Na ions take place through an asymmetrical mode.*”
The most pronounced and stable peaks with the highest current could be
observed in Fe-fumarate + citric acid sample which apparently exhibits the
lowest crystallinity. Moreover, the first two sol-gel samples show more
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pronounced degradation during cycling, possibly due to impurities. In the case
of solid-state samples, the peaks are much broader, lower and not that well
defined, which could be associated with slower redox kinetics.

Fe-acetate Fe-fumerate Fe-oxalate 1
4 HEDTA - EDTA - - - (solid-state)
glucose glucose 2
1CTAB 1CTAB
(sol-gel) (sol-gel) 3 o
24 7] f 7] ] ] 0]
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] 4 €
< A 5
c
- i _ 5 0
[$]
4 >
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Beaker-type cell 7
1100 um 5mvs’| 1
1M N2,SO, (o) 8
44T —— —— ——

© o m om o b on o W ow o © 99w oW o
ETV] vs Ag/AgCI
Fig. 81. Cyclic voltammograms of NFPP synthesized by different
precursors and methods recorded at 5 mV s™' scan rate.

GCD cycling was used for specific discharge capacity and CE%
determination of NFPP prepared by sol-gel method. Fig. 82 shows the GCD
cycling results for 100 cycles within the potential window from -0.4 V to
0.8V (Ag/AgCl) at 1C (1C=0.129 A g'") rate calculated based on the
theoretical capacity of NFPP in 1 M Na,SO4 (aq) electrolyte using beaker-type
cells. The best results were achieved with the Fe-fumarate + citric acid +
glucose + CTAB sample. The initial discharge capacity and its retention after
100 cycles are 65.9 mAh g and 38%, respectively.
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Fig. 82. GCD cycling of NFPP synthesized by sol-gel method in
1 M Na;SO4 (o) electrolyte at 1C.

The electrodes from the solid-state prepared samples of NFPP were tested
using four different aqueous electrolytes: 1 M NaxSO4 (aq), 17 m NaClOy (ag),
8 m NaTFSI (5q), and 28 m KAc + 8 m NaAc @q) (Fig. 83). The initial specific
capacity and its retention after 100 cycles are 60.1 mAh g and 43.9% in
1 M NaSOs (a), 53.5 mAh g and 59.4% in 17 m NaClOy (o), 54.5 mAh g
and 11.2% in 8 m NaTFSI (y), and 33.4 mAh g and 27.2% for 28 m KAc +
8 m NaAc g ‘Water-in-salt’ electrolytes show significantly worse
performance than standard ones. Moreover, the potential profiles show
sloping which could imply some kinetic limitations possibly due to some
resistive interphasial layer formation from the electrode or electrolyte
degradation products.
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Fig. 83. GCD cycling of NFPP synthesized by solid-state method in
different aqueous electrolytes at 1C.

The rate capability of NFPP was evaluated in 17 m NaClOys (aq) electrolyte.
A set of different specific currents corresponding to 0.1, 0.2, 0.5, 1, 2, 5, 10
and 20C were used (Fig. 84). The specific discharge capacity was only
29.3 mAh g at 0.1C rate and dropped to negligible values at 20C, although it
came back to 13.8 mAh g at 0.1C. This poor rate capability suggests some
kinetic limitations. The capacities of the first cycles at 0.1C were lower than
the ones at 1C (Fig. 83), it indicates some dissolution-based degradation
mechanisms because the longer time the electrode spends in the electrolyte
results in lower capacities. This requires further studies to understand if this is
related to the Fe dissolution or instability of such phosphate-pyrophosphate
framework. On one hand, it could be related to the pH of aqueous electrolytes.
For example, higher pH values expected in 28 m KAc + 8§ m NaAc (aq) not
only result in higher aqueous stability of FeOs? (according to the Pourbaix
diagram), but also significantly stronger instability of phosphates.’'® The
neutral or slightly acidic pH of aqueous Na,SO4 and NaClOy could result in
better NFPP framework stability and better capacity retention.
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Fig. 84. Rate capability of GCD cycling of NFPP synthesized by solid-
state method in 17 m NaClOy4 oq) electrolyte.

Electrochemical investigation of the NFPP was additionally carried out in
organic electrolytes to compare it with aqueous systems and to verify that the
capacity loss is mainly related to the electrolyte and not the material itself.
Fig. 85 shows CVs which were recorded in 1 M NaPF¢ in DG electrolyte at
the scanning rate of 0.5 mV s within the potential window of 2 -4 V vs
Na'/Na using Swagelok-type cells. Several reversible current peaks attributed
to Fe’'/Fe’" could be seen in the potential range of 2.5—3.3 V vs Na'/Na
which agrees well with previous aqueous results (Fig. 81) and those reported

in the literature.”’

Cycle number
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Fig. 85. Cyclic voltammograms of NFPP synthesized by solid-state
method recorded in organic electrolyte at 0.5 mV s™' scan rate.
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GCD measurements were performed for 300 cycles within the potential
window from 1.8 to 4.0 V vs Na’/Na at 1C with 1 M NaPFs in EC:DEC
(3:7 vol%) and 1 M NaPFs in DG electrolytes using Swagelok-type-cells (Fig.
86). DG electrolyte shows more stable electrochemical performance of NFPP
than the mixture of EC:DEC which could be attributed to the different
chemical composition, narrower distribution, thickness, and stability of the
solid electrolyte interphase and the electrolyte interphase on the Na and the
positive electrode formed in DG electrolytes.'> Initial discharge capacity,
CE% and capacity retention after 100 cycles of DG electrolyte are 86 mAh g”!,
98.7% and 95%, respectively, which is much better than the previous results
in aqueous media. The C-rate capability (0.1 —20C) of NFPP with DG
electrolyte experiment (Fig. 87) shows that increasing rate leads to lower
capacity due to kinetic limitations."”” The specific capacity at 0.1C rate is
93.9 mAh g, decreases only to 49.1 mAh g at 20C but is fully recovered to
93.3 mAh g after the rate was switched back to 0.1C. This indicates excellent
rate capability of NFPP electrodes in organic electrolytes.

Overall, NFPP seems to be a potential candidate electrode material for
aqueous SIBs but likely requires additional understanding of its degradation
mechanism and designing of an appropriate prevention strategy. Additionally,
it is a suitable positive electrode material for organic SIBs.
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Fig. 86. GCD cycling of NFPP synthesized by solid-state method in
organic electrolyte at 1C.
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Fig. 87. Rate capability of GCD cycling of NFPP synthesized by solid-
state method in an organic electrolyte.

3.3.4.3. NazxFe[Fe(CN)s¢]-yH20

For the initial electrochemical characterization, CVs of cubic and
monoclinic NFCN samples were performed using 1 M Na;SOy (aq) electrolyte
at the scanning rate of 5 mV s™! within the potential window of -0.6 — 1.4 V vs
Ag/AgCl using beaker-type cells. Several redox peaks could be observed at
around -0.05 V/0.25V and 1 V/1.2V vs Ag/AgCl which are stable during
cycling (Fig. 88). The two-electron redox reaction processes could be ascribed
to the high-spin-state nitrogen-coordinated couple (Fe’"/Fe**-N) and low-
spin-state carbon-coordinated couple (Fe’*/Fe’’-C). The first peak of cubic
phase has slightly higher current than the second peak, while in monoclinic
sample it is the opposite — the second peak is higher than the first one. The
peaks would correspond to the two-step reversible conversion of Fe*" to Fe**
accompanied by insertion/deinsertion of Na* ions:'?”-!!

NayFe? [Fe?'(CN)s] <> NaFe*'[Fe* (CN)s] + Na“ + ¢ (29)
NayFe? [Fe*'(CN)s] «» NaFe*'[Fe*"(CN)s] + Na“+ ¢ (30)
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Fig. 88. Cyclic voltammograms of a) cubic and b) monoclinic phase of
NFCN recorded at 5 mV s™' scan rate.

GCD cycling was used for the determination of specific discharge capacity
and CE% of monoclinic NFCN electrodes at 1C (1C=0.170 A g'") rate
calculated based on the theoretical capacity of NFCN in 1 M NaxSOy (aq) +
0.1 M citrate buffer (pH = 4) electrolyte using decoupled beaker-type cells.
As the second redox peak is very close to the limit of the water stability
window, it is especially important to correctly choose the cut-off potential.
First, it was set to -0.3 V and 1.0 V vs Ag/AgCl (Fig. 89a) where two plateaus
are observed during charging, which corresponds to 104 mAh g, and only
one at lower voltage during discharging process — 74 mAh g'. This suggests
that some of the “second” iron is reached but not all of it, as the theoretical
capacity is only 170 mAh g”'. GCD cycling at this potential resulted in low
average CE% of ~80% and relatively high 81% capacity retention after 100
cycles (Fig. 90). Later, the upper potential limit was increased to 1.05 V vs
Ag/AgCl which still did not show the discharging plateau of the second redox
peak (Fig. 89b). This time, the initial charge and discharge capacities were
163 mAh g and 115 mAh g (Fig. 90), respectively. The average CE% and
discharge capacity retention is even lower this time ~68% and 69%,
respectively. If the upper potential cut-off is increased to 1.1 V vs Ag/AgCl,
the charging becomes endless at 1.08 V vs Ag/AgCl which suggests that
oxygen evolution reaction (OER) already takes place and limits the
availability of full NFCN capacity in aqueous electrolytes. OER could be
moved to more positive voltage by optimizing the electrolyte (pH, additives)
but HER at the other side should also be taken into consideration.*'?
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Fig. 89. GCD cycling of monoclinic phase NFCN electrode in aqueous
citrate buffered (pH = 4.0) electrolyte at different potential limits (voltage vs
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Fig. 90. GCD cycling of monoclinic phase NFCN electrode in aqueous
citrate buffer electrolyte (pH = 4) at different potential limits.

As the second redox peak of iron is already in the OER range it limits its
electrochemical performance. Further GCD cycling was performed only for
the first redox peak within the potential limits of -0.3 — 0.5 V vs Ag/AgCl at
1C which was calculated based on the theoretical capacity of 85 mAh g'. Fig.
91 presents the comparison of cubic and monoclinic phase electrodes. In both
cases, the CE% (~98.8%) is much better than before but the capacity retention
after 100 cycles was only ~53% and 65% for cubic and monoclinic samples,
respectively.
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Fig. 91. GCD cycling of a) cubic and b) monoclinic phase of NFCN
electrodes.

GCD cycling of monoclinic NFCN electrodes was also performed in
1 M Na;SOy4 o9 with different buffers such as 0.1 M citrate (pH =4.0),
0.1 M phosphate (pH = 7.0) and 0.1 M borate (pH = 10.0) to investigate the
influence of pH to material electrochemical performance. 200 cycles were
recorded at 1C using decoupled beaker-type cells. The results (Fig. 92) clearly
show that NFCN is electrochemically stable in acidic pH but degrades rapidly
in alkaline media. This could be explained by the destruction of the Fe-CN
bond leading to iron dissolution which is the result of strong interaction
between hydroxide and ferric ions to form Fe(OH)s at pH higher than 6.4. The
solution to this problem, for example, could be the formation of an external
protective layer.?"® Electrochemical stability of monoclinic NFCN electrodes
in the citrate buffer was extended to 1000 cycles at 1C (Fig. 93). The initial
charge and discharge capacity together with capacity retention for this sample
are 73 mAh g', 71 mAh g and 88%, respectively, which suggest excellent
stability in aqueous electrolytes.
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Fig. 93. GCD cycling of monoclinic phase NFCN electrodes in aqueous
citrate buffer (pH = 4) electrolyte at 1C.

Additionally, the rate capability of monoclinic NFCN was evaluated in
1 M Na,SO4 a9y With 0.1 M citrate buffer electrolyte at a set of different
specific currents corresponding to 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20C (Fig. 94).
The specific capacity was 68 mAh g at 0.1C rate, which slightly dropped to
58 mAh g at 20C rate and came back to 64 mAh g"' when the C rate was
0.1C again. This indicates an excellent rate capability of NFCN in acidic
aqueous electrolytes.
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Fig. 94. Rate capability of GCD cycling of monoclinic NFCN electrodes.

Electrochemical investigation of monoclinic and rhombohedral NFCN
materials was also carried out in organic electrolyte in order to compare with
aqueous systems. Fig. 95 shows a CV which was recorded in 1 M NaPFg in
EC:PC (1:1 vol%) electrolyte at the scanning rate of 0.1 mV s within the
potential window of 2 — 4.5 V vs Na'/Na using a Swagelok-type cell. For the
monoclinic sample, three reversible current peaks of Fe**/Fe*" could be found
at2.8 V/3.05 V,3.25 V/3.3 Vand 3.7 V/4.0 V. The first two correspond to the
high-spin-state nitrogen-coordinated couple (Fe’'/Fe**-N) and the low-spin-
state carbon-coordinated couple (Fe*"/Fe*"-C), which grow over cycling. On
the other hand, rhombohedral sample has the same two first current peaks at
2.9 V/3.1 Vand 3.25 V/3.3 V, and the third peak at 3.7 V/4.0 V exists only in
the first two cycles which could come from some remaining residue of
monoclinic phase. The position of the peaks differs from aqueous electrolytes
due to coordinating water ligand field effects on the Fe*"/Fe’” energy levels
and crystallographic symmetry. However, the confirmation of such hypothesis
requires much deeper investigation using theoretical calculations which was
not the objective of this work.
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GCD measurements of these two NFCN samples were performed for 300
cycles within the potential window from 2.5 to 4.2 V vs Na'/Na at 1C with
1 M NaPFs in EC:PC (1:1 vol%) and 1 M NaPF¢ in DG electrolytes using
Swagelok-type cells (Fig. 96). The initial discharge capacity and its retention
after 100 cycles for monoclinic and rhombohedral phases are 111 mAh g™ and
64%, 98 mAh g and 77%, respectively. The capacity drops rapidly in the first
10 cycles for both cases suggesting that the third redox peak is not
electrochemically stable, which is also visible at voltage plateaus. However,
the achieved capacities are still off from those reported in the literature'”’
which could be related to necessary electrolyte optimization.
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3.3.5. Summary

[} Na;Fe,(PO4); was successfully synthesized via solid-state method.
The particles have irregular morphology. Electrochemical investigation
showed very poor performance (low initial capacity) which suggests that it is
not suitable as a negative electrode material for aqueous SIBs.

W} NasFes;(PO4)2P207 was successfully synthesized via solid-state and
sol-gel methods. Electrochemical results showed some degradation related to
Fe dissolution or instability of mixed phosphate-pyrophosphate framework,
which results in kinetic limitations of this material. Mitigation strategies such
as electrolyte additives or protective layers are necessary to enable this
material for aqueous applications. On the other hand, NasFe3(PO4),P,07 shows
very good cycling stability and rate capability in organic electrolytes.

[} Na, .Fe[Fe(CN)s]-yH.O was successfully synthesized via a
hydrothermal method. Cubic phase is obtained if the synthesis temperature is
higher than 100 °C, and monoclinic at < 80 °C. Pure cubic, monoclinic and
rhombohedral phases were additionally synthesized via co-precipitation
method. This synthesis yielded cubic shape particles with the size of a few
micrometers.
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[} Two-electron iron redox process in aqueous electrolytes is limited due
to oxygen evolution reaction.

@} Monoclinic NajseFe[Fe(CN)s]-2.28H,O electrode has outstanding
electrochemical performance in aqueous 1 M Na,SO4 + 0.1 M citrate buffer
electrolyte with 88% capacity retention after 1000 cycles at 1C for one
electron reaction. In organic electrolytes, the same electrode shows two-
electron reaction and achieves the initial capacity of 98 mAh g™ with capacity
retention of 77% after 100 cycles. Nay.«Fe[Fe(CN)s]-yH,O shows a decent
electrochemical performance to be a suitable as a positive electrode material
for aqueous and non-aqueous SIBs.
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3.4.  Vanadium-based materials for Na-ion battery positive
electrodes

3.4.1. Motivation

Vanadium is known as an electrochemically rich (V** to V") transition
metal with relatively low-cost and abundance. A large number of vanadium-
based electrodes owing to their high theoretical capacity and energy density
have been explored for SIBs.?'* In addition to different chemical compositions
(vanadium oxides (e.g., V205*'"”), bronzes (e.g., Na,VO,*'°), phosphates (e.g.,
Na3V,(POs);*'7) and mixed-polyanions (e.g., NaVPO4F*'®) etc.), these
materials could come in various structures (tunnel, layered, open-framework)
which are tunable for good electrochemical performance and storage
efficiency.”"’

Na;V4(PO4)(P20O7)s (NVPP) belongs to a family of mixed-polyanion
compounds. It is a promising positive electrode candidate for SIBs due to its
high operating potential at ~1.0 V vs Ag/AgCl and theoretical capacity of
93 mAh g'.?? NVPP has a tetragonal structure with P42,c¢ (No. 114) space
group where [V4(P207)4(POs4)]«is constructed through each [PO4] tetrahedron
sharing corners with four adjacent [VOs] octahedra and each [P.O7] group
sharing corners with two adjacent [VOs] (Fig. 97).**' There are three
interstitial sites for Na ions which can easily diffuse along the well-defined
channels in this three-dimensional framework enabling the reversible Na
intercalation/deintercalation with good electrochemical performance. There
are several reports confirming this idea, for example, S. Y. Lim et. al.
demonstrated the capacity retention of 78% after 1000 cycles (0.5C, organic
electrolyte) with initial capacity of 91 mAh g for NVPP.?*! Moreover, Deng
et. al. showed that nanorods of NVPP have achieved discharge capacity of
92 mAh g' (0.05C, organic electrolyte) which is almost equal to the
theoretical value and could be attributed to high purity and well-defined
morphology of their sample.?*> Same group have also tested NVPP in aqueous
media and they achieved the initial capacity of 51 mAhg' (0.86C,
1 M Na,SOs (aq)),*2 however there is still a lack of detailed investigations of
NVPP in aqueous media.
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Fig. 97. Crystal structure of Na;V4(PO4)(P207)a.

3.4.2. Synthesis

Na;V4(PO4)(P,0O7)s was synthesized via a solid-state method (Fig. 98). In a
typical synthesis, Na,COs; (0.0091 mol, Glentham, 99+%), NH4VOs;
(0.0104 mol, Reachem, 99.5%), and NH4H>PO4 (0.0234 mol, Honeywell,
99+%) were mixed using wet (2-propanol) ball-milling at 350 rpm for 2 h.
The dried mixture was calcined at 600 °C for 5 h and subsequently at 800 °C
for 10 h, in N2/Hz (95/5%) atmosphere. The obtained light green powder was
post-processed at 350 rpm for 2 h using ball-mill. The resulting particles were
coated with a layer of carbon by homogeneously mixing additionally ball-
milled (1 h at 900 rpm) NVPP powder (70 wt%, (usually, 0.7 g)) and of citric
acid (30 wt% (0.3 g), HOC(CH,CO,H),, Lach-ner, G.R.) in distilled water
(50 mL). The resulting mixture was dried at 80 °C for several hours for
complete water elimination. The obtained powder was reground and annealed
at 700 °C for 2 h in N, atmosphere. The resulting black powder was again ball-
milled at 350 rpm for 2 h to achieve a uniform final particle size distribution.

Ball-milling Annealing at Annealing at
600 °C for 5h, 800 °C for 10h,
Na;Vy(PO,)(P;0;)s

Na/H; NiH,
microparticles

Fig. 98. Solid-state synthesis scheme of Na;V4(PO4)(P207)s.
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3.4.3. Structural characterization

Na;V4(PO4)(P,0O7)s was successfully synthesized via a conventional solid-
state method. The XRD pattern and its Rietveld refinement results in Fig. 99
present sharp diffraction peaks which indicate high sample crystallinity and
are consistent with the tetragonal space group P42;c (No. 114).>** The lattice
parameters were determined to be a = 14.22427(13) A, ¢ = 6.37216(9) A and
V =1289.28(3) A?, they are in good agreement with the literature data.”’
However, the synthesized NVPP sample is not pure, Na3Vi(POus)s
(~10.2 wt%) and NaVP,0 (~6.6 wt%) impurities were also detected, which
is quite common in conventional solid-state synthesis of this material.?*!* ?*°
The morphology of NVPP was investigated using SEM. Fig. 100 indicates
that particles are irregularly shaped and few micrometers in size with broad
size distribution.
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Fig. 99. Powder XRD pattern and Rietveld refinements results for NVPP
sampl o 224,226,227
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In order to improve the electronic contact between ceramic particles, the
NVPP was additionally coated by a carbon layer using post-synthetic
pyrolysis of citric acid. The XRD pattern in Fig. 101 shows that such treatment
does not alter the main phase structure. The resulting carbon content obtained
by this procedure was evaluated by TGA and found to be 2.97 wt% (Fig. 102).

Coated with carbon (citric acid)
and annealed at 700 °C
£l __.«_-LJ.J_,LUJ
5,
2
‘©
5 l
= I Synthesized at 800 °C
NVPP [ Ill O U T ARV TN
NVP
NVPO ¥ 1 O 1 A A T [ M AT
—r 1 rrrr1r  rrr1r rrrr1rrrrr 1 rrrr 111
10 20 30 40 50 60 70
26 [7]

Fig. 101. Powder XRD patterns of NVPP samples: (bottom) as
synthesized at 800 °C by solid state method; (top) coated with carbon (citric
acid) and pyrolyzed at 700 °C.?*226:227
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Fig. 102. Thermogravimetric and DSC curves of NVPP.
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3.4.4. Electrochemical performance

For the initial electrochemical characterization, CVs of NVPP samples
were performed using 1 M NaySOy (aq) electrolyte at the scanning rate of
5mV s within the potential window of -0.6—1.0 V vs Ag/AgCl using
beaker-type cells (Fig. 103). The NVPP displays several well pronounced and
reversible current peaks. The first set of small reversible peaks at 0 V/0.1 V
are attributed to the V*'/V*" redox transition originating from Na3;V2(POx);
impurity.??® This peak disappears after 3 full cycles. Only two anodic peaks at
~0.63 V and 0.72 V could be assigned to the V**/V*" redox transition in NVPP

followed by a two-stage Na ion deinsertion:**

Na; Ve (PO4)(P207)s <> NasV2* Vo (PO4)(P207)s + 2Na' + 2¢” (31)
Na5V23+V24+(PO4)(P207)4<—>Na3V44+(PO4)(P207)4 + 2Na“+ 2¢ 32)

On the other hand, the reversible insertion of Na ion during reduction
appears as a single cathodic peak at ~0.3 V and suggest a single-stage process:

Na; V4 (PO4)(P207)s + 4Na" + 4e” — NasV,* (PO,)(P207)q (33)

However, the current values for these peaks fade in just a few cycles which
indicates very poor stability of NVPP in aqueous electrolyte.
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Fig. 103. Cyclic voltammograms of NVPP recorded in 1 M Na>SO4 (aq)
electrolyte at 5 mV s ' scan rate.
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GCD cycling was used for specific discharge capacity and CE% of NVPP
electrode determination. Fig. 104 shows the GCD cycling for 100 cycles
within the potential widow from 0.2V to 1.15V (Ag/AgCl) at 1C
(1C=0.093 A g ") rate calculated based on the theoretical capacity of NMPP
in 1 M NaySOy4 aq) or 17 m NaClOsq) using Swagelok-type cells. The initial
capacity and its retention after 100 cycles at 1C are 55 mAh g™ and 2.4%, and
51 mAh g and 19% for 1 M NaySOs () and 17 m NaClOy (o) electrolytes,
respectively. These poor electrochemical results suggest very rapid
degradation of NVPP in aqueous electrolyte which is not significantly
improved even by using high concentration ‘water-in-salt’ electrolyte. It could
be related to the dissolution and instability of V** in aqueous media.”®® On the
other hand, the NVP plateau disappears faster than those of NVPP, suggesting
that NVPP mixed-polyanionic framework is slightly more stable in aqueous
environment than NVP.
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Fig. 104. GCD cycling of NVPP electrodes in different aqueous
electrolytes at 1C.

ond qst

Electrochemical performance investigation of NVPP was additionally
carried out in organic electrolytes to compare the results with aqueous systems
and to verify that the capacity loss is mainly related to the electrolyte and not
the material itself. Fig. 105 shows CVs which were recorded in 1 M NaPFs in
DG electrolyte at the scanning rate of 0.5 mV s within the potential window
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of 2.5 —4.5 V vs Na'/Na using a Swagelok-type cell. All observed peaks agree
well with previous aqueous results of NVP and NVPP (Fig. 104) and those
reported in the literature.?>??® There is no degradation or decrease of current
peaks current which suggests that this sample is very stable in organic
electrolyte.
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o | reduction S
< — . c
—0.51 VeV e
>
] 60
-1.0- Swagelok-type cell 7
{100 pm (Al)
1 M NaPF, (DG) 05mvs'| M
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2.8 3.2 3.6 4.0
E [V] vs Na*/Na

Fig. 105. Cyclic voltammograms of NVPP recorded at 0.5 mV s ' scan
rate in organic electrolyte.

GCD measurements were performed for 300 cycles within the potential
window from 2.5 to 4.2V vs Na'/Na at 1C with 1 M NaPFg in EC:DEC
(3:7 vol%) and 1 M NaPFs in DG electrolytes using Swagelok-type cells (Fig.
106). Both electrolytes show similar performance. The initial capacity and its
retention after 100 cycles at 1C are 79 mAh g™ and 83%, and 80 mAh g™ and
85% for DG and EC:DEC electrolytes, respectively. These results suggest that
NVPP is a very stable material with good electrochemical performance in
organic electrolytes. The potential profiles exhibit two close plateaus at 3.88
and 3.98 V vs Na'/Na during charging and a single plateau at 3.86 V during
discharging. Additional small plateaus at 3.41 and 3.36 V vs Na'/Na
correspond to NVP impurity which agrees well with CV results (Fig. 105).

109



100

“““““““““ L 100—

- S

IO) 80 i -

é _____________________________________________________________________ - 80 é‘

E,60 - L 605

£ %

'S 40 40 o

S {Swagelok-type cell = 1MNaPFg (ECDEC) | £

© 209100 pm (Al) = 1M NaPF, (DG) 20 o
11C (2.5- 4.2V vs Na/Na*) r 3

0 T T T T T T T T T T T 0 ©
0 50 100 150 200 250 300
Cycle ID

2 457 1 M NaPF, (EC:DEC) ] 1 M NaPF, (DG

Sud Eopea, | werroe

2 3.0 | . Voo

< 550 ] R

2,257 100th 2nd4st ] 100th ondqst

w 2.0 - 4—————7——7——7 —

0 20 40 60 80 1000 20 40 60 80 100
Capacity [mAh g']

Fig. 106. GCD cycling results of NVPP electrodes in different organic
electrolytes at 1C.

The C-rate capability (0.1 — 20C) experiment of NVPP in DG electrolyte
(Fig. 107) shows that increasing C-rate leads to lower capacity due to kinetic
limitations.'>” The specific capacity at 0.1C rate was 82 mAh g™, decreased to
60 mAh g at 1C, and was negligible at 20C. However, the capacity was
recovered when the rate came back to 0.1C. The plateaus in potential profiles
shift to higher potentials at higher currents and become virtually
indistinguishable at high rates indicating significant polarization effects (Fig.
108).

Overall, NVPP seems to be not the most optimal electrode material for
aqueous SIBs. However, it is a suitable positive electrode for organic SIBs.
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3.4.5. Summary

[} Na;V4(PO4)(P207)s was successfully synthesized via a conventional
solid-state method. However, NazV,(PO4); (~10.2 wt%) and NaVP,0;
(~6.6 wt%) impurities were also detected by XRD.

[} Electrochemical investigation of NVPP electrodes show poor
performance in aqueous electrolytes due to fast degradation which is most
likely related to the dissolution of V*'in aqueous media. NVPP is not a
suitable positive electrode for aqueous SIBs, and additional stabilization
strategies are required.

@} NVPP electrodes exhibit very good electrochemical performance
(initial capacity, its retention and rate capability) in organic electrolytes which
makes it a suitable positive electrode for organic SIBs.
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3.5.  Mixed-transitional metal-based materials for Na-ion battery
positive electrodes

3.5.1. Motivation

NASICON-structured material can accommodate a wide selection of
transitional metals or even several of them. This could be utilized to develop
new cost-effective electrode materials. Indeed, several mixed-transitional
metal compounds such as NasMnTi(PO4);*% 2*!', NazMnZr(PO4);>*?,
Na;MnV(PO4);*®, and Na;VTi(PO4);*** with good electrochemical
performance were reported.

NazVFe(PO4); (N3VFP) and NasVFe(PO4); (N4VFP) have the advantages
of vanadium, iron, and NASICON structure all together. N3VFP and N4sVFP
have monoclinic symmetry with C2/c (No. 15) space group and a trigonal
symmetry with R3¢ (No. 167) space group, respectively. V and Fe share the
same position with 50% occupancy each (Fig. 109). These materials are
particularly interesting because of three Na ion exchange through the
successive activations of Fe*"/Fe**, V**/V*" and V*'/V°* redox couples which
could enable a theoretical capacity of 175 mAh g™ and 166 mAh g of N;VFP
and N4VFP, respectively. Even if these materials have a lot of potential to be
used for SIBs, there are only a few reports related to their electrochemical
performance so far. Hadouchi et. al. attempted to synthesize N4VFP but
obtained a sodium-deficient composition Nas4i00s50FeV(PO4); with mixed
valence Fe?'/Fe’", however, they still achieved the initial charge capacity of
163.5 mAh g and 119 mAh g (0.5C, organic electrolyte) for three and two
Na ion insertion, respectively, with almost perfect capacity retention
(95 — 99%) at higher C-rates.”®* Park et. al. published two reports related to
the crystal structure of N3VFP and N4VFP and an asymmetric Na-ion
insertion/extraction mechanism in N4VFP. They achieved the initial discharge
capacity of 138 mAh g (0.05C, organic electrolyte) for 3-electrons which
decreased down to 109 mAh g after 20 cycles.”® %7 Zhou et. al. has
investigated electrochemical behavior of N3VFP, their electrode exhibited
103 mAh g (1C, organic electrolyte) with capacity retention of 95% after
1000 cycles.”*® However, there are no reports about the performance of these
materials in aqueous electrolytes.
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Na3VFe(PO4)3 Na4VFe(PO4)3

Fig. 109. Crystal structures of Na;VFe(PO4); and NasVFe(PO4)s.

3.5.2. Synthesis

NasVFe(PO4); was synthesized via a solid-state method (Fig. 110). In a
typical synthesis, Na,CO; (0.0165mol, Glentham, 99+%), V.0;
(0.0041 mol), FeC,04-2H,O (0.0082 mol, Chempur, p.a.) and NH4H,PO,
(0.0248 mol, Honeywell, 99+%) were mixed using wet (2-propanol) ball-
milling at 350 rpm for 2 h. The dried mixture was calcined at 400 °C for 8 h
and subsequently at 700 °C for 8 h, in N, atmosphere. The obtained powders
were post-processed at 350 rpm for 2 h using ball-mill. The resulting particles
were coated with a layer of carbon by homogeneously mixing additionally
ball-milled (1 h at 900 rpm) NVFP powder (70 wt%, (usually, 0.7 g)) and of
citric acid (30 wt% (0.3 g), HOC(CH>CO,H),, Lach-ner, G.R.) in distilled
water (50 mL). The resulting mixture was dried at 80 °C for several hours for
complete water elimination. The obtained powder was reground and annealed
at 700 °C for 2 h in N, atmosphere. The resulting black powder was again ball-
milled at 350 rpm for 2 h in order to achieve a uniform final particle size
distribution.
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Fig. 110. Solid-state synthesis scheme of Na;VFe(POs)s.

3.5.3. Structural characterization

The aim of this part of the work was to synthesize NasVFe(POs)s.
However, the XRD analysis (Fig. 111) showed that Na3;VFe(POs); was
obtained instead by a solid-state synthesis which agrees with the literature data
that pure N4VFP could only be achieved through electrochemical sodiation of
N3;VFP. ¢ As there is a lack of research on N3VFP, especially, in aqueous
electrolytes, it was decided to continue with this one, which will be denoted
as NVFP from this point. The XRD pattern of NVFP shows sharp diffraction
peaks which indicate a high degree of crystallinity and agrees well with
monoclinic C2/c (No. 15) space group.”* A small amount of additional phase
of NaFePO, was also detected. The morphology of NVFP was investigated
using SEM analysis. Fig. 112 indicates that particles are irregular and a few
micrometers in size.

In order to improve the electronic contact between ceramic particles,
NVFP was additionally coated by a carbon layer using post-synthetic
pyrolysis of citric acid. The XRD pattern in Fig. 111 shows that such treatment
does not alter the main phase structure. The resulting carbon content obtained
by this procedure was evaluated by TGA and found to be ~4.6 wt% (Fig. 113).
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Fig. 113. Thermogravimetric and DSC curves of NVFP.
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3.5.4. Electrochemical performance

For the initial electrochemical characterization, CVs of NVFP were
recorded using 1 M NaySOy o) electrolyte at the scanning rate of S5mV s’
within different potential windows using beaker-type cells. When the potential
limits were from -1.0 V to 1.4 V vs Ag/AgCl (Fig. 114), three anodic peaks at
around -0.3 V, 0.6 V and 1.16 V which correspond to Fe*"/Fe**, V**/V*" and
VH/V3 were observed, respectively. However, only one cathodic peak at
~0.43 V which corresponds to V**/V*" redox was observed in the first cycle.
If the potential window is limited to Fe*"/Fe’" and V**/V*" redox couples
(-1.0 - 0.9 V), iron has a much more pronounced cathodic peak at ~-0.5 V and
vanadium is much more stable during further cycling. If the potential window
is set from 0 V to 1.4 V, the V**/V*" redox couple still showed response only
in the anodic side for one cycle, and reversible redox peaks of V**/V*" degrade
with every further cycle. The presence of only one cathodic peak in this
potential window could also confirm the hypothesis of asymmetric and
irreversible electrochemical reactions of V**/V* and V*'/V>*.%7 Moreover, if
the potential window is limited only to separate Fe*'/Fe** (-1.0 - 0.2 V) or
V*/V# (0 -0.9 V) windows, the peaks are reversible, well pronounced and
very stable in both cases. All these results suggest that V*/V°>" redox couple
destabilizes this framework in aqueous media and will be excluded from the
following investigation.
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Fig. 114. Cyclic voltammograms of NVFP of different voltage windows
recorded at 5 mV s scan rate.

GCD cycling was used for estimating the specific discharge capacity and
CE% of NVFP. First, GCD cycling for 100 cycles was performed for both
Fe*'/Fe** and V*'/V*" redox couples within the potential widow
of -0.9 — 0.9 V (Ag/AgCl) at 1C in aqueous electrolytes using Swagelok-type
cells. The rate (1C=0.117 A g') is calculated based on the theoretical
capacity of NVFP for two electrons. Four different aqueous electrolytes:
1 M NaySO4 agp, 17 m NaClOs (aq, 8 m NaTFSI (o, and 28 m KAc +
8 m NaAc q were investigated (Fig. 115). The initial specific capacity and its
retention after 100 cycles are 87.8 mAh g and 7.5% in 1 M Na;SOs (),
72.4 mAh g and 38.6% in 17 m NaClOs (), 88.4 mAh g"' and 16.6% in
8 m NaTFSI (., and 66.9 mAh g and 14.6% for 28 m KAc + 8 m NaAc (a).
Fast degradation of the capacity was observed in all cases which is probably

due to the dissolution of NVFP framework in aqueous media. However,
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slightly better performance is achieved with concentrated 17 m NaClOjs (aq)
electrolyte which reduces the dissolution, as was also observed with NFPP
and NVPP materials in previous studies. In all cases, two clear potential
plateaus could be observed at around -0.43 V and 0.5 V which correspond to
Fe?"/Fe’" and V**/V*" redox, respectively, and agree well with those reported

in literature.”*®
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Fig. 115. GCD cycling of NVFP electrode (Fe*"/Fe’" + V**/V*") in
different aqueous electrolytes at 1C.

GCD cycling of NVFP electrodes was also performed in 1 M NaySOj (aq)
with different buffers such as 0.1 M citrate (pH =4.0), 0.1 M phosphate
(pH =7.0) and 0.1 M borate (pH = 10.0) to investigate the influence of pH to
materials electrochemical performance. 100 cycles were recorded for
Fe?'/Fe** and V*'/V*" redox couples within the potential window
of -1.0 — 0.9 V (Ag/AgCl) at 1C using beaker-type cells. The results presented
in Fig. 116 show rapid capacity degradation in acidic buffer, but slightly better
retention in alkaline buffer.
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Fig. 116. GCD cycling of NVFP electrodes (Fe*"/Fe’" + V**/V*) in
aqueous electrolytes with different pH at 1C.

The initial capacities of NVFP electrodes in all tested aqueous electrolytes
(except acidic one) could be considered as sufficient for aqueous SIBs,
however, they rapidly degrade in just ~20 cycles. In order to find out which
redox couple (Fe*'/Fe*" or V¥'/V*") is limiting or that both of them are not
stable, GCD cycling was performed for each redox couple separately at
different pH 1 M Na»SOj4 (aq) electrolytes. 100 cycles were recorded within the
potential widow of -1.0 -0 V (Fe*"/Fe*") or 0.2-0.9 V (V**/V*) at 1C
(1C=0.059 A g") using beaker-type cells. The results presented in Fig. 117
show that Fe*'/Fe’'redox couple is considerably more stable at all pHs.
However, the best result is achieved in an alkaline electrolyte, where the initial
discharge capacity and its retention after 100 cycles were 48 mAh g
(theoretical 58.5 mAhg') and 91.8%, respectively. On the other hand,
vanadium results (Fig. 118) do not exhibit such stability. All electrolytes show
much lower initial capacities (16 — 39 mAh g ') and the best capacity retention
after 100 cycles reached was only 20.1% with standard 1 M Na,SOys (ag)
electrolyte. All these results suggest that the stability limiting process is
V**/V* redox which lowers the total capacity of NVFP due to probably faster
V dissolution. The same stability tendencies were also observed before in
NFPP and NVPP, which confirms that iron is a more suitable transition metal
than vanadium and manganese making it more suitable for aqueous SIBs.
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NVFP shows much better potential as a suitable Na-ion battery positive
material, but the mitigation of the dissolution should be considered and further

developed.
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Electrochemical characterization of NVFP was additionally carried out in
organic electrolytes in order to compare it with aqueous systems and to verify
that the capacity loss is mainly related to the electrolyte and not the material
itself. Fig. 119 shows CVs which were recorded in 1 M NaPFs in DG
electrolyte at the scanning rate of 0.5 mV s™ within the potential window of
1.8—-4.5V vs Na'/Na using a Swagelok-type cell. No well pronounced
reversible current peaks of Fe?'/Fe** could be found at around 2.4 V/2.6 V vs
Na'/Na, while V**/V* redox couple has very pronounced but not stable and
shifting peaks at 3.4 V/3.5 V vs Na'/Na. Identically to aqueous electrolytes,
the V**/V°" redox is observed only on the anodic side of the first cycle which
suggests that this couple is not stable neither in aqueous nor in organic
electrolytes.
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Fig. 119. Cyclic voltammograms of NVFP electrodes in organic
electrolyte recorded at 5 mV s ' scan rate.

GCD measurements of NVFP electrodes for 3 electron process (Fe*'/Fe*”,
V*/V* and V¥/V") were performed for 300 cycles within the potential
window from 2.0 to 4.4V vs Na'/Na at 1C with 1 M NaPFs in EC:DEC
(3:7 vol%) and 1 M NaPFs in DG electrolytes using Swagelok-type cells (Fig.
120). The results in DG electrolyte indicate slightly more stable
electrochemical performance than a mixture of EC:DEC. It could be attributed
to the different chemical composition, narrower distribution, thickness, and
stability of the solid electrolyte interphase on Na and the positive electrode
formed in DG electrolyte.'*® The initial discharge capacity, CE% and capacity
retention after 100 cycles in DG electrolyte were 98.5 mAh g, 98.6% and
58.3%, respectively, which is only slightly better than the results in aqueous
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media. In the first cycles, three charging and only two discharging voltage
plateaus could be observed which confirms asymmetrical Na ion
insertion/deinsertion mechanism.
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Fig. 120. GCD cycling of NVFP electrode (Fe*'/Fe** + V¥'/V*") in
different organic electrolytes at 1C.

However, low initial capacity and its retention could also suggest that this
framework is not stable for full potential range and redox couple of V*/V**
could destabilize the material. In order to determine the stability limitation,
GCD cycling was also performed for different combinations of redox couples
in 1 M NaPFs in DG electrolyte for 250 cycles at 1C rate using Swagelok-type
cells. First, the pairs of Fe*/Fe*" and V**/V*" were tested within the potential
window of 2.0 — 3.8 V vs Na"/Na. The results in Fig. 121 (dark brown) show
a more stable performance than previously in the full potential window, the
initial discharge capacity, CE% and capacity retention after 100 cycles are
79.5 mAh g (theoretical is 117 mAh g'), 96.2% and 98.8%, respectively. If
the potential is limited to 3.0-4.4V for V**/V* and V*/V°* (Fig.
121 (brown)), the initial discharge capacity, CE% and capacity retention after
100 cycles are 52.8 mAh g™ (theoretical is 117 mAh g™), 95.7% and 77.7%,
respectively. Although, the first charging capacity of 95.8 mAh g drops after
two cycles down to 54 mAh g”', this indicates that V*/V°" is active only in the
first charging cycle and all of its capacity comes from the redox couple of
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V3*/V* only. This is also confirmed by GCD cycling of only V**/V* couple
within the potential window of 3.0 -3.8 V (Fig. 121 (orange)), with the
capacity results identical to the previous ones. On the other hand, if the
potential is limited to 2.0 — 3.0 V (Fig. 121 (light green)), only the Fe*'/Fe**
couple is active. The initial discharge capacity, CE% and capacity retention
after 100 cycles were 33.6 mAh g (theoretical is 58.5 mAh g), 99.8% and
92.4%, respectively. All of the obtained results suggest that V*/V>" redox
process destabilizes the NVFP framework in organic electrolytes, but
vanadium shows better electrochemical performance than iron even if both of
them are very stable separately.
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Fig. 121. GCD cycling of NVFP electrodes at different voltage windows
in organic electrolyte at 1C.

The C-rate capability (0.1 —20C) of NVFP with DG electrolyte was
investigated for two (Fe*"/Fe’”, V**/V*") and for all three redox couples
(Fe*'/Fe**, V**/V* and V*/V°"). In the case of Fe*'/Fe’" and V*"/V*" (Fig.
122a), the initial discharge capacity at 0.1C rate is 89.3 mAh g, which
decreases to 31.8 mAhg' at 20C and is almost fully recovered to
84.6 mAh g after the rate was switched back to 0.1C. This indicates a
sufficient rate capability of NVFP in organic electrolytes. The results in Fig.
122b confirm that the second V**/V** redox couple clearly destabilizes the
NVEFP framework and its charge capacity. On the other hand, the initial charge

capacity when C-rate is 0.1C reaches 165 mAh g which is close to the
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theoretical value. However, this value decreases in every cycle and does not
recover back after high C-rate testing.

Overall, NVFP seems to be a potential suitable electrode material for
aqueous SIBs. However, some additional understanding of its degradation
mechanism and designing of an appropriate prevention strategy is still needed.
Additionally, it is an outstanding positive electrode for organic SIBs if V*'/V>*
redox is avoided.
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Fig. 122. Rate capability of GCD cycling of NVFP in organic DG
electrolyte a) for Fe**/Fe’" and V**/V*" and b) for Fe*'/Fe*", V**/V*" and
V4+/V5+.

3.5.5. Summary

[} Na;VFe(PO.); was successfully synthesized via a conventional solid-
state method. The obtained particles are of irregular shape and a few
micrometers in size. The materials were additionally coated with a carbon
layer by pyrolysis of citric acid.

[} Na;VFe(PO,); exhibits limited electrochemical stability when all
three redox couples (Fe*'/Fe**, V¥'/V*, and V*/V°") are simultaneously
utilized irrespective of aqueous or organic electrolytes. V*/V°>" redox couple
causes phosphate framework destabilization and capacity loss, likely due to V
dissolution. Fe?"/Fe** couple is much more stable than V**/V*" couple in
aqueous electrolytes.

[} Na;VFe(PO.); shows a decent potential as a suitable electrode
material for aqueous SIBs. However, additional mechanistic understanding of
degradation processes and application of appropriate prevention means are

still need for a successful utilization of this material in batteries.
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4. CONCLUSIONS

(W} NaTi,(PO4); nanoparticles could be successfully prepared by
hydro(solvo)thermal synthesis method. The synthesis temperature affects
particle size but not the phase purity. The appropriate choice of synthesis
media such as alcohol-water mixtures allows for a careful control and
engineering of nanoparticle morphology. Nanoparticles with irregular shapes
and ample surface defects result in reduced initial capacities and faster
capacity fade.

[} The irreversible capacity loss of NaTiz(POy)s in aqueous electrolytes
during cycling is linked to its electrochemically-induced degradation. This is
especially pronounced at low charging/discharging rates. Oxygen reduction
induced self-discharge and local pH increase is indicated as the leading cause
of NaTix(PO4)3 degradation. The capacity loss was correlated to the amount of
phosphorus dissolved in the electrolyte but not with that of titanium. This
indicates the formation of Ti-rich interphasial layer on the particle surface.
Overall NaTi2(POs4)s is a suitable negative electrode material for aqueous and
non-aqueous Na-ion batteries.

[} M anganese-based NasMn3(PO4),P207 and NasMnPO4COs could be
successfully prepared by conventional solid-state and hydrothermal methods,
respectively. The optimal synthesis conditions and precursor ratios are
suggested However, NasMn3(PO4);P.0; and Na;MnPO4CO; materials
demonstrated limited electrochemical activity in both aqueous and organic
electrolytes, with very fast capacity loss. This is likely due to
electrochemically-induced materials dissolution and aqueous stability of Mn?*
species. The results indicate that these materials are not suitable as Na-ion
battery positive electrodes neither in aqueous not organic electrolytes.

W} Na;Fex(PO4); could be successfully prepared by solid-state method
with irregular particle morphology. It also showed relatively poor
electrochemical performance even with low initial capacity making it an
unsuitable electrode material for aqueous Na-ion batteries. In contrast,
NasFe3(PO4):P207 could be prepared via solid-state and sol-gel methods and
shows promising electrochemical characteristics. However, it still suffers
from electrochemical degradation likely associated to iron dissolution and/or
instability of the mixed phosphate-pyrophosphate framework. In order to
enable its application in aqueous environments, mitigation strategies such as

electrolyte additives or protective layers are necessary. Nevertheless, this
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material showcased exceptional cycling stability and rate capability in organic
electrolytes. Nay Fe[Fe(CN)¢]-yH,O Prussian Blue Analogues could be
successfully prepared by hydrothermal and co-precipitation methods. They
adopt different crystalline phases depending on the synthesis temperature,
media and drying conditions. The results demonstrate the superior
electrochemical performance of this material for one-electron process in
aqueous electrolytes and for two-electron process in organic electrolytes.
These materials serve as versatile and suitable positive electrode materials for
both aqueous and non-aqueous Na-ion batteries.

[} Na,;V(PO4)(P207)s could be successfully prepared using by solid-
state method. The electrodes made from Na;V4(PO4)(P20O7)4 show relatively
poor performance in aqueous electrolytes, likely due to degradation caused by
the dissolution of V*" into the electrolyte. This points to the need of additional
stabilization strategies for preventing such dissolution. However, these
electrodes demonstrated very good electrochemical performance, including
initial capacity, its retention, and rate capability in organic electrolytes,
making them suitable as non-aqueous Na-ion battery positive electrodes.

W} Mixed transition metal based NasVFe(POy); could be successfully
prepared by conventional solid-state method. The electrochemical
characterization reveals that Na;VFe(POs); is not very stable when all three
redox couples (Fe*'/Fe**, V¥'/V*, and V*'/V*") are utilized irrespective of
aqueous or organic electrolytes. The activation of V**/V*" redox couple
destabilizes the phosphate framework, leading to possible vanadium
dissolution. In contrast, the Fe*/Fe’* redox couple alone without the
activation of V**/V*" exhibits much greater stability in aqueous electrolytes.
This makes Na3VFe(POs)s a potentially suitable candidate electrode material
for aqueous Na-ion batteries. Nevertheless, the challenges associated with
electrochemical degradation must still be further addressed for practical
applications.
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SANTRAUKA

1. Ivadas

Intensyviai augantis elektros energijos poreikis skatina ieskoti naujy ir
efektyviy budy atsinaujinancios energijos saugojimui. Elektrocheminés
baterijos Siuo metu yra laikomos viena i§ patraukliausiy technologijy, jos
pasizymi aukstu energijos vartojimo efektyvumu, mazu poveikiu aplinkai,
lengvu matmeny keitimu ir, svarbiausia, placiu galios ir energijos intervalu.
Siuo metu pladiausiai naudojamos li¢io jony baterijos (LIBs), pasizyminéios
i8skirtiniais energijos ir galios tankiais, taciau auksta ir nuolat kintanti licio
bei kai kuriy kity biitiny pereinamyjy metaly kaina, o taip pat jose naudojami
labai degiis organiniai elektrolitai skatina ieSkoti naujy ir tvaresniy alternatyvy
energijos saugojimui.’ Natrio jony baterijos (SIBs), ypa¢ naudojancios
vandeninius elektrolitus, kelia vis didesnj susidoméjima kaip stacionarios
energijos kaupimo sistemos, kadangi jos yra Zymiai saugesnés, nedegios,
draugiskesnés aplinkai, lengviau utilizuojamos bei perdirbamos ir, zinoma,
pigesnés nei LIB dél neriboty natrio istekliy.>*

Daugybé jvairiy medziagy yra placiai tyrinéjamos kaip vandeniniy SIBs
elektrody aktyviosios medziagos. Jos gali biiti suskirstytos j Sias pagrindines
grupes: sluoksniuotieji  oksidai, NASICON-struktiiros polianijoniniai
junginiai ir prasy mélio analogai. Nors dauguma S§iy junginiy pasizymi
vertingomis elektrocheminémis savybémis, taCiau pagrindinés problemos,
kurias bitina iStirti, suprasti ir i$spresti, yra susij¢ su prastu stabilumu
ikrovimo/iskrovimo ciklinimo metu, mazu energijos tankiu bei Zema baterijy
jtampa, kurias biitina itirti, suprasti ir i§spresti.’

Sios disertacijos pagrindinis tikslas - surasti, susintetinti ir i§tirti naujas
karkasines elektrody medziagas, tinkamas vandeninéms natrio jony
baterijoms. Darbo naujumas susij¢s su tuo, kad dauguma Siame darbe
analizuojamy junginiy iki $iol buvo mazai tyrinéti ir dazniausiai kaip
organiniy Na® jony baterijy elektrody aktyviosios medziagos. Tikslui
igyvendinti buvo suformuluoti $ie uzdaviniai:

[} Paruosti NaTi(POy); ir istirti sintezés parametry jtakg medziagos
fazés grynumui bei morfologijai; iStirti Sios medziagos elektrochemines
savybes ir degradacijos procesa jvairiuose vandeniniuose elektrolituose,
panaudojant cikling voltamperometrijg, galvanostatinj jkrovimo/iSkrovimo
ciklinimg ir elementing analize, bei palyginti jas su rezultatais, gautais
organiniame elektrolite.

[} Sysintetinti  bei  charakterizuoti ~ NasMn3(PO4)2(P207)  ir
Na;MnPO4CO; medziagas; istirti §iy medziagy elektrochemines savybes
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jvairiuose vandeniniuose panaudojant cikling voltamperometrijg ir
galvanostatinj jkrovimo/iSkrovimo ciklinimg bei palyginti jas su rezultatais,
gautais organiniame elektrolite.

[} Sysintetinti bei charakterizuoti NasFex(PQ4)3, NasFe;(POy)2(P207) ir
Na,.«Fe[Fe(CN)g]-yH2O medziagas, istirti Siy medziagy elektrochemines
savybes jvairiuose vandeniniuose elektrolituose panaudojant cikling
voltamperometrija ir galvanostatinj jkrovimo/iSkrovimo ciklinimg bei
palyginti jas su rezultatais, gautais organiniame elektrolite.

[} Sysintetinti bei charakterizuoti Na;V4(PO4)(P207)s medZziagg; istirti
Sios medziagos elektrochemines savybes jvairiuose vandeniniuose
elektrolituose panaudojant cikling voltamperometrija ir galvanostatinj
ikrovimo/iskrovimo ciklinima bei palyginti jas su rezultatais, gautais
organiniame elektrolite.

[} Sysintetinti bei charakterizuoti NazVFe(POj)3 medziaga, iStirti $ios
medziagos elektrochemines savybes jvairiuose vandeniniuose elektrolituose
panaudojant cikling voltamperometrijg ir galvanostatinj jkrovimo/iskrovimo
ciklinima bei palyginti jas su rezultatais, gautais organiniame elektrolite.

Ginamieji Sios disertacijos teiginiai yra:

=} NaTiy(PO4); gali biiti susintetintas su skirtingais tirpikliais (jvairts
alkoholiai ir jy miSiniai su vandeniu) hidro(solvo)terminiu metodu. Vandens
aktyvumas yra pagrindinis parametras jtakojantis NTP fazés grynuma,
nanodaleliy morfologija ir dydj. Negriztama NTP elektrody talpos degradacija
vandeniuose elektrolituose yra susijusi su elektrochemiskai inicijuotu
cheminiu aktyviosios medziagos tirpimu.

8} Na,Mn3(POs)2(P207) ir NazMnPO4CO; gali biiti susintetinami
kietafazés ir hidroterminiu metodais, atitinkamai. Sios Mn turindios
medziagos pasizymi labai ribotu elektrocheminiu aktyvumu vandeniniuose
elektrolituose.

9} Nas;Fey(PO4); gali buti susintetintas kietafazés metodu, taciau S§i
medziaga pasizymi ribotu elektrocheminiu aktyvumu vandeniniame
elektrolite. NasFe3(PO4)2(P,07) gali biiti susintetintas kietafazés ir zoliy-geliy
metodais. Nors §i medziaga pasizymi pakankamai geromis pradinémis
talpomis, taciau joms yra biidinga elektrocheminé degradacija. Skirtingos
Nay.<Fe[Fe(CN)g]-yH,O fazés gali buti susintetintos hidroterminiu arba
iSsodinimo metodais priklausimai nuo sintezés temperattiros, pradiniy
medziagy ir dziovinimo salygy. Monoklininé fazé pasizymi puikiu
elektrocheminiu stabilumu riig§tiniame vandeniniame elektrolite.
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[} Na,V4(POs)(P20)s gali biiti susintetintas kietafazés metodu, taciau i
medziaga pasiZzymi labai ribotu elektrocheminiu aktyvumu vandeniniuose
elektrolituose.

=} Na;VFe(POy)s gali biiti susintetintas kietafazés metodu. Si medziaga
pasizymi pakankamai geromis pradinémis talpomis kai aktyvios yra tik
Fe?'/Fe** ir V*'/V* redukcijos-oksidacijos poros, kadangi V*/Vv°*
aktyvavimas destabilizuoja struktiirg.

2. Literatiiros apzvalga

Elektrocheminé baterija, kurig 1800-aisiais iSrado A. Volta,"” itin
efektyviai per oksidacijos-redukcijos reakcijas konvertuoja cheming energija
i elektros energija.'® Baterija daZniausiai susideda i§ keleto tarpusavyije
sujungty elektrocheminiy vienety — celiy, taip gaunant didesn¢ bendra talpa ir
jtampg. Pagrindinés celés sudedamosios dalys yra neigiamas ir teigiamas
elektrodai bei elektrolitas (jony laidininkas).'” '8

Natrio jony baterijos veikimo schema yra pateikta 123 pav.: iSkrovimo
metu, neigiamas elektrodas yra oksiduojamas ir atiduoda elektronus iSorinei
grandinei, o teigiamas elektrodas juos priima ir yra redukuojamas. Tuo paciu
metu elektrolite esantys jonai keliauja link elektrody, kad biity iSlaikomas
sistemos elektrinis neutralumas: katijonai juda link neigiamai poliarizuoto
teigiamo elektrodo, o anijonai prieSingai. Jkrovimo metu oksidacijos-
redukcijos reakcijos vyksta atvirkSciai. Bendra celés jtampa priklauso nuo
cheminio potencialo skirtumo tarp neigiamo ir teigiamo elektrody medziagy.'®
Priklausomai nuo elektrocheminiy reakcijy griztamumo celés yra skirstomos
1 pirmines (nejkraunamos arba vienkartinés) ir antrines (jkraunamos arba

daugkartings).'® !
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¥ Tiio, ' [krovimas .

Teigiamas Neigiamas
elektrodas elektrodas

Sroveés
kolektorius

Sroveés

kolektorius Separatorius

+
elektrolitas

123 pav. Natrio jony baterijos veikimo schema

Pakraunamos baterijos yra naudojamos jvairiausiose srityse: elektrinése
transporto priemonése, neSiojamuose elektros jrenginiuose, stacionariose ar
nesiojamose elektros energijos saugyklose ir kt.. Dél unikaliy elektrocheminiy
savybiy rinkoje Siuo metu dominuoja LIB, ta¢iau ribotas li¢io prieinamumas,
kylanti zaliavy, kaina, didéjantys saugumo bei aplinkosaugos reikalavimai
skatina ie§koti alternatyviy technologijy.*®

Na*, K', Mg*, Ca*’, AP ir Zn*" jony baterijos dé¢l daug didesnio
medziagy prieinamumo ir mazesnés kainos kelig didelj susidoméjimg kaip
potencialios LIB alternatyvos.*' Ypatingas démesys skiriamas SIB. Natris yra
antrasis pagal lengvuma $arminis metalas po li¢io, o elektrocheminis Na'/Na
potencialas yra tik 0,3 V maZesnis uz Li'/Li.** Nors Zemas energijos tankis,
ribotas jkrovimo greicio pasirinkimas ir pakankamai trumpas tarnavimo laikas
riboja SIB pritaikyma nesiojamuosiuose prietaisuose ar elektrinése transporto
priemonése, taCiau jos puikiai tinka stacionariam elektros energijos
saugojimui, kur baterijos dydis ir svoris néra tokie svarbiis kaip kaina ir
draugiskumas aplinkai.*®

Elektrody aktyviosios medziagos yra esminés celés sudedamosios dalys,
nes bitent nuo jy priklauso baterijos naSumas, bendroji talpa, jtampa,
energijos tankis, kaina ir saugumas, tod¢l daug démesio skiriama Siy
medziagy paieSkai ir tyrimams. Neigiamiems elektrodams gali biti
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naudojama anglis, titano junginiai ir lydiniai, o teigiamiems - sluoksniuotieji
oksidai, polianijoniniai junginiai ir Priisy mélio analogai.’

Ne maziau svarbus ir elektrolitas, kuris uZtikrina efektyvig jony (Na")
pernasg tarp elektrody. Elektrolitas turi pasizyméti aukStu joniniu ir Zemu
elektroniniu laidumu, placiu elektrocheminio stabilumo langu, cheminiu
stabilumu ir terminiu stabilumu, inertiSkumu kitiems celés komponentams,
kuo maZesniu toksiskumu bei, pageidautina, maza kaina.*® *” SIB sistemose
naudojami elektrolitai pagal savo prigimtj yra skirstomi j vandeninius,
organinius,®™ joninius skyscius,* kietafazius,”® ir hibridinius.”’ Nors dél
plataus elektrocheminio stabilumo lango (iki 4 V) daZniausiai naudojami
organiniai elektrolitai, ta¢iau jie yra labai toksiski, degiis ir brangiis.*® Tuo
tarpu vandeniniai elektrolitai yra daug saugesni, nedegts, pigesni, lengvai
utilizuojami ir pasizymi aukstesniu joniniu laidumu nei organiniai.’*
Pagrindinis  vandeniniy tirpaly trakumas - pakankamai siauras
elektrocheminio stabilumo langas (gryno H,O ~1,23 V), kurj salygoja
vandens oksidacijos ir redukcijos reakcijos.”® Tam tikry drusky ar tiesiog
didesniy jy koncentracijy naudojimas gali Siek tiek praplésti stabilumo ribas.”®
Kita nemaziau svarbi problema yra ribotas cheminis ir elektrocheminis
medziagy stabilumas vandeniniuose elektrolituose. Kai kurios elektrody
medziagos pasizymi puikiu elektrocheminiu aktyvumu organiniame
elektrolite, taciau vandenyje jos yra linkusios tirpti, o tai skatina talpos
degradacija.”®®” Todél renkantis aktyvigsias medziagas ir elektrolita reikalingi
iSsamis tyrimai.

3. Eksperimentiniai metodai

Siame darbe buvo tiriamos NaTiy(POs);, NasMn3(PO4).P,07,
Na3MnPO4C03, Na3Fez(PO4)3, Na4Fe3(PO4)2P207, Naz.xFe[Fe(CN)e}szO,
Na;V4(PO4)(P2O7)s ir NazVFe(POs); medziagos, kuriy sintezés yra
apibendrintos 1 lenteléje. Daleliy dydzio pasiskirstymo suvienodinimui visi
méginiai po sinteziy buvo sumalami, naudojant planetarinj malting (350 rpm,
2 h). Taip pat, elektroniniam laidumui pagerinti, priklausomai nuo medziagos
terminiy savybiy, kai kurie méginiai buvo papildomai dengiami anglies
sluoksniu pirolizés metodu.

Visi susintetinti méginiai buvo tiriami Rentgeno spinduliy difrakcijos
(Rigaku MiniFlex II, Bruker Phaser D2 ir Bruker Advance D8), skanuojancios
elektroninés mikroskopijos (Hitachi SU-70, Helios Nanolab 650, FEI ir
Hitachi TM4000Plus) ir terminés analizés metodais (STA600 PerkinElmer).
Kai kurios medziagos buvo papildomai analizuotos perSvieiamaja

elektronine mikroskopija (Tecnai G2 F20 X-TWIN, FEI), daleliy pavirSiaus
132



ploto analizatoriumi (BET, Anton Paar Brunauer-Emmett-Teller) ir
induktyviai susietos plazmos optinés emisijos spektroskopija.

1 lentelé. Darbe tiriamy medziagy sintezés metody apibendrinimas

Medziaga Sintezés metodas Dengimas anglimi
NaTi(PO4)3 hidro(solvo)terminé 30% citrinos rugstis
NasMn3(PO4)2P207 kietafaze 30% gliukoze
NazMnPO4COs3 hidroterminé -

NazFex(POs); kietafazé 30% citrinos rugstis
NasFes(PO4)2P20 kietafaze ir zoliy-geliy 30% gliukozg, -
Nay<Fex(CN)s-yH20O hidroterming ir iSsodinimo -
Na;V4(PO4)(P207)4 kietafazé 30% citrinos rugstis
Na3VFe(PO4)3 kietafazé 30% citrinos rugstis

I§ susintetinty ir charakterizuoty milteliy maliino pagalba buvo paruosta
suspensija, susidedanti i§ 70 % aktyviosios medziagos, 20 % anglies ir 10 %
riSiklio (PVDF), kuri ruoSiant darbinius elektrodus 100 —300 pm storio
sluoksniu buvo uztepama ant aliuminio folijos. Dél nepakankamos adhezijos
tarp aliuminio folijos ir darbinio elektrodo kompozito vandeniniuose
elektrolituose, gauta plévelé buvo perkeliama ant nertidijancio plieno
tinklelio, naudojant hidraulinj presa.

Paruosty elektrody elektrocheminés savybés jvairiuose vandeniniuose
(1 M NaxSOs, 17m NaClO4, 8 m NaTFSI, 28 m KAc + 8 m NaAc) ir
organiniuose (1 M NaPFs (DG, EC:PC, EC:DEC)) elektrolituose buvo
charakterizuojamos naudojant ciklinés voltamperometrijos (SP-240, Biologic
ir PGSTAT-302 Metrohm Autolab) ir galvanostatinio jkrovimo/iskrovimo
metodus (MACCOR, Series 4000 ir Neware CT-4008).

4. Rezultatai ir jy aptarimas
4.1.NaTi2(PO4);

NaTix(PO4); (NTP) medziaga susintetinta hidro(solvo)terminiu metodu.
Buvo tiriama sintezés parametry jtaka medziagos fazinei sudéciai ir
morfologijai. Pirmiausia buvo nustatyta, jog sintezés temperatiira
(120 — 220 °C) neturi jtakos medziagos grynumui ir visais atvejais gaunama
auksto kristaliSkumo NTP fazg, taciau didéjanti temperattra jtakojo didesniy
kubinés formos nanodaleliy formavimasi (120 °C - ~60 nm, 220 °C —
~142 nm). Taip pat buvo tiriama sintez¢je naudojamo tirpiklio jtaka
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medziagos fazinei sudéciai ir morfologijai. Tyrimams pasirinkti Sie tirpikliai:
metanolis (MeOH), etanolis (EtOH), 1-propanolis (1-PrOH), 2-propanolis
(2-PrOH), etilenglikolis (EG) ir jy miSiniai su vandeniu, naudojant 5:0, 4:1,
2:3 ir 3:2 alkoholio su vandeniu tirinius santykius. Nustatyta, jog sintetinant
gryname alkoholyje gaunam gryna NTP fazé, o papildomas H,O kiekis jtakoja
a-Ti(HPOs),-H,O priemaiSos formavimasi. MeOH atveju §i papildoma fazé
pradéjo formuotis esant 2:3 miSiniui, EtOH — 3:2, 1-PrOH — 4:1, 2-PrOH ir
EG — 3:2, o toliau didéjantis vandens kiekis augino net tik Sios priemaiSos
kiekj, bet ir NTP daleliy dydj. Naudoti alkoholiai ir jy miSiniai su vandeniu
formavo skirtingos morfologijos nanodaleles, pvz., gryno EG atveju buvo
gautos sferinés ir maziausios (~58 nm) dalelés, o MeOH — kubinés. Prieita
iSvados, kad toks skirtingas daleliy formos ir fazés formavimasis priklauso
nuo vandens aktyvumo naudotuose tirpikliuose. Taip pat buvo iSmatuotas visy
méginiy pavirsiaus plotas ir anglies kiekis po papildomos pirolizés.

NTP elektrody elektrocheminés savybés buvo iStirtos 1 M NaxSOs (aq)
elektrolite uzrasant ciklines voltamperogramas. Jose matomos NTP biidingos
katodiné ir anodiné smailés (ties -1,0 V/-0,6 V (Ag/AgCl), atitinkamai),
priskiriamos grjztamai Ti’"/Ti*" oksidacijai — redukcijai. Pastebéta, jog
méginiai, kuriy dalelés turi didesnj pavirSiaus plotg ir maziau pavirSiaus
defekty (sintetintos grynuose MeOH ir EG), pasizymi aukStesnémis srovémis.
Tuo tarpu geriausiomis kriivio talpomis (96 mAhg') ir jy stabilumu
galvanostatinio ciklinimo 1 M Na;SOs aq) elektrolite metu pasizyméjo NTP,
kuris buvo susintetintas naudojant 1-PrOH. Elektrodas islaikeé 95% pradinés
talpos per 100 cikly. Nors Sios dalelés buvo didziausios i§ gryny alkoholiy
serijos, tolimesnis daleliy augimas pridedant vandens nepagerino kriivio
talpos rezultaty, todél prieita iSvados, kad, kai pasiekiamas optimalus NTP
nanodaleliy dydis (~120 nm), morfologija tampa svarbesniu veiksniu
lemianciu elektrocheminj aktyvuma ir stabiluma.

Taip pat iStirta galvanostatinio jkrovimo-iskrovimo greicio (angl. C-rate)
jtaka NTP specifinei kriivio talpai 0,1 — 1000C intervale (1C = 0,133 A g").
Rezultatai parodé, kad didinant greitj, geréjo kriivio talpy stabilumas ir
ikrovimo/iskrovimo procesy kuloninis naSumas, taciau teoriné NTP talpa
(133 mAh g') nebuvo pasiekiama. ICP metodu ityrus titano ir fosforo kiekj
elektrolituose po 100 cikly, paaiskéjo, jog NTP tirpsta. Nustatyta, kad kuo
mazesnis C-greitis (t.y. kuo ilgiau trunka eksperimentas), tuo daugiau
iStirpusio P randama elektrolite. Tuo tarpu istirpusio Ti kiekis buvo daug
mazesnis uz P ir jokios koreliacijos su jkrovimo/iskrovimo grei¢iu
nepastebéta. Padaryta prielaida, kad ant elektrodo pavirSiaus susidaro
amorfinis mazai tirpiy Ti(HPO4)/Ti(H2POs4)4 junginiy sluoksnis, kuris taip pat
limituoja Na jony difuzija ir prisideda prie talpos maz¢jimo. Taip pat
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nustatyta, jog NTP talpos mazéjima lemia ir savaiminis NTP i§sikrovimas,
kurj skatina elektrolite iStirpes deguonis. NTP elektrody elgsena tirta ir
organiniuose elektrolituose. Nustatyta, kad po 100 cikly 1 M NaPFs diglymo
(DG) elektrolite NTP islaiko net 98% pradinés kriivio talpos, o tai patvirtina,
jog degradacija vandeniniame elektrolite yra susijusi ne su pa¢ia medziaga, o
su  Salutinémis reakcijomis, vykstan¢iomis vandeniniame elektrolite.
Apibendrinus gautus rezultatus, galima teigti, jog NTP yra puikus neigiamas
elektrodas tiek vandeninéms, tiek organinéms SIB, taciau yra bitina
atsizvelgti ir iSspresti electrocheminio tirpumo problema.

4.2. Na4Mn3(PO4)2P207

NasMn;3(PO4),P,0; (NMPP) netaisyklingy formy mikrodalelés buvo
susintetintos kietafazés sintezés metodu. Nors medziaga pasizyméjo aukstu
kristaliSkumu, taciau aptikta ir ~22,0 sv.% NaMnPO, priemaisinés fazés.
Nustatyta, jog papildomam dengimui anglimi tinkama tik gliukozé, kadangi
naudojant citrinos riigstis pirolizés metu NMPP suskyla iki Mn,Os.

NMPP celektrodo ciklinés voltamperogramose, uzrasSytos naudojant
1 M NaSOy4 aq) elektrolita, pirmame cikle matoma tik viena anodiné smailé
ties 1,0 V (Ag/AgCl), kuri gali biiti priskirta Mn*'/Mn*" oksidacijai, tuo tarpu
katodiniy smailiy nebuvo pastebéta. Taciau §i smailé iSnyko jau antrame cikle,
o tai rodo itin greita NMPP elektrocheming degradacija. Galvanostatinis
ciklinimas taip pat patvirtino, jog §i medziaga yra aktyvi tik pirmajame cikle.
Buvo pasiekta 74 mAh g kriivio talpa, kuomet teoriné NMPP talpa yra
129 mAh g”'. Labiausiai tikéta, kad degradacija atsiranda dél riboto NMPP
stabilumo vandeniniame tirpale'®® ir elektrochemiskai neaktyvaus, netirpaus
sluoksnio formavimosi ant elektrodo pavir§iaus pirmuosiuose cikluose, kas
limituoja Na jony difuzija. Elektrocheminés NMPP elgsenos tyrimai
organiniame elektrolite (1 M NaPFs DG) taip pat neparodé gery rezultaty.
Oksidacijos-redukcijos smailés iSnyko po dviejy cikly, o pradiné specifiné
iskrovimo kriivio talpa sieké tik 20 mAh g'. Rezultaty visuma byloja, jog
NMPP néra tinkama teigiamy elektrody medziaga nei vandeninéms, nei
organinéms SIB.

4.3, NagMnPO4CO3

NazMnPO4COs (NMPC) mikrodalelés buvo sintetinamos hidroterminiu
metodu. Pirmiausia, buvo nustatyta, jog norint gauti gryng auksto
kristaliskumo NMPC, optimali sintezés temperatira yra 180 °C, o pradiniy
medziagy kiekiai - 0,01 mol Mn(NO3), ir 0,02 mol (NH4);HPO4. Dél CO;
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grupés NMPC medziaga yra termiskai stabili tik iki ~550 °C, todél
papildomas dengimas anglimi nebuvo atliktas.

NMPC elektrodo ciklinés voltamperogramos, uzraSytos naudojant
1 M NaxSOs4aq elektrolita, parodé dvi anodines smailes pirmajame cikle,
kurios gali biiti priskirtos Mn®>"/Mn** ir Mn*"/Mn*" oksidacijos reakcijoms.
Sios smailés idnyko jau antrame cikle dél NMPC elektrocheminio tirpimo,
taciau nuo ketvirtojo ciklo buvo galima pastebéti naujy anodiniy ir katodiniy
smailiy atsiradimg ties 0,85 V/ 1,0 V (Ag/AgCl), kurios gali buti priskirtos
elektrochemiskai aktyviems NMPC tirpimo produktams. Galvanostatinis
ciklinimas taip pat patvirtino greitg talpos degradacija, kurios priezastys
galimai yra tos pacios kaip ir NMPP atveju. Elektrocheminés NMPC elgsenos
tyrimai organiniame elektrolite (1 M NaPFs DG) taip pat parodé sparcig
degradacija. Apibendrinus rezultatus, galima teigti, jog NMPC néra tinkama
teigiamy elektrody medziaga nei vandeninéms, nei organinéms SIB.

4.4. Na3Fez(PO4)3

NasFe (PO4)s (NFP) netaisyklingy formy mikrodalelés buvo susintetintos
kietafazés sintezés metodu. Gauta auksto kristaliSkumo medziaga be jokiy
papildomy priemaisy. NFP dalelés buvo apdengtos papildomu anglies
sluoksniu citrinos riigsties pirolizés metodu.

NFP elektrodo ciklinés voltamperogramos, uZraSytos naudojant
1 M NaySOs4 g elektrolita, parodé keleta griztamy ir stabiliy anodiniy ir
katodiniy smailiy ties -0,5V/-0,35V, -0,1V/0,0V ir -0,05V/02V
(Ag/AgCl), kurios gali biiti priskirtos Fe*/Fe*" oksidacijai-redukcijai. Tuo
tarpu galvanostatinio ciklinimo metu iSmatuota pradiné specifiné jkrovimo
talpa sické tik 42 mAh g' (teoriné NFP talpa - 115 mAh g') ir antrame cikle
sumazéjo iki ~15mAhg'. Greita kriivio talpos degradacija gali biiti
paaiskinta NFP tirpimu vandeninéje terpéje elektrocheminiy procesy metu.
Remiantis gautais rezultatais galima teigti, kad NFP néra tinkama medziaga
vandeniniy SIB elektrodams.

4.5. Na4FC3(PO4)2P207

NagFe3(PO4),P,0; (NFPP) netaisyklingy formy mikrodalelés buvo
susintetintos zoliy-geliy ir kietafazés sintezés metodais. Zoliy-geliy sintezés
atveju buvo nustatyta, jog optimaliausi kristaliSkumo ir grynumo rezultatai
gaunami naudojant Fe-fumaratg kaip gelezies Saltinj ir citrinos riigstis,
gliukoze bei CTAB kaip koordinuojancius agentus. Tuo tarpu kietafazés
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sintezés biidu gautas NFPP pasizyméjo didesniu grynumu ir kristaliSkumu nei
su zoliy-geliy metodu susintetinta medziaga.

NFPP elektrody ciklinés voltamperogramos, uzraSytos naudojant
1 M NaxSOs g elektrolita, parodé dvi griztamy bei stabiliy anodiniy ir
katodiniy smailiy poras ties -0,4 V/0,9 V ir -0,7 V/1,0 V (Ag/AgCl), kurios
gali biti priskirtos Fe?/Fe’" oksidacijai-redukcijai. Galvanostatinio
ikrovimo/iskrovimo ciklinimo metu nustatyta, jog i$ visy zoliy-geliy metodu
susintetinty méginiy geriausia pradine specifine kriivio talpa (65,9 mAh g) ir
talpos stabilumu (38% po 100 cikly) pasizymeéjo bandiniai, gauti naudojant
Fe-fumarata, citrinos riigstj, gliukoze ir CTAB . Teoriné NFPP krivio talpa
yra 129 mAh g™'. Tuo tarpu kietafazés sintezés biidu gauto NFPP pradiné talpa
buvo 60,1 mAhg', o talpos stabilumas — 43,9% po 100 cikly. Talpos
degradacija galimai yra susijusi su daliniu medziagos tirpimu vandeninéje
terpéje elektrocheminiy procesy metu. Elektrocheminés NFPP elgsenos
tyrimai organiniame elektrolite (1 M NaPFs DG) parodé puikius rezultatus:
pradiné kriivio talpa — 86 mAh g, o talpos stabilumas — 95% po 100 cikly.
Apibendrinus gautus duomenis, galima teigti, jog iSsprendus NFPP tirpima, $i
medziaga galéty biiti naudojama teigiamiems vandeniniy SIB elektrodams, ir
yra puikiai tinkama organinéms SIB.

4.6.Nay<Fe[Fe(CN)s]-yH,O

Nay«Fe[Fe(CN)g]-yH20 (NFCN) kubinés mikrodalelés buvo susintetintos
hidroterminiu metodu, ta¢iau nustacius, kad optimali sintezés temperatiira yra
tik 80 °C, buvo pereita prie pigesnio iSsodinimo metodo. Pastarosios sintezés
metu buvo nustatyta, jog priklausomai nuo sintezés pH ir dziovinimo salygy
yra gaunamos skirtingos fazés: su HCl — kubiné, be HCl — monoklining, o
isdziovinus monoklinine vakuume (170 °C, 10 mbar) — romboedriné. ICP ir
termogravimetrijos analizés metodais nustatyta, jog monoklininé fazé, kurig
ir siekta gauti, atitinka Na; ssFe[Fe(CN)s] -2.28H,0 formule.

NFCN elektrody ciklinés voltamperogramos, uZzrasSytos naudojant
1 M NaySOs4 g elektrolita, parodé keleta griztamy bei stabiliy anodiniy ir
katodiniy smailiy ties -0,05 V/0,25 Vir 1 V/1,2 V (Ag/AgCl), kurios gali biti
priskirtos, atitinkamai, Fe*'/Fe’*-N (azotu koordinuota redokso pora) ir
Fe*'/Fe*’-C (anglimi koordinuota redokso pora) oksidacijai-redukcijai.
Galvanostatinio jkrovimo/iskrovimo ciklinimo metu nustatyta, jog praktiskai
naudoti galima tik pirmaja geleZies smailiy porg (Fe*'/Fe?"-N), nes antroji yra
pernelyg arti vandens oksidacijos reakcijos (deguonies iSsiskyrimo)
potencialo, o tai itin apsunkina Fe’"/Fe**-C proceso pasiekiamumg ir maZina
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kuloninj nasuma. Naudojant skirtingo pH vandeninius buferius (pH = 4,0, 7,0
ir 10,0) nustatyta, jog geriausias NFCN krtivio talpos stabilumas pasiekiamas
rugstingje terpéje (88% po 1000 cikly), kuomet pradiné kriivio talpa yra apie
70 mAh g'. Teoriné NFCN talpa vienam elektronui yra 85 mAh g, o dviem
— 170 mAh g"'. Elektrocheminés NFCN elgsenos tyrimai organiniame
elektrolite (1 M NaPFs DG) parodé tris oksidacijos-redukcijos procesus,
tatiau trecioji smailiy pora buvo elektrochemiskai nestabili. Monoklininés
NFCN fazés elektrodo pradiné specifiné kriivio talpa buvo 111 mAh g, o
talpos stabilumas — 64% po 100 cikly. Apibendrinus gautus rezultatus, galima
teigti, jog NFCN medziaga biity tinkama teigiamiems SIB elektrodams tiek
vandeniniuose, tiek organiniuose elektrolituose.

4.7. Na7V4(PO4)(P207)4

Na;V4(PO4)(P.07)s (NVPP) netaisyklingy formy mikrodalelés buvo
susintetintos kietafazés reakcijos metodu. Nors medziaga pasizyméjo aukstu
kristaliSkumu, taciau aptikta ir priemais$iniy NasV2(POs)s (~10,2 sv.%) bei
NaVP,07 (~6,6 sv.%) faziy. NVPP buvo apdengtas papildomu anglies
sluoksniu, naudojant citrinos rtigsti, pirolizés metodu.

NVPP clektrodo ciklinés voltamperogramos, uzrasytos naudojant
1 M NaySOs4q) elektrolita, parodé keleta griztamy anodiniy ir katodiniy
smailiy pory. Pirmoji smailiy pora, matoma tik pirmuose cikluose ties
0V/0,1V (Ag/AgCl), yra prisiskitiama Na;Vy(POs); fazés V>7/V*
oksidacijos-redukcijos procesui. Tuo tarpu NVPP junginiui galima priskirti
dvi anodines smailes ties 0,63 V ir 0,72 V ir vieng katoding ties 0,3 V, tatiau
ju intensyvumas ciklinant mazéja, kas rodo prasta NVPP elektrocheminj
aktyvumg vandeniniame elektrolite. Galvanostatinis jkrovimo/iSkrovimo
ciklinimas taip pat patvirtino greita medziagos degradacija, kadangi kriivio
talpa po 100 cikly sieké vos 2,4% pradinés, kuri buvo 55 mAh g™, kai teoriné
NVPP talpa yra 93 mAh g'. Tuo tarpu, elektrocheminés NVPP elgsenos
tyrimai organiniame elektrolite (1 M NaPFs DG) parodé puikius rezultatus: po
100 cikly NVPP elektrodas islaiké net 83% pradinés talpos, o tai patvirtina,
jog degradacija vandeniniame elektrolite lemia medZiagos saveika su
vandeniu. Apibendrinus gautus duomenis galima teigti, jog NVPP puikiai
tinka organinéms SIB kaip teigiamo elektrodo medziaga, taciau vandeninéms
—ne.
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4.8. Na3VFe(PO4)3

Na3;VFe(PO4)s (NVFP) netaisyklingy formy mikrodalelés buvo
susintetintos kietafazés sintezés metodu. Nors medziaga pasizyméjo aukstu
kristaliskumu, taciau aptiktas ir mazas kiekis priemaisinés NaFePOy fazés.
NVFP dalelés buvo apdengtos papildomu anglies sluoksniu citrinos rtigsties
pirolizés biidu.

NVFP elektrodo ciklinés voltamperogramos, uZraSytos naudojant
1 M NaSOj4 aq) elektrolita, parodé keleta anodiniy smailiy ties -0,3 V, 0,6 V
ir 1,16 V (Ag/AgCl), kurios, atitinkamai, yra priskiriamos Fe*"/Fe’*, V¥*/v**
ir V*/V°* oksidacijai ir tik vieng katodine smaile ties 0,43 V (Ag/AgCl), kuri
priskiriama V**/V** redukcijai. Visy jy smailiy srovés ciklinant mazéjo.
Tagiau pastebéta, kad, jei potencialo ruoZas yra apribojamas tik Fe?'/Fe*" arba
tik V**/V* procesams, smailés islicka stabilios. Tai leidzia manyti, kad
ciklinant platiame potencialy ruoze V*/V>" procesas destabilizuoja visa
NVFP karkasg. Galvanostatinis jkrovimo/iSkrovimo ciklinimas skirtinguose
potencialy intervaluose (Fe**/Fe*" + V¥*/V*, Fe*'/Fe*’, V**/V*") parodé, kad
gelezis yra daug stabilesné nei vanadis, kuris limituoja bendrg NVFP
stabiluma (18.4% pradinés talpos po 100 cikly). Elektrocheminés NVFP
elgsenos tyrimai organiniame elektrolite (1 M NaPFs DQG), taip pat patvirtino,
kad V*/V*" pora stipriai destabilizuoja NVFP medziaga, o ciklinant tik
Fe?'/Fe’" + V*'/V*, Fe?'/Fe**, arba V*'/V*" oksidacijos- redukcijos procesy
ruozuose gaunamos talpos yra itin stabilios, taiau organinio elektrolito
atveju, priesingai nei vandeninio, V*'/V*" pasizymi geresniu elektrocheminiu
aktyvumu nei Fe’'/Fe’’. Apibendrinus gautus rezultatus galima teigti, jog
NFCN gali biiti naudojamas kaip aktyvi SIB elektrody medziaga, taciau
svarbu iSspresti dalinj medziagos tirpima.

5. ISvados

NaTi(PO4)3  nanodalelés  buvo  sékmingai  susintetintos
hidro(solvo)terminiu metodu. Nustatyta, kad sintezés temperatiira jtakoja
daleliy dydj, bet ne NTP fazés grynumg. Parodyta, kad sintezéje naudojamas
tirpiklis (jvair@is alkoholiai ir jy miSiniai su vandeniu) Zenkliai jtakoja
nanodaleliy morfologijg ir fazés grynuma. Netaisyklingy formy NaTix(POs)
nanodalelés su pavirSiaus defektais pasizyméjo mazesnémis pradinémis
kriivio talpomis bei spartesne talpos degradacija palyginti su sferinémis ar
kubinémis nanodalelémis.
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Parodyta, kad negrjztamas NTP talpos mazgjimas vandeniniuose
elektrolituose yra susijes su elektrochemine medziagos degradacija, kuri ypac
pastebima Iéto jkrovimo/iskrovimo metu (< 1C) ir koreliuoja su elektrolite
iStirpusio fosforu kiekiu ir yra susijes su chemine medziagos degradacija.
Nustatyta, kad elektrolite iStirpusio deguonies redukcija yra pagrindiné
Salutiné reakcija, lemianti pH padidéjima ir su tuo susijusj NaTiy(POs) tirpima,
kriivio talpos degradacija, savaiminj NaTi,(POs) i$sikrovimg ir mazg kuloninj
nasumg. Apibendrinus gautus rezultatus, NaTiy(PO,) yra tinkama neigiamo
elektrodo medziaga tiek vandeninéms, tiek organinéms Na' jony baterijoms.

[EE} Polianijoniniai Mn junginiai - NasMn3(PO4)2P>07 ir NasMnPOsCO;
buvo susintetinti kietafazés ir hidroterminiu biidu, atitinkamai. Nustatytos
optimalios sinteziy sglygos. Elektrocheminés elgsenos tyrimai parodé itin
greita degradacija bei ribota elektrocheminj aktyvuma tiek vandeniniuose, tiek
organiniuose elektrolituose, dél ko Sie junginiai néra tinkami naudoti kaip Na"
jony baterijy teigiamy elektrody medziagos.

[} Darbe buvo susintetinti ir i§samiai iStirti keletas geleZies turinCiy
junginiy. NaszFe,(POs)3, pagamintas kietafazés sintezés metodu, pasizyméjo
netaisyklinga daleliy morfologija, mazomis pradinémis kriivio talpomis ir
sparCia degradacija, todél néra tinkamas naudoti kaip neigiamo elektrodo
medziaga vandeninéms Na' jony baterijose. NasFe;(PO4),P,07 susintetintas
kietafazés ir zoliy-geliy sintezés metodais. Jo elektrocheminj aktyvuma
vandeniniuose elektrolituose galimai limituoja su gelezies tirpimu susijusi
degradacija, taciau organiniuose elektrolituose NasFe;(PO4):P,07 pasizymi
iSskirtiniu  stabilumu.  Na, Fe[Fe(CN)s]-yH.O  buvo  susintetintas
hidroterminiu ir i$sodinimo metodais. Parodyta, kad priklausomai nuo
sintez€s temperatiros, terpés pH ir dziovinimo sglygy gali biiti gaunama
kubing, monoklininé ar romboedriné NFCN fazés. Sis junginys pasizymi
puikiu kriivio talpos stabilumu vieno elektrono reakcijos metu vandeniniuose
elektrolituose, ir dviejy elektrony reakcijos metu — organiniuose.
Nay.Fe[Fe(CN)s]-yH,O yra tinkama teigiamo elektrodo medziaga tiek
vandeninéms, tiek organinéms Na " jony baterijose.

[} Na,V4(POs)(P2O7)s sékmingai pagamintas kietafazés sintezés
metodu. Nustatyta, kad Sios medziagos elektrodai vandeniniuose
elektrolituose pasizymi greita kriivio talpos degradacija, kurig galimai sukelia
V* nestabilumas vandeninéje terpéje, tuo tarpu organiniuose elektrolituose
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gautos aukstos pradinés NVPP kriivio talpos bei geras jy stabilumas
ikrovimo/iskrovimo ciklinimo metu.

[} Grynos fazés ir netaisyklingos formos Na;VFe(POs); dalelés buvo
sékmingai susintetintos kietafazés sintezés metodu. Elektrocheminiai tyrimai
parodé, kad apimant visas tris galimas oksidacijos-redukcijos poras (Fe*'/Fe*",
VFVH o ir VYV, NasVFe(POy); talpos tiek vandeniniuose, tiek
organiniuose elektrolituose, degraduoja itin sparciai. Parodyta, kad junginio
struktiirg destabilizuoja V*'/V>" procesas. Taip pat, pastebéta, kad Fe*'/Fe**
pora yra Zymiai stabilesné nei V**/V*" vandeniniuose elektrolituose, kai tuo
tarpu organiniuose yra atvirkSciai. ISsprendus dalinj Na;VFe(POs)s
elektrocheminj degradavima, Sis junginys biity tinkama elektrodo medziaga
tiek vandeninése, tiek organinése Na" jony baterijose.
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